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Resonant magnetic reflection coefficients at the Fe2edge obtained with linearly
and circularly polarized soft x rays
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A systematic study of the specular reflectivity using circularly and linearly polarized radiation on magnetic
materials is presented. Within a frame work based on the complete reflection matrix and the Stokes parameter
formalism, the reflectance is modeled as a function of the polarization state of the incoming light for the
longitudinal and the transversal magnetization. The nonmagnetic reflection coefficients and their individual
magnetic contributions are determined from resonant magnetic reflectivity experiments of polarized soft x rays
across the Fe+2 absorption edge on a ferromagnetic Fe/C multilayer. Exploiting tunable undulator radiation
the absolute reflectance is investigated as a function of the degree of circular or linear polarization, photon
energy, angle of incidence, and magnetic-field direction. As predicted by the developed formalism the corre-
sponding magnetic asymmetry parameters depend nonlinearly on the degree of polarization at large angles of
incidence due to the influence of the polarizing power of the sample. In the longitudinal geometry using
circularly polarized light, the magnetic contribution is directly related to the magnetic contribution of the
optical constants, which have independently been determined by Faraday measurements on an identical trans-
mission sample.
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[. INTRODUCTION reflected from a sample with its magnetic moments lying
parallel to the surface plane and perpendicular to the plane of
Magneto-optical spectroscopy techniques in the x-rayncidence. Commonly linearly polarized light with polariza-
range like the magnetic circular dichroisft§MCD),}2 the  tion vector in the plane of incidendp geometry is used. In
Faraday effect;® the magnetic linear dichroistXMLD)®”  the longitudinal geometrf.-MOKE) the magnetic moments
or the x-ray Voigt effe¢thave become leading-edge researchare parallel to the plane of incidence and parallel to the
methods in the investigation of both fundamental and appliedample surface. Circularly polarized light is used generally.
aspects of magnetism using polarized light. These techniquess a measure for the magnetic contribution to the reflection
allow for element selective investigations of magneticcoefficients, the asymmetry parametér= (I, —1_)/(l
material$!® and for imaging of magnetic domain +1_) is used. It is defined from the reflected intensities for
structures!~*Thus they hold great potential for the inves- two antiparallel orientations of the magnetizatidh®® The
tigation of new magnetic materials as technologically impor-asymmetry in reflection experiments is sensitive to the angle
tant magneto resistive, spin valve and exchange-biasedf incidence, to the polarization state of photons, to the in-
materialst® dividual structure of the sample, i.e., layer thickness or inter-
Among these spectroscopies resonant magnetic scatterifiace roughnes§=2! and, of course, also to the electronic
and specular reflectometry of circularly and linearly polar-band structuré® Knowledge of the dependence of the asym-
ized soft x ray§%16-18have gained increasing importance metry on the polarization state of light is essential for a quan-
since the resonantly enhanced transmission probability at alitative understanding of the magnetic dichroism. While for
sorption edges leads to large magnetic responses. The rel@dsorption experiments in the soft x-ray regime, such inves-
tive amplitude of the dichroic effect can exceed that ob-tigations exist*?*to our knowledge only one experimental
served in XMCD absorption experiments. These largepaper reports on the polarization dependence of scattered in-
dichroic effects in reflection observable over a wide range ofensities in the L-MOKE geometry, focussing on the 3
incident angle and their sensitivity to layer thickness andedges of transition metaf§.Several theoretical papers have
interface roughness can be exploited for the study obeen published on this topic. The nonresonant magnetic re-
element-specific magnetic depth profiles of magnetic films oflectivity is well understood and written in a practicable for-
multilayers!®-2! malism that allows for an easy quantitative analysis of
Experiments of the specular magnetic reflectivity can bepolarization-dependent reflectivity d&ta?® Resonant mag-
viewed as variants of the magneto-optical Kerr effectnetic reflectivity on the other hand is more complicated since
(MOKE) which can be realized in different geometries. Thesecond-order terms become important. Several groups have
transversal Kerr effedfT-MOKE) is observed when light is pointed out the usefulness of the reflectance matrix formal-
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ism and used it to analyze the magnetic contribution to
resonant soft x-ray reflectance in L- or T-MOKE
geometryt”18:21.29-3445\vever, a detailed theoretical and ex-
perimental analysis of the resonant magnetic reflectivity as a '*“%%*
function of the degree of linear or circular polarization is still E
missing.

