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X-ray Kerr rotation and ellipticity spectra at the 2 p edges of Fe, Co, and Ni
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We present resonantly enhanced longitudinal magneto-optical Kerr rotation and ellipticity spectra measured
across the 2p absorption edges of amorphous Fe, Co, and Ni. The Kerr spectra are acquired by a complete
polarization analysis of linearly polarized synchrotron radiation upon reflection from the ferromagnetic films.
We observe large Kerr rotation angles of up to624°, more than two orders of magnitude larger than detected
in the visible energy range. Spectral contributions stemming from atomic transitions could be separated from
interference effects by simulations based on the optical constants, which have been determined through inde-
pendent experiments. For grazing incidence, we show theoretically and experimentally that the longitudinal
Kerr rotation and ellipticity spectra are related to transversal Kerr effect spectra and x-ray magnetic circular
dichroism reflection spectra, respectively.

DOI: 10.1103/PhysRevB.69.064407 PACS number~s!: 78.20.Ci, 78.20.Ls
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I. INTRODUCTION

X-ray magneto-optical spectroscopies such as the x
magnetic circular dichroism~XMCD!,1,2 the Faraday
effect,3,4 the magnetic linear dichroism~XMLD !,5 and the
x-ray Voigt effect6 are cutting-edge research methods for
investigation of magnetic properties. These spectrosco
techniques enable, for example, element-selective inves
tions and imaging of magnetic domain structures7 that are
not possible with visible light. Magneto-x-ray spectroscop
are, as a consequence, highly suitable tools for the inves
tion of new and technologically important magnetic mate
als such as magneto-resistive, spin-valve, and excha
biased materials.8 Among the available spectroscopie
resonant magnetic scattering and specular reflectometr
circularly and linearly polarized soft x rays9–13on single lay-
ers as well as on multilayers14–16have gained increasing im
portance since the resonantly enhanced cross sections a
sorption edges lead to large magnetic responses which
exceed those observed in XMCD absorption experimen9

The large size of the dichroic effects observable in reflect
over a wide range of incident angles, as well as their se
tivity to layer thickness and interface roughness, design
these spectroscopies to be appropriate for the study
element-specific magnetic depth profiles of magnetic films
multilayers.17

At present two reflection-type spectroscopies are mo
employed: the XMCD in reflection and the transvers
magneto-optical Kerr effect~T-MOKE!.9,18 For T-MOKE the
reflectanceRT6 of linearly p-polarized light is measured fo
two inverted magnetization directions each transversal to
scattering plane. The magnetic signal is defined by the
malized differenceAT5(RT12RT2)/(RT11RT2). For the
XMCD in reflection the magnetic signal is given byAC
5(RC12RC2)/(RC11RC2), whereRC6 is the reflectance
0163-1829/2004/69~6!/064407~6!/$22.50 69 0644
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of left-, right circularly polarized light, or, equivalently, two
inverted magnetization directions with components para
to the lights’ wave vector of one helicity type.9

A practically uninvestigated magneto-optical phenomen
in the soft x-ray regime is the longitudinal magneto-optic
Kerr effect ~L-MOKE!, which is quite distinct from
T-MOKE. L-MOKE is characterized by the rotation of th
polarization plane and the appearance of elliptical polari
tion when linearly polarized light is reflected from sampl
that have a magnetization component parallel or antipara
to the propagation direction of the light. A longitudinal Ke
measurement requires a full polarization analysis of the li
after its interaction with the material. The polarization ana
sis reveals information not only on the intensity, but ad
tionally on the phase of the light.3,4,6With these data the rea
and imaginary part of the magneto-optical constant can c
pletely be determined, something that is not possible wit
single intensity measurement, such as T-MOKE or XMCD
reflection. In the visible range L-MOKE is a widely ex
ploited standard technique for the characterization of mag
tism and for microscopy of magnetic domains. Wh
L-MOKE is small in the visible range, having typically ro
tation angles of the order of 1023 to 1021 degrees,19–21 siz-
able effects are expected for the soft x-ray range due to
resonant enhancement occurring at the 2p edges of
3d-transition metals2,4 or at the 3d edges of rare-earth ele
ments. In spite of this promising feature no experimental s
x-ray L-MOKE spectra exist, which is due to the lack
sensitive polarization detectors in this energy range. So
only one measurement of hysteresis loops at a fixed en
and fixed grazing incidence angle was reported that sho
small Kerr rotation angles up to 1.5°.22

