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X-ray Faraday effect at the L, ; edges of Fe, Co, and Ni: Theory and experiment
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The x-ray Faraday effect at the ; edges of the @ ferromagnets Fe, Co, Ni and of i 5 alloy is studied
both theoretically and experimentally. We perfoaiminitio 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 2:810° 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 thleseitio 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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[. INTRODUCTION make a polarization analysis, this is even more so in the
soft-x-ray energy region, where suitable analyzers are rare.
X-ray magneto-optical spectroscopies have develope&o far only a few experimental studies of the XFE were
rapidly over the last few years, during which they have be+eported"’~* The x-ray Faraday effect at th€ edge of Co
come established as valuable tools for the investigation ofvas investigated in Ref. 4. More recently, the Faraday effect
magnetic properties of materidis?! Among the various atthel,;edges of FéRef. 7, of Ptin FgPt(Ref. 8, and of
available magneto-x-ray spectroscopies there are commonfye, Co, and Ni(Refs. 9-1] were measured. These recent
two distinctions made. The first distinction is with regard to measurements have demonstrated that XFE experiments can
the polarization state of the incident x-ray light being usedbe employed as an alternative to XMCD measurements for
i.e., whether it is circularly or linearly polarized, and the determining the dichroic spectfd.The advantages over the
second one is whether the intensity or the polarization of th&XMCD technique are that the dichroic part in both the ab-
light beam after its interaction with the magnetic material issorptive and dispersive spectrum can be obtained from a
measured. Most frequently applied are circularly polarized »single XFE measurement and the wider availability of x-ray
rays, which are employed to measure the x-ray magnetigources for linearly polarized light.
circular dichroism(XMCD). The XMCD has gained appre- In the recent XFE measurements performed by some of
ciable importance due to the sum rulé$2which allow one us, the full magneto-x-ray spectra at the (2p;,) andLg
to evaluate the spin and orbital moment of a specific elemer(2ps,) edges of Co, Fe, and Ni in FeNig s were obtained.
in the material from a spectral integral over the XMCD spec-From these recent experiments and from new experiments to
trum (see, e.g., Refs. 14—17Less frequently applied are be presented here, we have obtained the complete dichroic
linearly polarized x rays, which are employed to measure thepectraA §(w), AB(w), to the dispersive and absorptive
resonant magnetic x-ray scattermghe x-ray magnetic parts of the refractive indices. The refractive indices can be
linear dichroism (XMLD) (e.g., Refs. 18 and 19 and written asn.=1—(dy*A8)+i(Bo*xAB), which is valid
the x-ray Faraday effedFE).*’"'°The resonant magnetic for the so-called polar geometry where the magnetization
x-ray scattering, the XMCD, and XMLD are intensity mea- and propagation direction of the light are parallel. The inci-
surements, whereas the x-ray Faraday effect demands dent linearly polarized light is decomposed into two circu-
polarization-state analysis. Both the Faraday rotation, whiclerly polarized waves of opposite helicity. The indices
is the rotation of the polarization plane upon transmissionrefer to the parallel or antiparallel orientation of photon he-
and the Faraday ellipticity, which is the amount by which thelicity and magnetization, and th&, (B,) stands for the dis-
transmitted light has become elliptically polarized, are to bepersive(absorptivgé component, of the unmagnetized mate-
determined. While it is in itself already a complicated task torial. A and A are the intrinsic material’'s magnetic
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quantities, which comprise information on the resonant tran- polarization  &r NG
sitions from the ., and 2ps, core states to the empty x  ellipse N 5
spin-polarizedd states, and therefore are highly relevant to ’ detector

the 3d ferromagnetism of Fe, Co, and Ni.

Concurrent to our XFE experiments, we have performed
ab initio calculations of the magneto-x-ray effects. Previ-
ously, several calculations of the XMCD, but also of the XFE
were reported®=2® However, since precise XFE data at the
L, 3 edges of Fe, Co, and Ni, were not available, a fully
conclusive comparison with experiment could not be made.
This comparison is one of the goals of the present paper. Thi
calculations, ours as well as previous, are based on the magnetized Faraday analyzer
density-functional theory in the local spin-density approxi- film rotation / ellipticity fHHITOF

matlon(ITS[?A).27 This Implles that Fhe many-body quasipar- FIG. 1. Schematic setup for Faraday measurements on magnetic
t'_CIe eXCItajuon spectrum is approximated by the KOhn'Sh"’m?ilms with angle of incidence); and magnetic fieldH. The Faraday
single-particle spectrum. We apply furthermore the Kubogation angled, and Faraday ellipticitysr are detected by an
linear-response theory for evaluating the material's responsgimythal rotation of the analyzer and detector around the beam.
to the incident x-ray beam. As we shall show, 8@ initio  The rotationd, and ellipticity ¢ of the transmitted light are indi-

