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X-ray Faraday effect at the L 2,3 edges of Fe, Co, and Ni: Theory and experiment
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The x-ray Faraday effect at theL2,3 edges of the 3d ferromagnets Fe, Co, Ni and of Fe0.5Ni0.5 alloy is studied
both theoretically and experimentally. We performab initio calculations of the x-ray Faraday effect on the basis
of the local spin-density approximation and we adopt the linear-response formalism to describe the material’s
response to the incident light. Experimental x-ray Faraday rotation and ellipticity spectra are measured with
linearly polarized soft-x-ray synchrotron radiation at BESSY, Berlin. The measured x-ray Faraday rotations are
remarkably large, up to 2.83105 deg/mm, which is more than one order of magnitude larger than those
observed in the visible range. From the measured Faraday spectra we determine the intrinsic dichroic contri-
butions to the dispersive and absorptive parts of the refractive index, and compare these toab initio calculated
counterparts. The theoretical dichroic spectra are in good qualitative agreement with the experimental data. The
inclusion of the spin polarization of the core states leads to a small, yet non-negligible, improvement of the
theoretical dichroic spectra. Our results illustrate that the many-particle x-ray excitation spectrum can be
sufficiently well approximated by the Kohn-Sham single-particle spectrum. From the computed magneto-x-ray
spectra we determine, using the sum rules, the orbital moments, which we compare to the exact orbital
moments.
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I. INTRODUCTION

X-ray magneto-optical spectroscopies have develo
rapidly over the last few years, during which they have b
come established as valuable tools for the investigation
magnetic properties of materials.1–11 Among the various
available magneto-x-ray spectroscopies there are comm
two distinctions made. The first distinction is with regard
the polarization state of the incident x-ray light being us
i.e., whether it is circularly or linearly polarized, and th
second one is whether the intensity or the polarization of
light beam after its interaction with the magnetic materia
measured. Most frequently applied are circularly polarize
rays, which are employed to measure the x-ray magn
circular dichroism~XMCD!. The XMCD has gained appre
ciable importance due to the sum rules,12,13 which allow one
to evaluate the spin and orbital moment of a specific elem
in the material from a spectral integral over the XMCD spe
trum ~see, e.g., Refs. 14–17!. Less frequently applied ar
linearly polarized x rays, which are employed to measure
resonant magnetic x-ray scattering,5 the x-ray magnetic
linear dichroism ~XMLD ! ~e.g., Refs. 18 and 19!, and
the x-ray Faraday effect~XFE!.4,7–10The resonant magneti
x-ray scattering, the XMCD, and XMLD are intensity me
surements, whereas the x-ray Faraday effect deman
polarization-state analysis. Both the Faraday rotation, wh
is the rotation of the polarization plane upon transmissi
and the Faraday ellipticity, which is the amount by which t
transmitted light has become elliptically polarized, are to
determined. While it is in itself already a complicated task
0163-1829/2001/64~17!/174417~10!/$20.00 64 1744
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make a polarization analysis, this is even more so in
soft-x-ray energy region, where suitable analyzers are r
So far only a few experimental studies of the XFE we
reported.4,7–11The x-ray Faraday effect at theK edge of Co
was investigated in Ref. 4. More recently, the Faraday eff
at theL2,3 edges of Fe~Ref. 7!, of Pt in Fe3Pt ~Ref. 8!, and of
Fe, Co, and Ni~Refs. 9–11! were measured. These rece
measurements have demonstrated that XFE experiments
be employed as an alternative to XMCD measurements
determining the dichroic spectra.8,9 The advantages over th
XMCD technique are that the dichroic part in both the a
sorptive and dispersive spectrum can be obtained from
single XFE measurement and the wider availability of x-r
sources for linearly polarized light.

In the recent XFE measurements performed by some
us, the full magneto-x-ray spectra at theL2 (2p1/2) and L3
(2p3/2) edges of Co, Fe, and Ni in Fe0.5Ni0.5 were obtained.9

From these recent experiments and from new experimen
be presented here, we have obtained the complete dich
spectraDd(v), Db(v), to the dispersive and absorptiv
parts of the refractive indices. The refractive indices can
written asn6512(d06Dd)1 i (b06Db), which is valid
for the so-called polar geometry where the magnetizat
and propagation direction of the light are parallel. The in
dent linearly polarized light is decomposed into two circ
larly polarized waves of opposite helicity. The indices6
refer to the parallel or antiparallel orientation of photon h
licity and magnetization, and thed0 (b0) stands for the dis-
persive~absorptive! component, of the unmagnetized mat
rial. Db and Dd are the intrinsic material’s magneti
©2001 The American Physical Society17-1
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quantities, which comprise information on the resonant tr
sitions from the 2p1/2 and 2p3/2 core states to the empt
spin-polarizedd states, and therefore are highly relevant
the 3d ferromagnetism of Fe, Co, and Ni.