In this paper we extend a formalism from the near-visible Tiy
region into the soft x-ray region to describe the polarization i Detector
dependence of resonant x-ray reflectivity in the L-MOKE '
and T-MOKE geometry. One of our aims is to determine the  p|g, 1. Schematic set-up for reflectivity experiments on samples
reflection coefficients from reflectivity experiments in vari- with variable longitudinal magnetic field, (L-MOKE) and trans-

ous possible geometries which allows us to separate chargersal fieldH (T-MOKE) applied in the surface plane. The angle
and magnetic contributions. Our formalism which is basecbf grazing incidence can be set between 0° and 85°, the detector

on the reflection matrix and the Stokes formalism is develcan be moved independently by th the plane of reflectance and
oped in Sec. Il. The experimental set up is discussed in Seboth are rotatable around the azimathT-MOKE is observed when

lll. In Sec. IV the reflectivity data on a Fe/C multilayer linearly polarized light with electric-field vectoE in the plane
across the Feq2 edge in L- and T-MOKE geometry are of incidence(p geometry,a=90°) is reflected off a sample with
presented as a function of the degree of linear or circulafield Hy.

polarization, angle of incidence, and magnetic field. The de-

pendence of the asymmetry parameters on the polarizatid@nce these coefficients are known, every x-ray reflectivity
state of the incoming light is discussed. The reflection coefexperiment can completely be described. The reflected inten-
ficients distinguishing between charge and magnetic contrisity is given by

butions are determined in Sec. V.

L= (B2 +[E®). @

Il. THEORY We describe the polarization of the incident light by the nor-

A. Reflectivity malized Stokes paramete®s, S,, S; (Refs. 38, 39 as

In this section expressions are derived for the reflectivity S1=(|E*—[Ey|)/1o,
and the magnetic asymmetry as a function of the polarization
of the incident light, appropriate for L-MOKE, T-MOKE, S,=(E4Ey +EXE))/lo, ©)
and intermediate geometries. We choose the Cartesian coor-
dinate systemsx(y,k/|k|) and «’,y’,k'/|k'|) to describe S;=(ExEy —EXE))/ly,

the incoming and outgoing ’electromagnﬁatlc waves Wlth, the"(/vhereloz(|EX|2+|E 12) is the incident intensity. The com-
respective wave vectolls, k' and the unit vectors, y, X Y

andy’, respectively. The reflected wa¥e is given by the por;enltssl an?jsﬁ gi(;/e the di?_ree of Iilne_ar pola_rizar:ionlin
product of the reflection matriix_ 1 with the incoming wave (& ) plane and the degree of linear po gnzauon In the plane
E=(E, .E,) , diagonal to(x-k) and (y-k) plane, respectively\S; stands for

Xy the degree of circular polarization. Our experimental set-up
is chosen such thas,=0 and we assume fully polarized
light, which is valid for our experimerf® In the T-MOKE
geometry the absolute reflectance is

E'=I’|_’-|-E. (1)

For x perpendicular ang parallel to the reflection plane
r, 1 take simple forms. For L-MOKE__ adopts the forrir—

Rthth”0:(%|rss|2+%|rppiApp|2)
o rss iAsp 1 2_1 + 2
r.= . 2 +S COSZa)(2|r55| 2|rpp—App| ) (6)

+Asp  Tpp
For L-MOKE we obtain
For T-MOKE r+ has the form

RLiZILtlloz(%|rss|2+%|rpp|2+|Asp|2)

lss 0
rr= . 3 .
T ( 0 rpp=Apy ® +8S; 08 2a)(5]rsd?— 3|1 ppl?) £ S; sin(2a)
The terms|rgd? and|r,,|? are identical to the nonmagnetic X[Re{—Ag(Fss—Tpp) ] =Sz Im{— AL (restryp)}