calculations provide a good description of the experimentagated in the polarization ellipse with main axasand b, where
dichroic x-ray spectra. Consequently, the XFE and relatedans-=b/a.
magneto-x-ray effects can be investigated theoretically on

the basis of first-principles calculations. Previously, veryrated films. The linear polarization analysis was performed
litle attention was devoted to the influence that the exchanggy rotating a W/BC reflection multilayer(300 periods, pe-
splitting of the 2 core states has on the XFE spectra. Weyipd 1.2 nm, angle of incidence close to the Brewster angle
find that taking the exchange splitting of the core states intgound the beam by the angle (analyzer scanwhile re-

account does improve the agreement betweenath@itio  cording the transmitted intensit§. The experiment is de-
calculated and measured dichroic spedi® ApB. Further-  geribed in detail in Ref. 9.

more, using the sum rules, we determine from the calculated
magneto-x-ray spectra the spin and orbital moments, which
we compare to directly calculated moments. Ill. FORMULAS FOR X-RAY MO EFFECTS

In the following section we first describe schematically Expressions for magneto-x-ray effects can be derived

the experimental technique. Expressions for the XFE in thg,om the Fresnel equation for the magnetic refractive indices

experimental geometry are derived in Sec. Ill, and in Sec. Vot the material and the continuity requirements for electro-

we outline the computational scheme. Results and conclyyagnetic fields at the interface. These expressions depend on
sions are presented in the Secs. V and V1. both the magnetization direction and the propagation direc-
tion of the beam. The simplest configuration for which exact
Il. EXPERIMENTAL SETUP expressions for MO effects can be derived is the polar ge-
ometry where the magnetization and incident light are nor-
The magneto-x-ray experiments were performed at thenal at the material’s surface. The electric field eigenmodes in
Berlin synchrotron radiation source BESSY | using the planehe material are left- and right-circularly polarized waves,
grating Petersen-typ@&X700 monochromatdf PM3 and at  which would each match continuously to an incident circu-
BESSY Il using the elliptical undulator UE56-PGWMwith  |arly polarized beam. The incident linearly polarized x-ray
spectral resolutiorE/AE=700 andE/AE=2500, respec- beam can be written as the sum of equal amounts of left- and
tively. Our samples consisted of 50-nm-thick amorphousight-circularly polarized light. The Faraday rotati and
films that were either magnetron-sputter deposited on 10¢he Faraday ellipticityer can be related to the refractive

nm SN, foils (Fe, Co or electron-beam evaporated on indicesn. for left- and right-circularly polarized light by the
1 pm Mylar (FegNigs. Our experimental setup is shown exact equatioft

schematically in Fig. 1. The transmission sample can be

placed at any incident anglg; between 90°(grazing and

0° (normal incidencg The polarization of the incident x-ray (
beam was in the plane of incidence. A magnetic coil system

supplies variable magnetic fields of-500 OesH=

1_tan8|:

2i Heriwdt(n+fn,)/c 1
1+taneg ' @

fwheredt is the transmitted thickness of the samples d; at

+500 Oe lying in the sample’s plane and in the plane o L . e
incidence: i.e. the measurements were carried out in the Iorp_ormal incidence. The influence of the magnetization on the
. index of refraction is given by the difference of andn_,

gitudinal geometry. In the visible spectral range Faraday ef- hich i I I E the F | ’ b-
fect measurements are normally performed in the polar gev-v. Ich 1S normally small. =rom the Fresnel equation one o
ometry, where the magnetization is perpendicular to théalns forn.. in the present geometry
films. We chose the longitudinal geometry to assure that all

. . 2 _ H
measurements could be performed with magnetically satu- NS = €xxF 1€y, 2
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where €,, and €,, and are the diagonal and off-diagonal whereT.. are the transmission coefficients of left- and right-
elements, respectively, of the permittivity tensor. Since MOhanded circularly polarized x rays. It can be shown that the
effects are small compared to the nonmagnetic response, EMCD asymmetry parameter is directly proportional to the
(1) can be expanded to first order in the small quantitiesFaraday ellipticity(see Refs. 8, 9, and 33n XMCD experi-

which gives ments, however, one measures only one of the dichroic quan-
tities (AB), while the other one has to be derived from a
. wdg wdg i €y Kramers-Kronig transformation. In XFE experiments, on the
O titaneg~—-—(n.—n_)~—-= gL (3)  other hand, one measuresthdichroic quantities\ 8, A8 in
XX