Concurrent to our XFE experiments, we have perform
ab initio calculations of the magneto-x-ray effects. Pre
ously, several calculations of the XMCD, but also of the XF
were reported.20–26 However, since precise XFE data at th
L2,3 edges of Fe, Co, and Ni, were not available, a fu
conclusive comparison with experiment could not be ma
This comparison is one of the goals of the present paper.
calculations, ours as well as previous, are based on
density-functional theory in the local spin-density appro
mation~LSDA!.27 This implies that the many-body quasipa
ticle excitation spectrum is approximated by the Kohn-Sh
single-particle spectrum. We apply furthermore the Ku
linear-response theory for evaluating the material’s respo
to the incident x-ray beam. As we shall show, theab initio
calculations provide a good description of the experimen
dichroic x-ray spectra. Consequently, the XFE and rela
magneto-x-ray effects can be investigated theoretically
the basis of first-principles calculations. Previously, ve
little attention was devoted to the influence that the excha
splitting of the 2p core states has on the XFE spectra. W
find that taking the exchange splitting of the core states
account does improve the agreement between theab initio
calculated and measured dichroic spectraDd, Db. Further-
more, using the sum rules, we determine from the calcula
magneto-x-ray spectra the spin and orbital moments, wh
we compare to directly calculated moments.

In the following section we first describe schematica
the experimental technique. Expressions for the XFE in
experimental geometry are derived in Sec. III, and in Sec
we outline the computational scheme. Results and con
sions are presented in the Secs. V and VI.

II. EXPERIMENTAL SETUP

The magneto-x-ray experiments were performed at
Berlin synchrotron radiation source BESSY I using the pla
grating Petersen-type~SX700! monochromator28 PM3 and at
BESSY II using the elliptical undulator UE56-PGM,29 with
spectral resolutionE/DE5700 andE/DE52500, respec-
tively. Our samples consisted of 50-nm-thick amorpho
films that were either magnetron-sputter deposited on
nm Si3N4 foils ~Fe, Co! or electron-beam evaporated o
1 mm Mylar (Fe0.5Ni0.5). Our experimental setup is show
schematically in Fig. 1. The transmission sample can
placed at any incident anglef i between 90°~grazing! and
0° ~normal incidence!. The polarization of the incident x-ra
beam was in the plane of incidence. A magnetic coil syst
supplies variable magnetic fields of2500 Oe<H<
1500 Oe lying in the sample’s plane and in the plane
incidence; i.e., the measurements were carried out in the
gitudinal geometry. In the visible spectral range Faraday
fect measurements are normally performed in the polar
ometry, where the magnetization is perpendicular to
films. We chose the longitudinal geometry to assure that
measurements could be performed with magnetically s
17441
-

d
-

e.
he
he
-

o
se

l
d
n

e
e
o

d
h

e
V
u-

e
e

s
0

e

m

f
n-
f-
e-
e
ll
u-

rated films. The linear polarization analysis was perform
by rotating a W/B4C reflection multilayer~300 periods, pe-
riod 1.2 nm, angle of incidence close to the Brewster ang!
around the beam by the anglea ~analyzer scan! while re-
cording the transmitted intensity.30 The experiment is de-
scribed in detail in Ref. 9.

III. FORMULAS FOR X-RAY MO EFFECTS

Expressions for magneto-x-ray effects can be deriv
from the Fresnel equation for the magnetic refractive indi
of the material and the continuity requirements for elect
magnetic fields at the interface. These expressions depen
both the magnetization direction and the propagation dir
tion of the beam. The simplest configuration for which exa
expressions for MO effects can be derived is the polar
ometry where the magnetization and incident light are n
mal at the material’s surface. The electric field eigenmode
the material are left- and right-circularly polarized wave
which would each match continuously to an incident circ
larly polarized beam. The incident linearly polarized x-r
beam can be written as the sum of equal amounts of left-
right-circularly polarized light. The Faraday rotationuF and
the Faraday ellipticity«F can be related to the refractiv
indicesn6 for left- and right-circularly polarized light by the
exact equation31

S 12tan«F

11tan«F
De2iuF5eivdt(n12n2)/c, ~1!

wheredt is the transmitted thickness of the sample,dt5d0 at
normal incidence. The influence of the magnetization on
index of refraction is given by the difference ofn1 andn2 ,
which is normally small. From the Fresnel equation one o
tains forn6 in the present geometry

n6
2 5exx6 i exy , ~2!

FIG. 1. Schematic setup for Faraday measurements on mag
films with angle of incidencef i and magnetic fieldH. The Faraday
rotation angleuF and Faraday ellipticity«F are detected by an
azimuthal rotation of the analyzer and detector around the be
The rotationuF and ellipticity «F of the transmitted light are indi-
cated in the polarization ellipse with main axesa and b, where
tan«F5b/a.
7-2
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where exx and exy and are the diagonal and off-diagon
elements, respectively, of the permittivity tensor. Since M
effects are small compared to the nonmagnetic response
~1! can be expanded to first order in the small quantiti
which gives

uF1 i tan«F'
vd0

2c
~n12n2!'

vd0

2c

i exy

exx
1/2

. ~3!