Fresnel reflectanceRs and R, respectively. The indices )
(p) indicate the experimental geometry, i.e., whether the po-

larization plane of the incident linearly polarized light is per- These are general equations for any reflection geometry
pendicular(paralle) to the reflectivity plane, see the sche- which is determined by the azimuthal angleHere we treat
matic set-up shown in Fig. 1. The magnetic contribution tothe special case=0° and 90°, which correspond to tlse

the reflectivity is comprised by\g, and A,, where the andp geometry, respectively. For a demagnetized sample we
signstrefer to the two antiparallel magnetization directions.haveA ,=0 andA,=0. For the investigation of reflection
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coefficients of each individual layer in a multilayer system, with ar;=2 RG{AEpfpp}/[|fss|2+|fpp|2+|App|2],

this formalism has to be extended and interference effects

have to be taken into accoutt’****In this paper we treat ang Dr=([rod?= | ppl2— | A ppl (|7 6d 24 1 ppl2+ A ppl2).
the multilayer system as an uniform sample with effective

reflection coefficients. The individual terms of E¢6) and  In the L-MOKE geometry witha=90°, we obtain for the
(7) are experimentally accessible according to Efs-(13) asymmetry parametek_ [see Eq.(7)]

by the indicated magnetization and reflectivity geometry:

AL=(a.S3)/[1-pL(1- S5, (17)
Irppl?’=R,, nonmagnetic, S;=1, p geometry,
(8 with @, =2 Im{— AZ(rsstrpp) 3 ([red+rppl?
Ired?=Rs, nonmagnetic, S;=1, s geometry, (9) +2|Ag %),
|ADD|2= %(RT‘*' + RT—) - |rpp|2’ transversal’ and PL= (|rSS|2_ |rpp|2)/(| rss|2+ |rpp|2+ 2|Asp|2)-
S;=1, p geometry, (10) These equations show that the measured asymmetry param-
etersA;, A_ can be split into two contributions, the mag-
|Asgl>=3 (R +R._)—|rpl?%  longitudinal, netic asymmetnas (a,) almost proportional to the magne-
tization and the polarizing power of the sample (p.)
S;=1, p geometry, (11 almost independent of the magnetization. The polarizing
power strongly depends on the angle of incidence, in particu-
Re{A;prpp}z 3(Ry.—Ry_), transversal, lar, close to the Brewster angle near 45° it can reach a maxi-
mum close to 1, sincE ,,|? is close to zero. At small inci-
S;=1, p geometry, (12 dent angles, which is generally the case when using hard x
rays, this influence is negligible, and therefore the measured
Im{—A;*p(rSSJr Mop)}t= 2(R.+—R__), longitudinal, asymmetries are linear i, andS;, respectively. For soft x
rays the polarizing power of a reflection sample cannot be
S;=1, p geometry. (13 neglected as Eq$16) and(17) show, an effect that has not to

be taken into account for transmission experiments. Depend-

The coefficients are directly related to the optical constants .
of the material and are discussed partly in Ref. 37. For thzng on the size opy (p.), the measured asymmetry param

case of circularly polarized light, Eq13) can be expressed etersiy (AL) are not linear in the pOIa“.Zat'CBi (S3) " The
) . L strongest deviations d&1(S;) from the linear behavior oc-
in terms of the magneto-optical refractive index - . )