a single experiment. However, at present the XMCD can be

The off-diagonal permittivitye,, is the magnetically active measured more prlec]irsely than thle Fzraday eIIipti(;:iFy. H
component, which is antisymmetric in the magnetization:, Magneto-optical effects can also be measured in the re-
en(—M)=— e, (M) flection of linearly polarized x rays off a magnetized mate-
Xym the casexythat. the incoming light is not normal pyt'ial, in which case the effect is called the magneto-optical
oblique at an incident angle; (see Fig. 1, it becomes rather Kerr effect(MOKE). E.’Oth in the Iongltudl_nal and polqr con-
: figuration the detection of MOKE requires a polarization-

complicated to derive exact expressions for the MO quanti .
ties. However, it is always possible to give approximate?tate analysis. So far no MOKE spectra have been measured

equations to lowest order in the small quantities. At obliqueIn the x-ray energy range, but the existence of the x-ray

incidence the actual transmitted thickneksof the sample MOKE could be proved at a single soft-x-ray frequefcy.

depends on the refraction anglg, i.e., d,=dy/cosd;. In Although experimental spectra for the x-ray MOKE are

the longitudinal geometry at oblique incidence one can meat_herefore not yet available, theoretical predictions can al-

sure the Faraday effect provided the magnetization has rgady be made for the purpose of comparison with future

nonzero component parallel to the propagation direction o xpenmer_1ts. In the polar ge(_)m_eFry at norma] incidence the
err rotation 8¢ and Kerr ellipticity ex are given by the

the beam. The approximate solutions to the Fresnel equati oAl
are in this geometr¥ to first order ineyy, €xacy expressio

N2~ extieysing; , (4) 1—taneg

l+taneyg

B 1+n_1-n,

2i 0
1-n_1+n,"

()

where ¢, are the refraction angles of the two eigenmodes.

To first order ine,, one can replgcebf by ¢¢ in Eq. (4),  This expression can be approximated again for srdall
where ¢, is the angle of refraction of the nonmagnetlzedgK, andn. —n_, and, similar to the XFEEq. (3)], it can be
material. It can be shown that the approximate expression fagmulated in terms ok, and e, .

the Faraday effect in this case becoffies The above expressions exemplify that the theory of
magneto-x-ray effects can be developed on the basis of a

wdy i€ SiNg,  wdyie single quantity, the permittivity tensor. As the permittivit

e+itanep~ oo —o———~ 0 Yang,. (5) e duanty P 4 P y

and conductivity tensor,; are related througle, ;= 6,4
+4mio,z/w, one may equivalently compute the conductiv-
Here tang, can be rewritten further using Snell’s law. For ity tensor. Its evaluation from first principles is the prime
x-ray light one may replace tafy~tang, to a good approxi- task to be performed, which is outlined in the following.
mation. From this expression it is obvious that potentially a
large Faraday rotation can be achieved from an in-plane
magnetized material for a largé, of 70° or more, i.e., at
grazing incidence, as was indeed observed experimefitally. A. Calculation of the permittivity tensor

As written in the Introduction, the intrinsic dichroic ma-  1he near-edge x-ray and magneto-x-ray effects originate
terial's quantities of interest aes andAB. From Eq.(5) it om excitations of the core electrons to unoccupied valence
is evident that these quantities can readily be obtained fromgates close above the Fermi level. The response of the solid
the measured quantitie:, eg, in the longitudinal geom- 5 an external electromagnetic field is to linear order in the
etry through field described by the dielectric or conductivity tensor, each

of which is sufficient to describe all experimentally acces-
O = — w—%AétanqSt, tanspzw—%ABtanqSt. ©6) sible quantities. We start from the Kubo Iinegr—response ex-
c c pression foro,s in a single-particle formulatiorisee, e.g.,
Ref. 31, in the limit of zero lifetime broadening, which we

The XFE is measured with linearly polarized x rays, but arewrite in several steps. First, the occurring current operator
similar magneto-optical quantity can be measured with cirimatrix elements containing the relativistic impulse operator
cularly polarized light as well. In XMCD experiments one are replaced by the matrix elements of the nonrelativistic
measures the dichroism, which is given by the asymmetrympulse operatorp=—i%V, which holds to a very good

2¢ M2cosp, 2 €2

IV. COMPUTATIONAL METHOD

parameterA and defined as approximatiort> Second, we use the fact that the core states
are localized and therefore the impulse matrix elements can
A=(T,—TH(T+T_), (7) be replaced by dipolar moment matrix elements. The result-
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ing expressions for the absorptive parts of the permittivitywithin the FLAPW method. The spherical harmonics indices
components, i.e., Ina,=el?, Ree,, =€l , are | and m correspond to the quantum numbers of the orbital
expansion of the valence states, andto the expansion of a