The off-diagonal permittivityexy is the magnetically active
component, which is antisymmetric in the magnetizatio
exy(2M)52exy(M).

In the case that the incoming light is not normal, b
oblique at an incident anglef i ~see Fig. 1!, it becomes rather
complicated to derive exact expressions for the MO qua
ties. However, it is always possible to give approxima
equations to lowest order in the small quantities. At obliq
incidence the actual transmitted thicknessdt of the sample
depends on the refraction anglef t , i.e., dt5d0 /cosft . In
the longitudinal geometry at oblique incidence one can m
sure the Faraday effect provided the magnetization ha
nonzero component parallel to the propagation direction
the beam. The approximate solutions to the Fresnel equa
are in this geometry,32 to first order inexy ,

n6
2 'exx6 i exy sinf t

6 , ~4!

wheref t
6 are the refraction angles of the two eigenmod

To first order inexy one can replacef t
6 by f t in Eq. ~4!,

where f t is the angle of refraction of the nonmagnetiz
material. It can be shown that the approximate expression
the Faraday effect in this case becomes31

uF1 i tan«F'
vd0

2c

i exy sinf t
6

exx
1/2cosf t

'
vd0

2c

i exy

exx
1/2

tanf t . ~5!

Here tanf t can be rewritten further using Snell’s law. Fo
x-ray light one may replace tanf t'tanf i to a good approxi-
mation. From this expression it is obvious that potentially
large Faraday rotation can be achieved from an in-pl
magnetized material for a largef t of 70° or more, i.e., at
grazing incidence, as was indeed observed experimenta9

As written in the Introduction, the intrinsic dichroic ma
terial’s quantities of interest areDd andDb. From Eq.~5! it
is evident that these quantities can readily be obtained f
the measured quantitiesuF , «F , in the longitudinal geom-
etry through

uF52
vd0

c
Dd tanf t , tan«F5

vd0

c
Db tanf t . ~6!

The XFE is measured with linearly polarized x rays, bu
similar magneto-optical quantity can be measured with
cularly polarized light as well. In XMCD experiments on
measures the dichroism, which is given by the asymme
parameterA and defined as

A5~T12T2!/~T11T2!, ~7!
17441
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whereT6 are the transmission coefficients of left- and righ
handed circularly polarized x rays. It can be shown that
XMCD asymmetry parameter is directly proportional to t
Faraday ellipticity~see Refs. 8, 9, and 33!. In XMCD experi-
ments, however, one measures only one of the dichroic qu
tities (Db), while the other one has to be derived from
Kramers-Kronig transformation. In XFE experiments, on t
other hand, one measuresbothdichroic quantitiesDb, Dd in
a single experiment. However, at present the XMCD can
measured more precisely than the Faraday ellipticity.

Magneto-optical effects can also be measured in the
flection of linearly polarized x rays off a magnetized ma
rial, in which case the effect is called the magneto-opti
Kerr effect~MOKE!. Both in the longitudinal and polar con
figuration the detection of MOKE requires a polarizatio
state analysis. So far no MOKE spectra have been meas
in the x-ray energy range, but the existence of the x-
MOKE could be proved at a single soft-x-ray frequency.7,34

Although experimental spectra for the x-ray MOKE a
therefore not yet available, theoretical predictions can
ready be made for the purpose of comparison with fut
experiments. In the polar geometry at normal incidence
Kerr rotation uK and Kerr ellipticity «K are given by the
~exact! expression31

S 12tan«K

11tan«K
De2iuK5

11n2

12n2

12n1

11n1
. ~8!

This expression can be approximated again for smalluK ,
«K , andn12n2 , and, similar to the XFE@Eq. ~3!#, it can be
formulated in terms ofexy andexx .

The above expressions exemplify that the theory
magneto-x-ray effects can be developed on the basis
single quantity, the permittivity tensor. As the permittivi
and conductivity tensorsab are related througheab5dab
14p isab /v, one may equivalently compute the conducti
ity tensor. Its evaluation from first principles is the prim
task to be performed, which is outlined in the following.

IV. COMPUTATIONAL METHOD

A. Calculation of the permittivity tensor

The near-edge x-ray and magneto-x-ray effects origin
from excitations of the core electrons to unoccupied vale
states close above the Fermi level. The response of the s
to an external electromagnetic field is to linear order in
field described by the dielectric or conductivity tensor, ea
of which is sufficient to describe all experimentally acce
sible quantities. We start from the Kubo linear-response
pression forsab in a single-particle formulation~see, e.g.,
Ref. 31!, in the limit of zero lifetime broadening, which w
rewrite in several steps. First, the occurring current opera
matrix elements containing the relativistic impulse opera
are replaced by the matrix elements of the nonrelativis
impulse operator,p52 i\“, which holds to a very good
approximation.35 Second, we use the fact that the core sta
are localized and therefore the impulse matrix elements
be replaced by dipolar moment matrix elements. The res
7-3
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ing expressions for the absorptive parts of the permittiv
components, i.e., Imexx5exx

(2) , Reexy5exy
(1) , are

exx
(2)~v!5

4p2e2

\Vuc
Re(

k
(

c occ.
n un.