curs forpr=1. However, the relatio;<1 is always ful-

Ne=1—(8g=A8)+i(BorAB), (14) filled as is obvious from its definitioft.*® Furthermore in
- T-MOKE the asymmetry can also be measured @ik 0,
where the charge contributions, 5,) and magnetic contri- j.e., unpolarized light, while in L-MOKE experiments the
butions(Ad, Ap) are separated in both, the refractive and theasymmetry is zero whe8;=0.
absorptive part. According to Ref. 37 we obtain In summary, Eqs(16) and (17) show that the measured
. . _ asymmetry strongly depends on the interplay between the
An(sir? 6—sir? 6)sin o polarization of the incident light and the polarizing power of
[(n*+1)cog 6+ 6,)+2n]°siné,  the sample. Thus the experimental geometry is essential in
(19  the soft x-ray range. Note that the nonlinearity of the asym-
with the averag@=1(n, +n_) and the angle of incidence metry enters by_ norm_a_lizing the differenc_e signal to the sum
9 and the angle of refraction,, both measured relative to of the reﬂec_ted intensities. In contrast, a linear dependence of
the surface. The relation between{m;‘p(rserrpp)} and the tEe magneu_c contribution to the re_flectance on .the degree of
magnetic contribution\s is expressed by Eq15). The re- the respective Stokes parameter is observed if the absolute
lation between the optical constants and{ Eq. reflectance is measurédee Eqs(6) and (7)1
p Reroot [Eq
(12)] is more complex and is not closer examined.

IM{—AS(FsstTpp)}=A6

IIl. EXPERIMENT

B. Asymmetry The experiment was performed at BESSY Il using the

Even without the knowledge of trebsolute reflectiomo-  €lliptical undulator beamline UE56/1-PGRA.The spectral
efficients information about the magnetic contribution to theresolution at the Fe4{2 edge wasE/AE=2500 and the po-
reflectance can be obtained by the measurements of the rgrization was tunable from fully linear§;=1) to circular
flected intensities upon reversal of the magnetic field. Fron{S;=0.96) with an accuracy and reproducibility better than
these the asymmetry parametarsandA, , as defined inthe 2%2° The polycrystaline Fe/C multilayer(period d

introduction, are deduced. For T-MOKE we find from £g). ~ =3.11 nm dge=2.56 nm, dc=0.55 nm, P=100 periods
for p geometry was magnetron-sputter deposftef on a Si wafer and
capped with a 2.5-nm-Al layer. The depth profile of the oxi-
Ar=ar(1+S)/(1-prSy), (16 dation state of the Fe-top layers was determined by x-ray
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photo emission spectroscogXPS), using an Al-K-alpha LA

—————————
Q o

source, after sputtering the sample surface. The data showed A 71 Fe/C e

a 1.9-0.1-nm oxidized Al-cap layer. The oxidation degree 10" Fe2py, o} C

of the uppermost Fe layer is 25%%6%. The following Fe o S,

layers are less than 2% oxidized. A multilayer was preferred FT i’ s \% 2p —o—R,,

over a simple Fe layer to obtain a sufficient reflectivity even = ool . —e—R

at large angles of incidence. The experimefsse Fig. 1

were done with the BESSY polarimeférin situ exchange

and removal of samples allowed for quasisimultaneous de- 04 3

tection of the incident and the reflected light in order to 02

measure the absolute reflectance. Two magnetic-coil systems < 00 ¥

supplied variable fields between500 Oe in the sample RS N i N R T
plane paralle(L-MOKE) or perpendiculatT-MOKE) to the 700 710 720 730
plane of incidence. The angle of incidence could be tuned Energy (eV)

from §=0° (grazing incidenceto 85° (near normal inci- b7

dence while the GaAsP photodiode that is insensitive to the i 705.75 eV
polarization state of light moved by#2to monitor the re- 02

flected beam. Additionally, the detector together with the < M
sample could be moved around the azimativhich allowed 0.0 L

to sets-(a=0°), p-(«=90°) or any intermediate geometry. i 719250V
All measurements were performed with saturated ferromag- —— ' L

netic samples or, where indicated, with demagnetized 00 02 . 04 .0'6. 08 10
samples. The latter were achieved by an oscillating coil cur- Linear polarization S,
rent with decreasing amplitude. : .