Here we present an experimental Kerr rotation and el
ticity spectra measured at the 2p edges of Fe, Co, and Ni in
L-MOKE geometry. We shall show that the Kerr spectra c
©2004 The American Physical Society07-1
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be described quantitatively by simulations using a mac
scopic light-propagation formalism23 and independently de
termined magneto-optical constants. This procedure all
the separation of contributions stemming from magne
optical transitions and from interference effects. Furth
more, the relation between the L-MOKE spectra and sim
intensity T-MOKE and XMCD spectra is shown by analy
cal expressions and confirmed experimentally.

II. THEORY

To describe the longitudinal Kerr effect it is convenient
decompose the incident linearly polarized light into equ
amplitude left and right circularly polarized waves. Th
propagation of these waves in the material is governed by
complex magneto-optical constantsn6512(d16Dd)
1 i (b16Db), where the subscripts6 refer to parallel/
antiparallel orientation of photon helicity and sample mag
tization. Hered1 andb1 account for the nonmagnetic dispe
sion and absorption, respectively, whileDd andDb account
for the respective magnetic contributions. The dichroic c
tribution can be expressed by the Voigt parameterQ which
adopts for L-MOKE the formQ5(n12n2)/(n sinft), with
n51/2(n11n2) andf t is the complex angle of refractio
measured with respect to the surface normal. Utilizing
Fresnel reflection coefficientsr ss, r pp , and r ps for s- or
p-polarized light, incident under the anglef i the expression
for the longitudinal Kerr effect can be derived:23

us1 i«s52r ps /r ss'
2 in0nQ

~n22n0
2!

cosf i tanf t

cos~f i2f t!
, ~1a!

up1 i«p52r sp /r pp'
2 in0nQ

~n22n0
2!

cosf i tanf t

cos~f i1f t!
, ~1b!

whereus,p is the rotation over which the polarization plane
tilted and«s,p is the Kerr ellipticity. The indices stand fors
or p geometry, respectively. The influence of the cap laye
of the vacuum enters by the index of refractionn0 . Since the
optical contrast (n22n0

2) at the reflecting interface appea
in the denominator, it can enlarge spectral structures, an
fect that is not observed in absorption measurements.

The longitudinal Kerr datau and «, that are obtained by
polarization analysis, can be related to T-MOKE and refl
tion XMCD intensity-type measurements. We can use a
lytical expressions for T-MOKE and the XMCD in
reflection9,23 to derive the following relations between th
different dichroic quantities fors and p geometries, respec
tively:

us5AT Re$cos~f i2f t!/4 cosf t%

'AT Re$n0 /4An22n0
21cosf i /4%, ~2a!

up5AT Re$cos~f i1f t!/4 cosf t%

'AT Re$n0 /4An22n0
22cosf i /4%, ~2b!
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«s'
1

2
AC1cosf i Im$r psAn22n0

2/n0r ss
2 %, ~3a!

«p'
1

2
AC1cosf i Im$r spAn22n0

2/n0r pp
2 %. ~3b!

These are valid at grazing incidence where approximati
for small angles are applied. The relations reveal that
Kerr rotation is proportional to the T-MOKE signal, which
obtained with an entirely different experimental techniqu
Analogously, the Kerr ellipticity can be related to the XMC
in reflection, which is obviously also measured in a differe
set-up as well as with circularly polarized light. These re
tions can be used to test the accuracy of L-MOKE spectra
comparing to T-MOKE and XMCD reflection spectra o
tained from independent measurements.

III. EXPERIMENT

The experiments were performed at the undulator be
lines U49-1-PGM and UE56-1-PGM-1 of BESSY.24 The
spectral resolution at the 2p edges was roughlyE/DE
52500. The degree of polarization was measured separa
giving PLin.0.99 for the L- and T-MOKE measuremen
and PCirc50.9 for the XMCD reflection measurements.24

We used the BESSY ultra-high vacuum polarime
chamber,25 which allows experiments with variable angle
incidence fromf i590° ~grazing! to 3° ~near normal inci-
dence!. Two magnetic coils supply variable magnetic fiel
between1/2500 Oe oriented in the sample’s plane, eith
parallel ~longitudinal! or perpendicular~transverse! to the
plane of incidence.