@)( (o) = 4772e2Re2 S krt (K) S(w— K) core state, andis the spin quantum number. The core states
@)= AV e < cGbe e en @= onc(k)), are identified by the orbital quantum numbegrand relativ-
n un istic quantum numberf j,. The radial integraIﬂA]Sj are de-
W 422 ) fined by
el (@)= M > rho(KrE(k) 8= wng(K)),
y flvuc k ¢ occ. S Ry S c 3
n un. ) Ij:fo Rl(r)R|cj(r)r dr; (11

where ¢ labels the core states and k the unoccupied
valence-band stated,w,(k)=¢€,— €., the energy differ-
ence between the core and valence statgsis the unit cell s _ ) )
volume, and the*Y(k) are the dipolar matrix elements. The Cij are given by equivalent expressions, but for the other two
positionsx, y, refer to the coordinate system centered at thekinds of radial valence functions. Thé.(m, 5.9, 3.0, 2)
atom of interest. In a practical evaluation of the full permit- are vector-coupling coefficients. The angular integrals of
tivity tensor, first a convolution with a Lorentzian to account three spherical harmonic@(,cmc|Y1MY|m> are the standard

for lifetime broadening and subsequently a Kramers-Kronigsaunt coefficients. Due to the symmetry properties of the
transformation are performed to obtain the dispersive partspherical harmonics, which result in the so-called selection
The dipolar matrix elements can be rewritten in terms ofyjes the summations in Eq10) reduce tol=I,+1, m
p-type spherical harmonicé,, . A nice feature of Eq(9) is  —m_ —1,0+1, and to a single summation over the spin vari-
that the transition energy, which can be obtained only apaple. The latter summation reduction comes about because
proximately within a one-particle formulation, enters only e restrict ourselves in the present approach to the nonrela-
the ¢ function and can therefore easily be renormalized as tgjjstic dipolar approximation for the impulse operator.
coincide with the experimental edge energy. In our computational scheme we pay attention to the role
In the present numerical implementation of E2).we use  of the exchange splitting of the core levels. We employ first-
the full-potential, linearized augmented plane-wave methoghrder perturbation theory to account for the spin splitting of
(FLAPW) method as implemented in theEN97 code®® The  the core states. In particular, we solve the Dirac equation
wave functions are expanded into products of spherical hakgith the averaged potentiéI[VT(r)Jer(r)] and treat the
monicsY), and radial wave functions within a given atomic tarm A = %[VT(r)_VL(r)]Uz (where the quantization local
sphere. When we neglect the effect of the exchange field ogyis was chosen along the net-magnetization direftisna
the core states, then these can be expressed as productsy@ftyrbation. Neglecting the hybridization between the states
radial solutions of the Kohn-Sham-Dirac equation and angugf different total momentum and using the fact that the ma-
lar functions having the relativistic symmetry. Furthermore,ix elements ofA between states of different magnetic quan-
we adopt a spherical approximation for the core potentiali;m numberj, are zero, we obtain a first-order shift of the

The relativistic valence states are computed within the fu”eigenenergies whereby the energy degeneracy of the core
nonspherical potential, using the second variational approackstes is removed.

to self-consistently include the spin-orbit interactiin.
Among the valence states there are three kinds of radial func-
tions that are used for the expansion at a given orbital quan-
tum number. These are the initial solutions of the scalar- Self-consistent band-structure calculations were per-
relativistic approximation to the Kohn-Sham-Dirac equationformed for bcc Fe, hcp and fcec Co, fec Ni, and an Bdig s
in a spherical potential at a given expansion energy, its enalloy. For all these materials the exchange field was con-
ergy derivative, and optionally local orbitals that could bestrained to th¢001] direction. The number df points in the
included as well in the bast.The dipolar matrix elements irreducible wedge of the Brillouin zone, used in the calcula-
in the FLAPW basis read tion of the components of the dielectric tensor, exceeded 500.
The LSDA exchange-correlation potential of Perdew and
Wang® was adopted. The present implementation of the
FLAPW method® uses the spin-orbit coupling for the va-
lence states included self-consistently in the second varia-
+cim(KCi tional step. For a detailed description of the implementation
of the spin-orbit coupling we refer to Ref. 37.

i.e., the integral is taken between the valences-state radial
functionsR? and the core radial functioR? ;. The B} and

B. Details of the calculation

(Welle iV aulmd= 2 {ain(OA] +bjn(k) B

X(lg,me,3,8llc, 3.2

XY | Y 1, Yim)- (10 V. RESULTS
Hereal,, b%,, andc;, are the expansion coefficients of the A. X-ray Faraday effect of Fe, Co, and Ni
wave function inside a given atomic sphere with radiys; Using the above given approach, we calculatbdinitio
corresponding to the three types of radial functions usedhe components of the dielectric tensors of bcc Fe, hcp Co,
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Energy (eV) FIG. 3. Experimental and calculated dichroic specird and