9 P FIG. 2. Top, the reflectancé®;, andR;_ of linearly polarized

soft x rays measured from a Fe/C multilayer across the Fedje.
IV. RESULTS AND DISCUSSION Middle: the corresponding asymmetfy . Bottom: the asymmetry
A. T-MOKE A7 as a function ofS; (symbolg, deduced from spectra like those

) . . shown above, at various indicated enerdie=e arrows The solid
The reflectance spectiigr. of linearly polarized light jines show a fit of the data using E€L6). A nonvanishing asym-

across the Fe42 edge are shown in the top panel of Fig. 2. metry is observed ag,=0. The error bars are smaller than the
The reflectance is resonantly enhanced when exciting thgympol size.

spin-orbit split Fe-P3,, and o4, States. At these energies

strong changes in the reflectance occur upon reversal of thesymmetrya;. This shows that the magnetic response can
magnetic field. The corresponding asymme&y reaches be obtained even with circularly or nonpolarized light as
values of up to 40% near the Fez, edge(Fig. 2, middle mentioned above. The explanation of this is the simple fact
par) which are larger than those observed in absorptiorthat circularly or even unpolarized light always contains an
experiment$:*#?® Near the Fe-P;, edge the Fe/C electric-field componer, parallel to the plane of incidence,
multilayer shows strong modulations of the reflectivity. which is relevant for T-MOKE experiments.
These can be explained by interference effects, i.e., Kiessig The reflectanc&.. of linearly polarized light as a func-
fringes of the Bragg reflectivity which are resonantly en-tion of the angle of incidence for one fixed photon energy at
hanced close to an absorption edge. In addition the partiallshe Fe- 24/, edge are plotted in Fig. @op). As expected, the
oxidized Fe-top layer has to be taken into account whiclreflectance decreases with increasing angle of incidence. It is
leads to additional spectral structuf@sThe relative influ- enhanced at the Bragg peaks that appear in first, second, and
ence of the oxidized top-Fe layer depends on the angle ahird order nearf=16°, 34°, and 57°, respectively. The
incidence and the photon energy. Taking into account theasymmetry parameteA; (Fig. 3, middle is negligible at
absorption length of 30 nm at the Fep, edge the partially  grazing incidence §<4°), where the penetration depth of
oxidized and additional two nonoxidized Fe layers contributethe light perpendicular to the sample surface is small, and the
to the reflecting process &t=18°. For the discussion of the reflectance is dominated by the nonmagnetic Al-cap layer. In
polarization dependence of magnetic reflectivity in this pathis region no magnetic information from Fe is obtained.
per, these modulations are of no direct relevance. We haw/ith the angle of incidence, the penetration depth of the light
discussed those in detail in Ref. 40, 42. and thus the number of reflecting layers increases. Up to nine
We systematically recorded such reflectivity and asymmere layers contribute to the reflection proces®at65°, tak-
try spectra for different degrees of linear polarizatin. ing into account the absorption length of 30 nm at the
The deduced asymmetry parametés were evaluated at Fe-2pg, edge.
several energies and plotted as a functionSpfin Fig. 2 The asymmetry reaches up to 70% and shows strong
(bottom, symbols The data are fitted according to E46) modulations and even a sign reversal. These modulations are
(lineg) with fit parametersi; andpy. As expected from Eq. explained by the interference effects of optical reflections
(16) we observe a nonvanishing asymmetrysat 0, where  from a multilayer structure and the movement of standing
the measured asymmeti; is identical to the magnetic waves across the interfaces between magnetic Fe and the
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06 ] FIG. 4. The polarizing poweng; andp, obtained from fits with
Egs. (16) and (17) to the data in Figs. 3 and @ottom), respec-
tively. The curve is calculated from nonmagnetic reflectivity data
- based on the Henke table, neglectihg, andAg,. The polarizing
< . ;
power reaches its maximum at the Brewster angle at 45°.
R [ R the polarizing powempt on the measured asymmetry. The