The linear polarization of the incident or the reflect
beam was analyzed by rotating a W/Si reflection multilay
~150 periods of 1.12-nm thickness each, angle of incide
set close to the Brewster angle! around the azimuthal angl
g, while the reflected intensity was monitored by a GaAs
diode. The analyzer can be moved in to the reflected be
and alignedin situ which permits the polarization analysis t
be performed at any angle of incidence. Alternatively,
intensity measurements the reflected intensity was monito
by moving a diode in to the beam.In situ exchange and
removal of samples enables a quasisimultaneously inten
or polarization analysis of the incident and of the reflec
beam. The samples used for reflection experiments cons
of amorphous magnetron sputter deposited Fe, Co, or
layers of 30-nm thickness on Si wafers, capped with 3-nm
to prevent oxidation.

IV. RESULTS AND DISCUSSION

In the following we outline first the experimental proc
dure and analysis in some detail for the case of Co. Res
for Fe and Ni are presented further below. In Fig. 1 t
polarization measurements for Co are shown. The pho
energy was set to 783 eV, just above the Co 2p3/2 absorption
edge where large effects are observed~see the inset!. The
normalized angular distribution of the incident beam as
function of the analyzer angleg shows a maximum intensity
7-2
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X-RAY KERR ROTATION AND ELLIPTICITY SPECTRA . . . PHYSICAL REVIEW B69, 064407 ~2004!
at g50° and 180° corresponding to a horizontal polarizat
plane. Since the incident radiation is known to be complet
linearly polarized24 the analyzing power of the analyzer
found to bePA5(Rs2Rp)/(Rs1Rp)50.87, deduced from
reflectance measurements ins- or p-polarization geometry,
respectively. After inserting the Co sample at grazing in
dence, the polarization plane is rotated byuS . The rotation
angle and the ellipticity of the reflected light are obtained
a least-squares fit to the intensityI (g)5I R@1
1PLinPA cos 2(g1us)#, with the fit parametersI R , PLin and
uS . Assuming fully polarized light the ellipticity is calcu
lated from the degree of linear polarizationPLin , applying
sin(2«s)5PCirc5A12PLin

2 .25 After reflection, the circular
polarization increases toPCirc50.49, as shown by the de
creased modulation depth of the analyzer spectrum. Sev
of suchg scans across the Co 2p edge were taken to dete
mine the Kerr rotation and ellipticity spectra, which a
shown together with the reflectance in Fig. 2. The reflecta
~top! is resonantly enhanced at the 2p3/2 and 2p1/2 edges.
Below the 2p3/2 edge, a minimum appears due to destruct
interference of rays, reflected from the top surface and
interface between Co and the Si substrate. This interfere
structure is found to depend on the angle of incidence~not
shown!. The longitudinal Kerr rotation and ellipticity spectr
are plotted in the middle and bottom panels, respectiv
The measured x-ray Kerr rotation and ellipticity data a
about two orders of magnitude larger than those observed
Co in the visible range.20 A similar finding has been reporte
previously for soft x-ray Faraday experiments.3 This en-
hancement of the x-ray magneto-optical effect is due to
strong spin-orbit coupling present for the 2p core states in
connection with the intense 2p-3d excitations. We further
note that our observed Kerr rotation values are one orde
magnitude larger than the only one existing measurem
which showed rotations of up to 1.5°.22

The shape of the L-MOKE spectra can be analyzed

FIG. 1. ~Color online! Measurement procedure for the x-ra
longitudinal magneto-optical Kerr effect. The intensity of the lig
reflected from a Co sample~filled circles! at an energy close to th
Co 2p absorption edge~see inset! and that of incident light~open
circles! are recorded. The continuous lines result from least squ
fits.
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result from the interplay of three individual contribution
which we discuss here for the Kerr rotation spectrum. Th
contributions are as follows.~1! The large Kerr rotations val-
ues of up to 14°, that are found right above the 2p3/2 absorp-
tion edge and below the 2p1/2 absorption edge, are induce
by the magnetic contributionsDd and Db, entering by the
Voigt parameterQ @see Eq.~1!#. This is demonstrated with
independently measured spectra of these magnetic par
the refractive index~see Fig. 3, top!. TheseDd andDb spec-
tra were determined by resonant magnetic Bragg scatte
of circularly polarized light from a Co/C multilayer (d
54.1 nm,P5100) employing a procedure described in R
26. These data are confirmed by results from Faraday m
surements on a 50-nm Co film according to a technique
scribed in Ref. 3.~2! Between the 2p edges the Kerr rotation
displays a large maximum although the magnetic contri
tionsDd andDb are small. Here the index of refractionn of
the material as well as the optical constantn0 of the non-
magnetic top layer comes into play. The spectral shap
dominated by the denominator (n22n0