A6 at thelL edge of Fe in FgNigs. The two calculated spectra
FIG. 2. Ab initio calculated polar x-ray Faraday rotations at the illustrate the influence of the exchange splitting of the @ore
L edges of bcc Fe, hep Co, and fcc Ni. states on the dichroic spectra. The dashed curves give the dichroic
spectra computed without exchange splitting of the core states.
and fcc Ni, from which we computed their polar x-ray Far-

aday rotations. These are shown in Fig. 2. The depicted Faﬁave been scaled by a factor of 2, because iron only consti-

aday rotations were all computed with the spin pOI"’mz""t'm‘iutes half of the sample thickness. It is immediately seen that

g{tfj&i %?Eiesﬁhe;égckgeg'etow i_genéﬁgczg?; Se')r:cgcigz :gat%ﬁere exists a very good agreement between experiment and
g y b eory. The two theoretical curves correspond to calculations

much larger than th_elr counterparts in the V'S.'ble region, Wesither with (solid curve$ or without (dashed curvgsnclud-
used exact expressions instead of the approximate ones cotm-

monly employed in the visible regiofef. Ref. 31. To ac- ing the spin splitting of the @ core states. The calculation

count for the experimental resolution and the lifetime broa which takes the @ cores splitting into account reproduces

ening, a Lorentzian spectral broadening of 0.9 and 1.4 e\}he measqred_ spgctra better. !n particular atithedge the
was applied at the andL, edges, respectivefd. The fea- core polanzatlo_n mduc_es a_shlft of 1 eV in theB spectrum
tures of the x-ray Faraday rotations can be understood quaII9 lower energies, which yields a better correspondence to

; . ; - : he experiment. Thé, edge is not affected. A similar shift
tatively: The overall width of the spectra is determined by . 2
the spin-orbit spliting of the @y, and 24, states. This occurs in theA § spectrum at thé 5 edge, where the mea-

splitting is the largest for Ni and smallest for Fe. The I,nag_sured data points at 710-712 eV are better reproduced by the

nitude of the x-ray Faraday rotation, on the other hand pacalculation which includes the core polarization. The reason

sically follows the amount of spin polarization of thel 3 for the influence of the core polarization is explained in de-

valence states. This quantity is the largest for Fe and thF".belOW' We remark that the measured dichroic specra of
smallest for Ni, and, likewise, the calculated Faraday rotatio %m F%-,[5N'0-5 can ?e dr(feasonablz WT’)" approx;hmatedzbﬁ ' ¢
is the largest for Fe. In Fig. 2 we have shifted the respectiv@ Spectra computed 1or pure €, because Inese Spectra are

positions of the absorption edges to coincide with one angor";\}nate(i b{] the rt?]sonaanO 3g.°ptgfar|1 transnmnts. for C
other. Note that the polar x-ray Faraday rotations atlthe Igure 4 Shows the corresponding dichroiC spectra for 0.

edges are an order of magnitude larger than the polar Farg_artlcularly the expgrlmental and calculatéds spectra.
day rotations measured in the visible energy ratigeur agree very well. While the shape of the experimental di-

measurements of the x-ray Faraday rotatigmsrformed in
the longitudinal geometry yielded also values much larger i
than those known from the visible range.

T
-3
107 - y
L 5x10

o (Cp J

B 0k o O 9 [) ey 0 A8
= - MLT? v
L A Al 1

B. Intrinsic dichroic quantities

From the measured longitudinal XFE spectra we have de- A
termined the intrinsic dichroic part§ 8 and A of the re-
fractive indices. Since the XFE experiments were performed I
on a thin film of amorphous Co and of §dij 5 alloy, we -1x10°
have calculated the dichroic quantities for fcc Co and for an

-5x10™

ordered Fg:Nig 5 alloy derived from bcc Fe by replacing the R : ! ! L M PP
central atom with Ni. These systems were chosen in order tc 750 760 770 780 790 800

mimic optimally the experimental materials. In the ordered Energy (eV)

Fey sNig 5 alloy the average nearest-neighbor distance of fcc

Ni and of bcc Fe was used for the Fe-Ni separation. FIG. 4. As Fig. 3, but for the. edge of Co. The experimental

The calculated and experimental dichroic spectra at.the dichroic spectra were measured for amorphous Co, and the calcu-
edge of Fe in FgNig 5 are shown in Fig. 3. The quantities lated spectra were obtained for fcc Co.
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8x10* 8x10™ (<) were measured at tHe; edge with the higher spectral