r nc
x ~k!r cn

x ~k!d„v2vnc~k!…,

exy
(1)~v!5

4p2e2

\Vuc
Im(

k
(

c occ.
n un.

r nc
x ~k!r cn

y ~k!d„v2vnc~k!…,

~9!

where c labels the core states andn,k the unoccupied
valence-band states,\vnc(k)[enk2ec , the energy differ-
ence between the core and valence states,Vuc is the unit cell
volume, and ther nc

x,y(k) are the dipolar matrix elements. Th
positionsx, y, refer to the coordinate system centered at
atom of interest. In a practical evaluation of the full perm
tivity tensor, first a convolution with a Lorentzian to accou
for lifetime broadening and subsequently a Kramers-Kro
transformation are performed to obtain the dispersive pa
The dipolar matrix elements can be rewritten in terms
p-type spherical harmonicsY1m . A nice feature of Eq.~9! is
that the transition energy, which can be obtained only
proximately within a one-particle formulation, enters on
thed function and can therefore easily be renormalized a
coincide with the experimental edge energy.

In the present numerical implementation of Eq.~9! we use
the full-potential, linearized augmented plane-wave meth
~FLAPW! method as implemented in theWIEN97 code.36 The
wave functions are expanded into products of spherical
monicsYlm and radial wave functions within a given atom
sphere. When we neglect the effect of the exchange field
the core states, then these can be expressed as produ
radial solutions of the Kohn-Sham-Dirac equation and an
lar functions having the relativistic symmetry. Furthermo
we adopt a spherical approximation for the core potent
The relativistic valence states are computed within the f
nonspherical potential, using the second variational appro
to self-consistently include the spin-orbit interaction37

Among the valence states there are three kinds of radial fu
tions that are used for the expansion at a given orbital qu
tum number. These are the initial solutions of the sca
relativistic approximation to the Kohn-Sham-Dirac equati
in a spherical potential at a given expansion energy, its
ergy derivative, and optionally local orbitals that could
included as well in the basis.38 The dipolar matrix elements
in the FLAPW basis read

^cc~ l c , j , j z!urY1mucnk&5 (
l ,m,s,mc

$alm
s ~k!Al j

s 1blm
s ~k!Bl j

s

1clm
s ~k!Cl j

s %

3~ l c ,mc , 1
2 ,su l c , 1

2 , j , j z!

3^Yl cmc
uY1mYlm&. ~10!

Herealm
s , blm

s , andclm
s are the expansion coefficients of th

wave function inside a given atomic sphere with radiusRMT
corresponding to the three types of radial functions u
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within the FLAPW method. The spherical harmonics indic
l and m correspond to the quantum numbers of the orb
expansion of the valence states, andmc to the expansion of a
core state, ands is the spin quantum number. The core sta
are identified by the orbital quantum numberl c and relativ-
istic quantum numbersj, j z . The radial integralsAl j

s are de-
fined by

Al j
s 5E

0

RMT
Rl

s~r !Rl cj
c ~r !r 3dr; ~11!

i.e., the integral is taken between the valences-state ra
functionsRl

s and the core radial functionRl cj
c . The Bl j

s and

Cl j
s are given by equivalent expressions, but for the other t

kinds of radial valence functions. The (l c ,mc , 1
2 ,su l c , 1

2 , j , j z)
are vector-coupling coefficients. The angular integrals
three spherical harmonicŝYl cmc

uY1mYlm& are the standard
Gaunt coefficients. Due to the symmetry properties of
spherical harmonics, which result in the so-called select
rules, the summations in Eq.~10! reduce tol 5 l c61, m
5mc21,0,11, and to a single summation over the spin va
able. The latter summation reduction comes about beca
we restrict ourselves in the present approach to the nonr
tivistic dipolar approximation for the impulse operator.

In our computational scheme we pay attention to the r
of the exchange splitting of the core levels. We employ fir
order perturbation theory to account for the spin splitting
the core states. In particular, we solve the Dirac equa
with the averaged potential12 @V↑(r )1V↓(r )# and treat the
termD5 1

2 @V↑(r )2V↓(r )#sz ~where the quantization localz
axis was chosen along the net-magnetization direction! as a
perturbation. Neglecting the hybridization between the sta
of different total momentum and using the fact that the m
trix elements ofD between states of different magnetic qua
tum numberj z are zero, we obtain a first-order shift of th
eigenenergies, whereby the energy degeneracy of the
states is removed.

B. Details of the calculation

Self-consistent band-structure calculations were p
formed for bcc Fe, hcp and fcc Co, fcc Ni, and an Fe0.5Ni0.5
alloy. For all these materials the exchange field was c
strained to the@001# direction. The number ofk points in the
irreducible wedge of the Brillouin zone, used in the calcu
tion of the components of the dielectric tensor, exceeded 5
The LSDA exchange-correlation potential of Perdew a
Wang39 was adopted. The present implementation of
FLAPW method36 uses the spin-orbit coupling for the va
lence states included self-consistently in the second va
tional step. For a detailed description of the implementat
of the spin-orbit coupling we refer to Ref. 37.