2) @see Eq.~1!#, which
is close to zero between the 2p edges. Indeed our experimen
tally determined refractive indicesb1 andd1 of Co are close
to b0 andd0 of the Al cap layer~see Fig. 3, bottom! as taken
from tabulated values.27 Such a large magneto-optical sign
in between the edges is not observed in Faraday spe
since the expression for the Faraday effect does not con
the denominator (n22n0

2). A considerable enhancement o
the x-ray polar Kerr rotation between the edges was rece

re

FIG. 2. ~Color online! The reflectance and x-ray L-MOKE spec
tra measured at the 2p absorption edge of an amorphous Co samp
Top: reflectance spectrumRs . Middle: longitudinal x-ray Kerr ro-
tation spectrum. Bottom: x-ray Kerr ellipticity spectrum. The fille
points are experimental data, while the open points result from
culations utilizing independently determined optical and magne
optical refractive indices~see Fig. 3!. Error bars as indicated o
smaller than the symbols.
7-3
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predicted byab initio calculations,4 which unambiguously
identified the denominator to be the origin.~3! The singular-
ity present at 778.5 eV is related to a third contribution.
this low energy no corresponding structure is found in
magneto-optical dataDd and Db and neither inb1 and d1

~see Fig. 3!. Also, the denominator (n22n0
2) cannot account

for this singularity. This sharp peak turns out to be an int
ference structure which is related to the interference m
mum in the reflection spectrum at 778.5 eV. An inverse p
portionality of the L-MOKE data and the reflectanc
spectrum follows from Eq.~1!.

In order to achieve a quantitative description of the K
spectra we have to take into account all three abo
mentioned contributions. We developed therefore a comp
code, based on the formalism of Zaket al.28 for magnetic
layer systems. In Fig. 2 the results of these calculations
shown, which were computed using the experimentally
termined optical constants plotted in Fig. 3. A quantitat
agreement with the experimental L-MOKE spectra is o
tained, even in the pre-edge region where interference eff
are dominant. The reflectanceRs is reasonably reproduced
With this tool a separation of spectral features induced
magneto-optically active atomic transitions and structu
related interference effects is possible.

According to our theoretical considerations@Eqs.~2! and
~3!# we expect a correlation between the longitudinal K
rotation and the T-MOKE signal and between the Kerr ell
ticity and the XMCD reflection signal, respectively, for gra
ing incidence. Indeed, this is experimentally observed
shown in Fig. 4. The intensity data are scaled by the ang
dependent prefactor. Both data sets show a good agree
in the energy region at and between the 2p edges. However
differences appear in the pre-edge region for the T-MO
spectra where the singularity due to interference is miss
Note, that Eqs.~2! and ~3! do not take interference effect
into account. The absence of the sharp peak in the T-MO
spectrum is well understood—the average reflectance is

FIG. 3. ~Color online! Optical and magneto-optical refractiv
indices determined across the Co 2p edges by Faraday measur
ments and Bragg scattering. Top: the magnetic contributionsDd and
Db of Co. Bottom: the nonmagnetic refractive partd1 and the ab-
sorptive partb1 of Co. The refractive and absorptive partsd0 and
b0 of the Al cap layer~Ref. 27! are shown by the dotted curves.
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celled out by the normalization according to the definitio
This is also confirmed by our simulations, based on the
tical constants. The similarity of the longitudinal Kerr rot
tion and T-MOKE as well as that of the Kerr ellipticity an
XMCD in reflection assure the accuracy of the measu
x-ray L-MOKE spectra. For grazing incidence the tech
cally more involved polarization measurement of the K
ellipticity can be substituted by the simpler XMCD intensi
measurements, something that can be of practical im
tance. The Kerr rotation is related to the T-MOKE spectru
however, the proportionality factor contains bothn andn0 ,
which may introduce an energy dependence of the pre-fac