I ] resolution of BESSY II. It could be that the measur&g
spectra contain a weak shoulder at 855 eV. It could be that
the measured B8 spectrum contains a weak shoulder at 855
eV. Previously a weak shouldédabeledB) was observed in
the XMCD spectrum of Ni at this enerd§*® The origin of

this weak shoulder is not understood, but it could be a many-

4x10™ 4x10*

AB 0 ?fji"- - 0 A6

ax10” [ 1 4x10* particle excitation feature. This interpretation is corroborated

I ] by the absence of such shoulder in the calculated single-

. ] ) particle spectrum. Nonetheless, our whole set of results em-
-8x10 - L L L -8x10°

phasizes that the full x-ray Faraday spectra of transition met-
als can be quite well described by the single-particle Kohn-
Sham approach. Although previously calculations of the
FIG. 5. As Fig. 3, but for thd- edge of Ni in FgsNips. The  XFE were reported-?%242°the agreement to the available
experimentalAB data points were measured with two different experimental data could not be considered as such good. Our
spectral resolutions£/AE=700 (O) andE/AE=2500(0). new measurements of the XFE provide accurate dichroic
spectra, which are highly suited for a conclusive comparison
chroic A 5 spectrum is well reproduced by tlad initio cal-  to first-principles theoretical spectra.
culation, its measured magnitude is smaller in the region
between theL, and L; edges. At the moment we have no
explanation for the magnitude difference, but we suspect that
it arises from the measurement technidsee also Ref. 11 To exemplify the role of the exchange splitting of the core
A second difference between theoretical and measured spegtates we have calculated the spectra both with and without
tra is recognizable in th& 8 spectrum at the high-energy the exchange splitting of the core states. We present here
side of thelL, edge, where the theoretical curve falls off results for a model study of Fe in §gNiys, because the

850 855 860 865 870 875 880
Energy (eV)

C. Core-state exchange splitting

steeper than the experiment. This also happens fofs€e

influence on Fe is expected to be the largest of the studied

Fig. 3. The overall correspondence between theory and exmaterials. The computed spin splitting of the= —3/2 and

periment is none the less very good.

+3/2 sublevels is almost 1 eV for Fe in fzfigs and

The calculated and experimental dichroic spectra at the Némaller for Co and Ni. It is instructive to consider the ab-
L edge of Ni in FgsNiy s alloy are shown in Fig. 5. Once sorption coefficientsy™ for left- and right-circularly polar-
again, the experimental and theoretical spectra compare sated in the polar geometry, which are related to the refractive
isfactorily. There are two experimental results given for theindicesn.. by a*=2w Imn. /c. In Fig. 6 we show the total
Ap spectrum of Ni. One\ 3 spectrum was measured with a absorption spectrunae™+ o~ as well as the XMCD spec-

lower energy resolutiofat BESSY 1,0 in Fig. 5 than that
of the other measurements, which explains why thj8
curve is smoother and less peaked. The otf)@data points

6

trum a*—a~ as obtained with or without the exchange

splitting of the 2 core states taken into account. The inclu-
sion of the exchange splitting of the core states modifies the

---- no core polarization
—— with core polarization

FIG. 6. Study of the influence
of the spin polarization of the 2
core states on the absorption coef-
ficientsa® anda~ for right- and
left-circularly polarized light, re-

Absorption (arb. units)

spectively. The absorption coeffi-
cients are calculated for thé
edge of Fe in the RgNig 5 alloy.
The total absorption is given by
a®+a~, the dichroic asymmetry
by a®—a~. The inset shows an
expanded view ofa®™ and o~

(shown with negative sign for
clarity) at theL ; edge.

Energy (eV)
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30 -
=) o)
ﬁ 20 |- ﬁ
c = _—_
Qo © FIG. 7. Ab initio calculated
g 3 E. polar x-ray MOKE rotation 6y
LE © and ellipticity e at theL edges of
X oL v bce Fe, hep Co, and fec Ni. The
g O spectra have been shifted relative
> E to the energy offset of the edge
E[ i E{ and are shown with a minus sign.
x x

-10 0 10 20 30 -10 0 10 20 30
Energy (eV) Energy (eV)

theoretical XMCD spectrum in two ways: first, the spacingleads to an improvement of the theoretical spectra. The in-
of the L, 3 peaks is increased by approximately 1 eV, andfluence of the spin splitting of the core states was previously
second, the slope of the low-energy side of thepeak is computed for the , 3 edge of Co in CoPt alloy® for which
increased, which results in a more pronounced asymmetry afimilar modifications were found, but no details of their ori-
the shapes of the, andL ; peaks. Both features improve the gin were given.