V. RESULTS

A. X-ray Faraday effect of Fe, Co, and Ni

Using the above given approach, we calculatedab initio
the components of the dielectric tensors of bcc Fe, hcp
7-4
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and fcc Ni, from which we computed their polar x-ray Fa
aday rotations. These are shown in Fig. 2. The depicted
aday rotations were all computed with the spin polarizat
of the core states included. We mention that since the m
nitude of the studied magneto-x-ray effects is expected to
much larger than their counterparts in the visible region,
used exact expressions instead of the approximate ones
monly employed in the visible region~cf. Ref. 31!. To ac-
count for the experimental resolution and the lifetime bro
ening, a Lorentzian spectral broadening of 0.9 and 1.4
was applied at theL3 andL2 edges, respectively.40 The fea-
tures of the x-ray Faraday rotations can be understood q
tatively: The overall width of the spectra is determined
the spin-orbit splitting of the 2p1/2 and 2p3/2 states. This
splitting is the largest for Ni and smallest for Fe. The ma
nitude of the x-ray Faraday rotation, on the other hand,
sically follows the amount of spin polarization of the 3d
valence states. This quantity is the largest for Fe and
smallest for Ni, and, likewise, the calculated Faraday rotat
is the largest for Fe. In Fig. 2 we have shifted the respec
positions of the absorption edges to coincide with one
other. Note that the polar x-ray Faraday rotations at theL2,3
edges are an order of magnitude larger than the polar F
day rotations measured in the visible energy range.41 Our
measurements of the x-ray Faraday rotations9 performed in
the longitudinal geometry yielded also values much lar
than those known from the visible range.

B. Intrinsic dichroic quantities

From the measured longitudinal XFE spectra we have
termined the intrinsic dichroic partsDb and Dd of the re-
fractive indices. Since the XFE experiments were perform
on a thin film of amorphous Co and of Fe0.5Ni0.5 alloy, we
have calculated the dichroic quantities for fcc Co and for
ordered Fe0.5Ni0.5 alloy derived from bcc Fe by replacing th
central atom with Ni. These systems were chosen in orde
mimic optimally the experimental materials. In the order
Fe0.5Ni0.5 alloy the average nearest-neighbor distance of
Ni and of bcc Fe was used for the Fe-Ni separation.

The calculated and experimental dichroic spectra at thL
edge of Fe in Fe0.5Ni0.5 are shown in Fig. 3. The quantitie

FIG. 2. Ab initio calculated polar x-ray Faraday rotations at t
L edges of bcc Fe, hcp Co, and fcc Ni.
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have been scaled by a factor of 2, because iron only con
tutes half of the sample thickness. It is immediately seen
there exists a very good agreement between experiment
theory. The two theoretical curves correspond to calculati
either with~solid curves! or without ~dashed curves! includ-
ing the spin splitting of the 2p core states. The calculatio
which takes the 2p cores splitting into account reproduce
the measured spectra better. In particular at theL3 edge the
core polarization induces a shift of 1 eV in theDb spectrum
to lower energies, which yields a better correspondence
the experiment. TheL2 edge is not affected. A similar shif
occurs in theDd spectrum at theL3 edge, where the mea
sured data points at 710–712 eV are better reproduced by
calculation which includes the core polarization. The reas
for the influence of the core polarization is explained in d
tail below. We remark that the measured dichroic spectra
Fe in Fe0.5Ni0.5 can be reasonably well approximated byDb,
Dd spectra computed for pure Fe, because these spectr
dominated by the resonant 2p to 3d optical transitions.

Figure 4 shows the corresponding dichroic spectra for
Particularly the experimental and calculatedDb spectra
agree very well. While the shape of the experimental

FIG. 3. Experimental and calculated dichroic spectraDb and
Dd at theL edge of Fe in Fe0.5Ni0.5. The two calculated spectra
illustrate the influence of the exchange splitting of the 2p core
states on the dichroic spectra. The dashed curves give the dic
spectra computed without exchange splitting of the core states

FIG. 4. As Fig. 3, but for theL edge of Co. The experimenta
dichroic spectra were measured for amorphous Co, and the ca
lated spectra were obtained for fcc Co.
7-5
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chroic Dd spectrum is well reproduced by theab initio cal-
culation, its measured magnitude is smaller in the reg
between theL2 and L3 edges. At the moment we have n
explanation for the magnitude difference, but we suspect
it arises from the measurement technique~see also Ref. 11!.
A second difference between theoretical and measured s
tra is recognizable in theDb spectrum at the high-energ
side of theL2 edge, where the theoretical curve falls o
steeper than the experiment. This also happens for Fe~see
Fig. 3!. The overall correspondence between theory and
periment is none the less very good.