The results for Fe~see Fig. 5! are comparable to those o
Co. A similarity is observed for the reflectance as well as

FIG. 4. ~Color online! Comparison of x-ray L-MOKE spectra
with spectra obtained from reflectivity measurements. Top: the l
gitudinal Kerr rotation and T-MOKE spectra across the Cop
edges. Bottom: the Kerr ellipticity and XMCD reflection spectra

FIG. 5. ~Color online! Top: reflectance across the Fe 2p edge.
Bottom: comparison of x-ray L-MOKE rotation spectra wit
T-MOKE spectra obtained from reflectivity measurements. T
filled points are experimental data, while the open points re
from calculations utilizing independently determined optical a
magneto-optical refractive indices~Ref. 26!.
7-4
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the Kerr rotation. Both spectra are influenced by interfere
which leads to a minimum in the reflectance accompanied
an enhancement of the Kerr rotation near 706 eV. The ag
ment of the T-MOKE spectrum, scaled with the angular d
pendent prefactor, and the Kerr rotation spectrum is obse
also for Fe except near 706 eV. This spectral discrepanc
explained by interference effects as discussed in detail ab
for Co. We confirm this explanation by simulations using o
computer code. The used optical constants across the Fp
edge have been determined independently and are pres
in detail in Ref. 26. Note that the Fe Kerr spectra have b
measured inp-geometry. According to Eq.~1! a spectral de-
pendence similar to that obtained ins-geometry is expected
for grazing incidence but with decreasing incidence an
towards normal incidence the Kerr data will differ. F
p-polarized light a singularity~i.e., a690° Kerr rotation! at
the Brewster angle near 45° is expected while a smooth
gular dependence is predicted fors-polarized light. The ex-
perimental observation of this feature needs a polariza
analysis over the full angular range which is not yet feasib
Since the reflectance decreases nearly exponentially with
incidence angle suffciently large signals could be recor
only from 90° down to 80°. Thus, for future experiments t
sensitivity of the polarization analyzer has to be improve

The results for Ni measured at an angle of incidence
83° ~see Fig. 6!. The top panel shows the reflection spec
for two inverted transverse magnetization directions wh
are used for the determination of the T-MOKE signal. N
interference minimum below the absorption edge is fou
However a large reflectance peak is observed at the 2p3/2

edge which may also be increased by positive interferen
The Kerr spectra have been recorded only near the Ni 2p3/2

edge, where a sufficiently high reflectance occurs. Above
edge the reflectance is considerably decreased. The pola
tion analysis could not be carried through above 864 eV w
sufficient accuracy for such low intensity. The Kerr rotati
data differ considerably from that of Co and Fe. In particu
the pre-edge singularity is missing in the Kerr rotation sp
trum of Ni. This is well understood and can be explained
the missing interference minimum in the reflectance sp
trum. That this feature is not an artifact and that t
L-MOKE spectrum is trustworthy, is exemplified by the co
responding T-MOKE spectrum. A simulation of the Ni spe
tra is not yet possible since the full set of optical consta
across the Ni 2p edge is not available.
.
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V. CONCLUSION

Experimental longitudinal Kerr spectra measured at
2p absorption edges of Co, Fe, and Ni are presented, sh
ing large values at and in between the respective ed
Spectral contributions stemming from atomic transitio
could be separated from interference effects by numer
simulations based on a macroscopic light-propagation
malism, and using optical constants, which were determi
through independent experiments. Both experimentally
theoretically we showed that at grazing incidence the lon
tudinal Kerr spectra are related to T-MOKE and reflecti
XMCD spectra, obtained from simple reflectivity measur
ments. These relations could be helpful if a polarizati
analysis of the reflected beam is not possible. These feat
may be exploited for an element selective L-MOKE bas
microscopy of magnetic domains with synchrotron radiatio
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FIG. 6. ~Color online! Top: reflectance across the Ni 2p edge for
two inverted transverse magnetization directions. Bottom: comp
son of the x-ray L-MOKE rotation spectrum with T-MOKE spe
trum obtained from reflectivity measurements.
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