agreement with the experimental désee Fig. 3. We further

note that from a comparison of the spectra computed without D. X-ray polar MOKE

core polarization and experiment, one could draw the wrong
conclusion that the spin-orbit splitting of the Zore state is Although so far no x-ray polar MOKE spectra have been

too small, where it is actually the core-state exchange split€asured, for the aim of comparing with future experiments
ting that is responsible. we have computed these. To this end, we have employed the
In order to understand in more detail the role of the ex-€Xact expressiof8) for the magneto-x-ray rotatioflx and

change splitting of the core states we showligabsorption ~ ElIPtCity ex . It is, however, for the analysis of the com-
coefficients for the two circular polarizations in the inset of PUteéd x-ray MOKE spectra convenient to note that the exact
Fig. 6 (for clarity’s sake the absorption coefficient” is ~ €XPression can be approximatedby

shown with a minus sign The behavior of the absorption

coefficients when the exchange splitting of the core states is O +ic~i ng—N-  ~é&y (12)
“switched on” can be understood by considering the weights KTeR= T =1~ 21-e)

with which the transitions from the individual core states > XX

contribute to the absorption spectra. These weights are deteThe calculated polar MOKE spectra of bcc Fe, hep Co, and
mined by the angular parts of the dipolar matrix elementsfcc Ni are shown in Fig. 7. Unlike in the visible range where
which increase with increasing, for negative helicity and the shape of the MOKE spectra in most cases reflects the
decrease for positive helicity, and by the occupation of theshape of the off-diagonal conductivity spectrlftifor the
final d states, which favors transitions to unoccupied minor-x-ray regime the denominator in E(L2) is found to play a

ity (1) spin states. The major contribution to tahe peak crucial role. Contrary to the x-ray Faraday spectrum, the
stems from thej,= —3/2 level, which eigenenergy is in- x-ray MOKE spectrum displays a large maximimbetween
creased by the exchange interaction. This leads to the shift ahe two absorption edges. A closer look at E(@.and(12)

the absorption peak towards lower energies. The major corclarifies the origin of this spectral difference. Both the Fara-
tribution to thea® peak comes with approximately equal day and polar Kerr effects contain as numerators-n_,
weight from thej,=—1/2 and 1/2 sublevels. Since the ex- but the Kerr effect is additionally modified by the denomi-
change interaction increases and decreases, respectively, th@orn n_—1. Since in the soft-x-ray rangeis close to 1,
eigenenergies of these states by the same amount, it maindyprofound influence of the denominator can be anticipated.
leads to a broadening of the absorption peak without shiftingo illustrate the influence of the denominator we show in
its center of gravity. At thé, the influence of the spin split- Fig. 8 the x-ray MOKE of fcc Co, as well as the separate
ting of the 2p,/, states is much smaller, but it can qualita- spectra ofe,, and[1—e,,] 1. The x-ray MOKE quantities
tively be discussed in the same manner. Thus, although thare approximately composed of the product of the latter two
spin splitting of the  core states is small, it nevertheless spectra, where %¢,, is the dominating part ofai’xz(l
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20 T T T T T T T T TABLE I. The orbital moments obtained for various ferromag-
3 . netic 3 materials. The exactly calculated orbital moment is de-
~—~ 10 noted byM, (calc), whereasM, (s rule) denotes the orbital mo-
8 ment derived from the sum rul® is the computed spin moment
S o andny the calculated number of holes in the Band.
LLl
é -10 M, (calc) M, (s rule) Ny Mg
= o Fe (FeNi 0.072 0.067 6.04 276
Ni (FeNi) 0.056 0.052 8.26 0.71
bcc Fe 0.047 0.041 6.04 2.23
0.002 fcc Ni 0.052 0.043 8.18 0.62
fcc Co 0.075 0.070 7.20 1.64
OF 0 hcp Co 0.081 0.074 7.24 1.63
—0.002 using the orbital moment sum rule, now compute the orbital
moment, which we can compare to the exactly computed
orbital moment® The question is how well these two com-
pare. In Table | we give the exactly calculated orbital mo-
500 ments as well as those obtained from the theoretical spectra
employing the orbital moment sum rule. There exists reason-
- ably good agreement between the orbital moments obtained
% by the two different approaches. Note that in all cases the
°i’ 0 orbital moment sum rule leads to an orbital momsmialler
o than the straightforwardly calculated one. A similar result has
been found too in a previous computational steityl-
though the agreement appears reasonable, it should be men-
—500 tioned that considerable uncertainties enter the evaluation of