0.0 0.2 0.4 0.6 0.8 1.0 magnetic asymmetra; that results from a fit to the data
Linear polarization S, A:(Sy) is _clo_se to th_e mea;ured asymmeRy for sm_all
angles of incidencéFig. 3 middle, open circlgs but with
FIG. 3. Top: the reflectancé®;, andR;_ of linearly polarized increasing anglear significantly deviates fromA;. Note
light as a function of the angle of incidence for a fixed photonthat the dataa; are multiplied by a factor of three. The
energy at the Fe{2;, edge. Middle panel, the measured asymmetrydifference betweem; and Ay is fully understood: it results
Ar (points. Open circles, the magnetic asymmetry obtained  from the termp+S; [denominator in Eq(16)] which is domi-
from a fit of Eq.(16) to the data shown in the bottom panel. Line, nated by the polarizing powgy; . It increases with the angle
recalculation ofar from the measureé; using the theoretical data of incidence as shown in Fig. 4. The experimental data for
for pt taken from Fig. 4. Note thadt is multiplie_d by a factpr gf 3. pr agree well with the calculationig. 4, line for the Fe/C
Bottom, the measured asymmety as a function of the incident 1y tilaver, based on the Fresnel equations. The optical con-
linear polarizatiorS,; for various incident angles. The curves shown stants used for C and nonmagnetic Fe negleczﬂgg and
were fitted according to Ec(1_6) W'th.pT an_d ar as fit parameters. A, were taken from the Henke tatiéThe maximum ofp;
Note that the asymmetni; is nonlinear in the polarization and ang thus the strongest deviation A§(S,) from linear be-
nonvanishing aB,=0. Error bars are smaller than the symbol size. L 9 1 o
havior is expected at the Brewster angle around 45°. In turn,

nonmagnetic C layef®:*?This effect is well known and has the knowledge of this general curyer(6) allows one to
been utilized to probe the magnetic depth profile of layeredleducear from the measured according to Eq(16) for
magnetic systems. In particular, the standing wave techniqu&ny angle of incidence. The recalculated data(Fig. 3,
provides insight into the magnetic properties at interfaces agenter, ling agree well with those obtained from the fit. This
magnetic dead layers or the modification of the magnetisn@ngle-dependent difference betwesp and Ay shows that
due to intermixing effect8-** However, such investigations for the quantitative analysis of T-MOKE experiments the
are not the topic of this paper. Here we concentrate on thknowledge of the polarizing power of the sample under in-
polarization dependence of the reflectivity experimentsvestigation is essential.
treating the multilayer as an uniform sample, not resolving
the individual layers.

Reflectivity spectra as shown in Fig.(®p) were system-
atically recorded for different degrees of linear polarization The reflectance specti_.. of circularly polarized light
S, in order to examine the asymmetry parametéfsas a  across the Fe-2 edge are shown in the top panel of Fig. 5.
function of S;. The results are plotted in Fig.(®ottom for  Also in this geometry pronounced changes in the reflectance
several angles of incidence together with the fit according t@ccur upon the reversal of the magnetic field. The corre-
Eg. (16) (lines). The magnetic asymmety; and the polar- sponding asymmetri reaches values of up to 35% near
izing power p; determined by the fit are shown as openthe Fe-23, edge (Fig. 5, bottom pan¢lwhich are again
circles in the middle panel of Fig. 3 and bold circles in Fig.larger than those obtained from absorption exper-
4, respectively. FoB, =0, the asymmetry does not vanish, in iments*??*?5The modulations close to thepg, edge are
agreement with the findings presented in Fig(kdttom. explained in the same manner as those observed for
The asymmetry increases linearly wish for small angles of T-MOKE.
incidence ¢<26°) while for larger angles significant devia-  The reflectanceR, .. of circularly polarized light as a
tions from linearity occur. More insight in this functional function of the angle of incidence for fixed photon energy at
dependence can be obtained from analyzing the influence dlfie Fe-23, edge are plotted in Fig. @op). Similar to the

B. L-MOKE
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FIG. 5. Top, reflectanceR, , and R, _ of circularly polarized 02|
soft x rays from a longitudinally magnetized Fe/C multilayer across 01 L
the Fe-2 edge. Bottom, corresponding measured asymm&try 00k
< 0