The calculated and experimental dichroic spectra at the
L edge of Ni in Fe0.5Ni0.5 alloy are shown in Fig. 5. Once
again, the experimental and theoretical spectra compare
isfactorily. There are two experimental results given for t
Db spectrum of Ni. OneDb spectrum was measured with
lower energy resolution~at BESSY I,s in Fig. 5! than that
of the other measurements, which explains why thisDb
curve is smoother and less peaked. The otherDb data points

FIG. 5. As Fig. 3, but for theL edge of Ni in Fe0.5Ni0.5. The
experimentalDb data points were measured with two differe
spectral resolutions:E/DE5700 ~s! andE/DE52500 ~L!.
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~L! were measured at theL3 edge with the higher spectra
resolution of BESSY II. It could be that the measuredDb
spectra contain a weak shoulder at 855 eV. It could be
the measuredDb spectrum contains a weak shoulder at 8
eV. Previously a weak shoulder~labeledB) was observed in
the XMCD spectrum of Ni at this energy.42,43 The origin of
this weak shoulder is not understood, but it could be a ma
particle excitation feature. This interpretation is corrobora
by the absence of such shoulder in the calculated sin
particle spectrum. Nonetheless, our whole set of results
phasizes that the full x-ray Faraday spectra of transition m
als can be quite well described by the single-particle Ko
Sham approach. Although previously calculations of t
XFE were reported,21,22,24,25the agreement to the availab
experimental data could not be considered as such good.
new measurements of the XFE provide accurate dich
spectra, which are highly suited for a conclusive comparis
to first-principles theoretical spectra.

C. Core-state exchange splitting

To exemplify the role of the exchange splitting of the co
states we have calculated the spectra both with and with
the exchange splitting of the core states. We present h
results for a model study of Fe in Fe0.5Ni0.5, because the
influence on Fe is expected to be the largest of the stud
materials. The computed spin splitting of thej z523/2 and
13/2 sublevels is almost 1 eV for Fe in Fe0.5Ni0.5 and
smaller for Co and Ni. It is instructive to consider the a
sorption coefficientsa6 for left- and right-circularly polar-
ized in the polar geometry, which are related to the refract
indicesn6 by a652v Im n6 /c. In Fig. 6 we show the tota
absorption spectruma11a2 as well as the XMCD spec
trum a12a2 as obtained with or without the exchang
splitting of the 2p core states taken into account. The incl
sion of the exchange splitting of the core states modifies
f-

-

FIG. 6. Study of the influence
of the spin polarization of the 2p
core states on the absorption coe
ficientsa1 anda2 for right- and
left-circularly polarized light, re-
spectively. The absorption coeffi
cients are calculated for theL
edge of Fe in the Fe0.5Ni0.5 alloy.
The total absorption is given by
a11a2, the dichroic asymmetry
by a12a2. The inset shows an
expanded view ofa1 and a2

~shown with negative sign for
clarity! at theL3 edge.
7-6
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FIG. 7. Ab initio calculated
polar x-ray MOKE rotationuK

and ellipticity«K at theL edges of
bcc Fe, hcp Co, and fcc Ni. The
spectra have been shifted relativ
to the energy offset of the edg
and are shown with a minus sign
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theoretical XMCD spectrum in two ways: first, the spaci
of the L2,3 peaks is increased by approximately 1 eV, a
second, the slope of the low-energy side of theL3 peak is
increased, which results in a more pronounced asymmetr
the shapes of theL2 andL3 peaks. Both features improve th
agreement with the experimental data~see Fig. 3!. We further
note that from a comparison of the spectra computed with
core polarization and experiment, one could draw the wro
conclusion that the spin-orbit splitting of the 2p core state is
too small, where it is actually the core-state exchange s
ting that is responsible.

In order to understand in more detail the role of the e
change splitting of the core states we show theL3 absorption
coefficients for the two circular polarizations in the inset
Fig. 6 ~for clarity’s sake the absorption coefficienta2 is
shown with a minus sign!. The behavior of the absorptio
coefficients when the exchange splitting of the core state
‘‘switched on’’ can be understood by considering the weig
with which the transitions from the individual core stat
contribute to the absorption spectra. These weights are d
mined by the angular parts of the dipolar matrix elemen
which increase with increasingj z for negative helicity and
decrease for positive helicity, and by the occupation of
final d states, which favors transitions to unoccupied min
ity (↓) spin states. The major contribution to thea2 peak
stems from thej z523/2 level, which eigenenergy is in
creased by the exchange interaction. This leads to the sh
the absorption peak towards lower energies. The major c
tribution to thea1 peak comes with approximately equ
weight from thej z521/2 and 1/2 sublevels. Since the e
change interaction increases and decreases, respectivel
eigenenergies of these states by the same amount, it m
leads to a broadening of the absorption peak without shif
its center of gravity. At theL2 the influence of the spin split
ting of the 2p1/2 states is much smaller, but it can qualit
tively be discussed in the same manner. Thus, although
spin splitting of the 2p core states is small, it neverthele
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leads to an improvement of the theoretical spectra. The
fluence of the spin splitting of the core states was previou
computed for theL2,3 edge of Co in CoPt alloys,23 for which
similar modifications were found, but no details of their o
gin were given.