the orbital moment sum rule. First, the number of holes is not
clearly defined for solids, which becomes critical in the case
Energy (eV) of almost filled final states. Second, there exists the energy
cutoff for the integrationor subtraction of the backgrounhd
FIG. 8. Analysis of the x-ray polar MOKE spectrum at the that has to be fixed in the integration of the total absorption.
edge of fcc Co. In the top panel the rdak., 6¢) and imaginary — This procedure is arbitrary even in the theoretical calcula-
(ex) part of the complex Kerr response are depicted. The middlgjon, since the accessible final stateslafymmetry originate
panel shows the real and imaginary partss@f, which is the nu- ot only from the considered atofim a tight-binding senge
merator of Eq(12). The bottom panel shows the real and imaginary Thig difficulty is easily demonstrated by integrating tte
parts of the inverse dfl — ¢,,], which is the dominating term in the partial density of states up to high energiesre than 40 eV
denominator of Eq(12). The product of the quantities in the middle above the Fermi energyielding a number ofl states larger
and.botto.m panels leads to the x-ray Kerr rotation and eIIipticitythan 10. On account of this difficulty, an uncertainty in the
depicted in the top panel. determination of the orbital moments from the sum rule can
be estimated to be 10%-20% for the here-considered materi-
—&xx). The denominator affects the x-ray Kerr rotation suchals. Such uncertainty would appear to limit an accurate de-
that a broad maximum occurs between theandL ; edges, termination of orbital moments from measured dichroic
which is caused by the peak in the imaginary part of itsspectra with the sum rule. Considering, however, the fact that
inverse(see Fig. 8 The marked impact of the denominator the sum rules are derived only for isolated atéms and
implies a high sensitivity of polar MOKE measurements toinvolve a large number of approximatiofiit is remarkable
surface oxidation effects. Already a surface layer wouldhow reasonable the obtained orbital moments nevertheless
change the denominator to,n_—nZ, wherens is the re-  are. Larger deviation&p to 50%) were previously obtained
fractive index of the surface lay@t. in a theoretical investigation of the sum rule for the spin
moment*® To end with, we remark that recently an exact
sum rule for the orbital moment of solids has been reported
by two of us?’ which, however, requires an integration over
From the above-reported dichroic spectra it is evident thaén unrestricted magneto-optical spectrum.
the experimental spectra can be very well described by the
ab initio calculations. It has become customary in magneto- VI. CONCLUSIONS
x-ray experiments to exploit the measured dichroic spectra to
extract the spin and orbital moment of an element, using the We have carried outib initio calculations and experi-
sum rules>*3 From the computed dichroic spectra we can,ments of the x-ray Faraday effect at thg; edges of Fe, Co,

E. Spin and orbital moments
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and Ni. Our investigations demonstrate that the measuredFE, x-ray MOKE, or XMCD spectra. The need for Cou-
and calculated dichroic spectra at theedges of the 8 fer-  lomb correlation effects has previously been argued for the
romagnets are in good agreement. Since the theory of x-ragxplanation of photoemission spectra obtained from the 2
magneto-optical effects can be formulated in terms of comstates. We furthermore find no direct evidence that multiplet
ponents of the dielectric tensor, we can anticipate that a|SQansiti0nS are required to exp|ain the magneto-x-ray Spectral
other x-ray magneto-optical effects as the x-ray MOKE cangt |east not at the spectral resolutidg& E= 2500 and 700

be explained by first-principles theory. For comparison withysed here. It could be, however, that signatures of multiplet
future experiments we have computed the polar X-rayransitions become visible at higher resolutions. Also, it
MOKE of Fe, Co, and Ni. might well be that multiplet excitations must be taken into

Our ab initio calculations show explicitly that the many- account to describe the magneto-x-ray spectra of, efy., 4
particle x-ray excitation spectrum can to a good approximamaterials.

tion be replaced by the single-particle Kohn-Sham spectrum. oyr calculations reveal the influence of the exchange
The good agreement between the calculated and experimegp|itting of the core states on the dichroic spectra. Its influ-
tal x-ray magneto-optical spectra suggests that for the invessnce is small, yet the computed dichroic spectra are im-

tigated materials the role of many-particle contributions toproved compared to experiment when the core polarization is
the excitation spectra, such as, e.g., core-hole effects, is limyccounted for.

ited to a possible renormalization of the edge transition en-
ergy, without any major impact upon the shape of the spec-
tra. An exception could be the weak shoulder in thg
spectrum at thé 5 edge of Ni, which deserved further study.
Apart from this weak feature, on the basis of the present This work was supported financially by the Sonderfors-
investigation we foresee no direct demand to invoke suppleehungsbereich 463, Dresden, Germany, and by the European
mental Coulomb correlation termdg for calculations of Community under Project No. ERB FMG ECT 980105.
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