T-MOKE experimentgFig. 3) the reflectance decreases with 011
increasing angle of incidence showing Bragg peaks in first 0.2}
and second order. The asymmetry shows strong modulations
with the angle of incidence, similar to the findings for ) o
T-MOKE. In L-MOKE sharp resonances appear additionally Circular polarization S,
in A_ at the Bragg angles around 16° and 34°. These features
resu!t from the strong_ magnetization depgndgnce of the "Szed light as a function of the angle of incidence for fixed photon
fractive part of the o_ptlcal cons_tants resultl_ng in a change o nergy at the Fe4), edge. Center, the measured asymmairy
the Bragg peak position and width depending on the magn@pinty. Open circles, magnetic asymmety obtained from a fit
tization. This in turn can be exploited to determine the com-ygjng Eq.(17) to the data shown in the bottom panel. Line, recal-
plete set of magneto-optical constants across an absorptiefyation ofa, from the measured, using the theoretical data for
edge’®’ p. taken from Fig. 4. Bottom, the measured asymme¥[yas a
The polarization dependence of the asymmeiryis plot-  function of the incident circular polarizatio®y for various incident
ted in Fig. 6(bottom for several angles of incidendeym-  angles. The curves shown are fits of the data points according to Eq.
bols) together with the fit result according to E4.7) (lines). (17) with p, anda, as fit parameters. Error bars are smaller than
The magnetic asymmetrg, and the polarizing powep,  the symbol size.
determined by the fit are shown as open circles in the middle
panel of Fig. 6 and in Fig. 4, respectively. As expected fromasymmetryA, . Thus, for the quantitative analysis of inten-
Eg. (17) the asymmetry in L-MOKE is zero fo§;=0 and  sity measurements in the L-MOKE geometry the knowledge
increases with increasing degree of circular polarization givof the polarizing power of the sample under investigation is
ing A_.=a, for S3=1. For angles§<22° an almost linear less crucial than for the T-MOKE geometry.
dependence is observed while for larger angles deviations
from linearity occur. The deviation from linearity is not due
to the saturation effects but due to the influence of the polar-
izing powerp, of the sample which enters the denominator A summary of the individual coefficients of the reflection
of Eq. (17). As we find from T-MOKE experiments, the po- matrix for our Fe/C sample is given in Fig. 7, determined
larizing power increases with increasing angfeg. 4 and it  from the experimental data according to EG5—(13). The
agrees with calculationdine) for the Fe/C multilayer. This absolute values of the nonmagnetic p&tsandR, are ob-
influence ofp, can lead to larger values of the measufged tained from measurements of the demagnetized sample with
for elliptical than for circularly polarized light. For example, linearly polarized light ins or p geometry, respectivelyFig.
the data taken at 30° have a maximum aro6get0.75 and  7(a)]. As mentioned in Sec. IV the modulationsRy andR,,
decrease towardS;= 1, an anomaly that was already noted close to the Fe-R;, edge can be attributed to interference
by Kao et al®. A similar dependence of the asymmetry at effects and to partially oxidized Fe.
different angles of incidence was recently found at tipe 2 With the knowledge oR,, the absolute value of the mag-
edge of Fe and theBedge of Gd for Gd/Fe multilayet$*® netic contribution|App|2 is obtained as the difference spec-
In contrast to T-MOKE experiments, the magnetic asymmeitrum to the average of the T-MOKE spectRg, and R;_
try a,_ (open circleg as deduced from the fit to the curve [Eq. (10)]. The result is shown in Fig.(B). The magnetic
AL (S;) is close to the measured asymmetyyfor all angles contribution|ASp|2 is determined as the difference between
of incidence (Fig. 6, center. Only for larger angles they the spectrunR, and the average of the L-MOKE spectra
slightly deviate due to the increasing influencepef. Are- R, ., andR,_ [Eq. (11)]. The result is shown in Fig.(®.
calculation ofa (line), using the theoretical curvp ()  Note that both spectrgh ,,|? and|A,|* can be determined
(Fig. 4) again shows the close relationship to the measuredith linearly polarized light inp geometry and without the

0.0 0.2 0.4

0.6 0.8 1.0

FIG. 6. Top, the reflectancd®_, andR,__ of circularly polar-

V. REFLECTION COEFFICIENTS
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x10°F T T T T T ] In L-MOKE the cross term If-Ag(rsstroo)} can be re-

i 1 lated to the optical constant. for circularly polarized light
according to Eq(15). As expected, we find a close relation-
ship to the magnetic contributioss [Fig. 7(d)]. The spec-
trum AS was obtained independently by resonant magnetic
Bragg scattering of circularly polarized soft x rays on the
same sampl&’ These experimental data are confirmed by a