D. X-ray polar MOKE

Although so far no x-ray polar MOKE spectra have be
measured, for the aim of comparing with future experime
we have computed these. To this end, we have employed
exact expression~8! for the magneto-x-ray rotationuK and
ellipticity «K . It is, however, for the analysis of the com
puted x-ray MOKE spectra convenient to note that the ex
expression can be approximated by31

uK1 i«K' i
n12n2

n1n221
'

2exy

exx
1/2~12exx!

. ~12!

The calculated polar MOKE spectra of bcc Fe, hcp Co, a
fcc Ni are shown in Fig. 7. Unlike in the visible range whe
the shape of the MOKE spectra in most cases reflects
shape of the off-diagonal conductivity spectrum,44 for the
x-ray regime the denominator in Eq.~12! is found to play a
crucial role. Contrary to the x-ray Faraday spectrum,
x-ray MOKE spectrum displays a large maximumin between
the two absorption edges. A closer look at Eqs.~3! and ~12!
clarifies the origin of this spectral difference. Both the Fa
day and polar Kerr effects contain as numeratorsn12n2 ,
but the Kerr effect is additionally modified by the denom
natorn1n221. Since in the soft-x-ray rangen is close to 1,
a profound influence of the denominator can be anticipa
To illustrate the influence of the denominator we show
Fig. 8 the x-ray MOKE of fcc Co, as well as the separa
spectra of«xy and @12«xx#

21. The x-ray MOKE quantities
are approximately composed of the product of the latter t
spectra, where 12«xx is the dominating part of«xx

1/2(1
7-7
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J. KUNEŠet al. PHYSICAL REVIEW B 64 174417
2«xx). The denominator affects the x-ray Kerr rotation su
that a broad maximum occurs between theL2 andL3 edges,
which is caused by the peak in the imaginary part of
inverse~see Fig. 8!. The marked impact of the denominat
implies a high sensitivity of polar MOKE measurements
surface oxidation effects. Already a surface layer wo
change the denominator ton1n22ns

2 , wherens is the re-
fractive index of the surface layer.31

E. Spin and orbital moments

From the above-reported dichroic spectra it is evident t
the experimental spectra can be very well described by
ab initio calculations. It has become customary in magne
x-ray experiments to exploit the measured dichroic spectr
extract the spin and orbital moment of an element, using
sum rules.12,13 From the computed dichroic spectra we ca

FIG. 8. Analysis of the x-ray polar MOKE spectrum at theL
edge of fcc Co. In the top panel the real~i.e., uK) and imaginary
(«K) part of the complex Kerr response are depicted. The mid
panel shows the real and imaginary parts of«xy , which is the nu-
merator of Eq.~12!. The bottom panel shows the real and imagina
parts of the inverse of@12«xx#, which is the dominating term in the
denominator of Eq.~12!. The product of the quantities in the midd
and bottom panels leads to the x-ray Kerr rotation and elliptic
depicted in the top panel.
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using the orbital moment sum rule, now compute the orb
moment, which we can compare to the exactly compu
orbital moment.45 The question is how well these two com
pare. In Table I we give the exactly calculated orbital m
ments as well as those obtained from the theoretical spe
employing the orbital moment sum rule. There exists reas
ably good agreement between the orbital moments obta
by the two different approaches. Note that in all cases
orbital moment sum rule leads to an orbital momentsmaller
than the straightforwardly calculated one. A similar result h
been found too in a previous computational study.23 Al-
though the agreement appears reasonable, it should be
tioned that considerable uncertainties enter the evaluatio
the orbital moment sum rule. First, the number of holes is
clearly defined for solids, which becomes critical in the ca
of almost filled final states. Second, there exists the ene
cutoff for the integration~or subtraction of the background!
that has to be fixed in the integration of the total absorpti
This procedure is arbitrary even in the theoretical calcu
tion, since the accessible final states ofd symmetry originate
not only from the considered atom~in a tight-binding sense!.
This difficulty is easily demonstrated by integrating thed
partial density of states up to high energies~more than 40 eV
above the Fermi energy! yielding a number ofd states larger
than 10. On account of this difficulty, an uncertainty in t
determination of the orbital moments from the sum rule c
be estimated to be 10%-20% for the here-considered ma
als. Such uncertainty would appear to limit an accurate
termination of orbital moments from measured dichro
spectra with the sum rule. Considering, however, the fact
the sum rules are derived only for isolated atoms12,13 and
involve a large number of approximations,23 it is remarkable
how reasonable the obtained orbital moments neverthe
are. Larger deviations~up to 50%) were previously obtaine
in a theoretical investigation of the sum rule for the sp
moment.46 To end with, we remark that recently an exa
sum rule for the orbital moment of solids has been repor
by two of us,47 which, however, requires an integration ov
an unrestricted magneto-optical spectrum.

VI. CONCLUSIONS

We have carried outab initio calculations and experi
ments of the x-ray Faraday effect at theL2,3 edges of Fe, Co,

le

y

TABLE I. The orbital moments obtained for various ferroma
netic 3d materials. The exactly calculated orbital moment is d
noted byMl ~calc.!, whereasMl (s rule! denotes the orbital mo-
ment derived from the sum rule.Ms is the computed spin momen
andnd the calculated number of holes in the 3d band.