1x10° |

) Faraday measurement on an identical, simultaneously grown
§ sample, but measured in transmisstémifferences between

& Im{—A5rsstrpp)} and As may be explained by the energy

8 dependence of the term containing the refractive aryle

5 C . [see Eq(15)] and by the non-negligible interference effects
E 5x10% | ©) f T of the multilayer sample.

D L ! sp 4

- Tl : VI. CONCLUSION

f l
; \\J M . Resonant magnetic reflectivity experiments of polarized
L PR

0 -.—.——=-”.- ] soft x rays across the FepZabsorption edge on a ferromag-
1x10* L d) 5 —u—-Im{a_*(r )} netic Fe/C multilayer have been performed in the longitudi-
. ¥ ‘.\}) —0—43 0.15 nal (L-MOKE) and the transversal-MOKE) geometry. The
0 ™ 1\ reflectance as a function of the degree of polarization can be
. ‘m described in a framework that is based on the reflection ma-
el . trix and the Stokes formalism. The T- and L-MOKE asym-

200 710 720 730 metry parameters which were analyzed as a function of the
respective Stokes parameters, show a nonlinear dependence
for larger angles of incidence. This behavior is well ex-
FIG. 7. Spectral dependence of the various individual coeffi-Plained within our formalism for any photon energy or angle
cients of the reflectance matiisee Eqs(2) and(3)] as determined  Of incidence. The reason for this nonlinearity is the polariz-
from the experimental data using Eq8)—(13). (&) The nonmag- ing power of the reflecting sample which enters through the
netic reflectance coefficien® andR, [Egs.(8) and(9)]. () The ~ normalization of the T- or L-MOKE asymmetry spectra. The
magnetic coefficients for a transversal figtehs.(10) and(12)]. (c) knowledge of the polarizing power in turn allows for a res-
The absolute value of the magnetic coefficient for a longitudinalcaling of the measured data and thus the determination of the
field [Eq. (11)]. (d) The magnetic coefficients for a longitudinal magnetic asymmetry parameter. The absolute values of the
field [Eg. (13)]. The magnetic contributions of the optical con-  nonmagnetic and magnetic terms of the reflection matrix are
stantn. was obtained independently from Bragg scattering andcompletely determined from reflectance spectra across the
additionally, from Faraday measurements on an identical saﬁple.pe_m edge. In L-MOKE, the magnetic reflection coeffi-
In accordance with Eq15) the latter curve was scaled by a factor cients can be attributed to the magnetic contributions to the
of 0.15. optical constant. To this end a direct determination of both
the real and imaginary parts of the optical constants by re-
knowledge ofRg, because the latter cancels due to averaginéf.(:tiv.ity measurements is not p_ossible. For a separate d_eter-
ination of the real and imaginary parts of the reflection

of Rr. andR_ ., respectively. - : "
T;lé crossLtérms 02 the mégnetic and nonmagnetic Conm{_:oefflments, a measurement of the phase in addition to the

butions to the reflection matrix are obtained from the T- andntensity is necessary. This requires a polarization analysis of
L-MOKE difference spectra Ry, —R;y_) and R, the reflected light

—R,_), respectively. The data are shown in Fig&)7and
7(d). The difference spectra of the absolute reflectance di-
rectly give the magnetic information, while the correspond- We thank B. Schnyder for doing the XPS depth profile of
ing asymmetry spectrAr andA_ (Figs. 2 and pare influ-  the sample. This project was supported by the European
enced by the polarizing power of the sample. The enlarge€ommunity (Grant No. ERBFMGECT980105 the Swiss
structures iMAT andA_ away from the  edge arise due to Federal Office for Education and Sciend&rant No.

the influence of the normalization with respect to the averagBBW97.0392 and the German Federal Ministery for Educa-
reflectance which is close to zero. tion and SciencéBMBF, Grant No. 05KS1IPB/B

Energy (eV)
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