Ml ~calc.! Ml (s rule! nd Ms

Fe ~FeNi! 0.072 0.067 6.04 2.76
Ni ~FeNi! 0.056 0.052 8.26 0.71
bcc Fe 0.047 0.041 6.04 2.23
fcc Ni 0.052 0.043 8.18 0.62
fcc Co 0.075 0.070 7.20 1.64
hcp Co 0.081 0.074 7.24 1.63
7-8



re

-ra
m
ls
an
ith
ray

-
a

um
e

es
to
lim
en
ec

y.
en
ple

-
the
2
let
tra,

let
it

to
4

ge
u-
im-
n is

s-
ean

X-RAY FARADAY EFFECT AT THE L2,3 EDGES OF . . . PHYSICAL REVIEW B 64 174417
and Ni. Our investigations demonstrate that the measu
and calculated dichroic spectra at theL edges of the 3d fer-
romagnets are in good agreement. Since the theory of x
magneto-optical effects can be formulated in terms of co
ponents of the dielectric tensor, we can anticipate that a
other x-ray magneto-optical effects as the x-ray MOKE c
be explained by first-principles theory. For comparison w
future experiments we have computed the polar x-
MOKE of Fe, Co, and Ni.

Our ab initio calculations show explicitly that the many
particle x-ray excitation spectrum can to a good approxim
tion be replaced by the single-particle Kohn-Sham spectr
The good agreement between the calculated and experim
tal x-ray magneto-optical spectra suggests that for the inv
tigated materials the role of many-particle contributions
the excitation spectra, such as, e.g., core-hole effects, is
ited to a possible renormalization of the edge transition
ergy, without any major impact upon the shape of the sp
tra. An exception could be the weak shoulder in theDb
spectrum at theL3 edge of Ni, which deserved further stud
Apart from this weak feature, on the basis of the pres
investigation we foresee no direct demand to invoke sup
mental Coulomb correlation termsU for calculations of
c

.
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XFE, x-ray MOKE, or XMCD spectra. The need for Cou
lomb correlation effects has previously been argued for
explanation of photoemission spectra obtained from thep
states. We furthermore find no direct evidence that multip
transitions are required to explain the magneto-x-ray spec
at least not at the spectral resolutionsE/DE52500 and 700
used here. It could be, however, that signatures of multip
transitions become visible at higher resolutions. Also,
might well be that multiplet excitations must be taken in
account to describe the magneto-x-ray spectra of, e.g.,f
materials.

Our calculations reveal the influence of the exchan
splitting of the core states on the dichroic spectra. Its infl
ence is small, yet the computed dichroic spectra are
proved compared to experiment when the core polarizatio
accounted for.
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2G. Schütz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller, R
Frahm, and G. Materlik, Phys. Rev. Lett.58, 737 ~1987!.

3D. Gibbs, D.R. Harshman, E.D. Isaacs, D.B. McWhan, D. Mil
and C. Vettier, Phys. Rev. Lett.61, 1241~1988!.

4D.P. Siddons, M. Hart, Y. Amemiya, and J.B. Hastings, Phys. R
Lett. 64, 1967~1990!.

5C.C. Kao, J.B. Hastings, E.D. Johnson, D.P. Siddons, G.C. Sm
and G.A. Prinz, Phys. Rev. Lett.65, 373 ~1990!.

6J.B. Kortright, M. Rice, and R. Carr, Phys. Rev. B51, 10 240
~1995!.

7J.B. Kortright, M. Rice, S.-K. Kim, C.C. Walton, and T. Warwick
J. Magn. Magn. Mater.191, 79 ~1999!.

8S.P. Collins, J. Phys.: Condens. Matter11, 1159~1999!.
9H.-Ch. Mertins, F. Scha¨fers, X. Le Cann, A. Gaupp, and W. Gu

dat, Phys. Rev. B61, R874~2000!.
10H.-Ch. Mertins, F. Scha¨fers, A. Gaupp, W. Gudat, J. Kunesˇ, and P.

M. Oppeneer, Nucl. Instrum. Methods Phys. Res. A467&468,
1407 ~2001!.

11H.-Ch. Mertins, F. Scha¨fers, and A. Gaupp, Europhys. Lett.55,
125 ~2001!.

12B.T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. R
Lett. 68, 1943~1992!.

13P. Carra, B.T. Thole, M. Altarelli, and X. Wang, Phys. Rev. Le
70, 694 ~1993!.

14C.T. Chen, Y.U. Idzerda, H.-J. Lin, N.V. Smith, G. Meigs, E
Chaban, G.H. Ho, E. Pellegrin, and F. Sette, Phys. Rev. Lett.75,
152 ~1995!.

15D. Weller, J. Sto¨hr, R. Nakajima, A. Carl, M.G. Samant, C. Chap
es,

C.
A.

,

v.

th,

ev.

.

.
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