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Anisotropic x-ray magnetic linear dichroism at the L , ; edges of cubic Fe, Co, and Ni:
Ab initio calculations and model theory
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We present amb initio investigation of the x-ray magnetic linear dichroigfMLD ) in cubic Fe, Co, and
Ni. We demonstrate that the XMLD spectra can be understood in terms of a simple model based on the energy
derivatives of the @ partial densities of states and the exchange splitting of the core levels, while the
valence-band spin-orbit interaction plays only a marginal role for the overall shape of the spectra. Furthermore,
our calculations predict the existence of a huge magnetocrystalline anisotropy of the XMLD spectra, which is
of the same size as the XMLD spectrum itself. We provide a qualitative explanation of the anisotropy in terms
of the above-mentioned model and suggest its experimental use for obtaining more information about the
unoccupied states.
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I. INTRODUCTION can be well approximated with a model in which the effect of
the valence-band spin-orbit coupling is neglected and the
X-ray magneto-optical spectroscopies have experienced @change splitting of the [2 core states in considered to
tremendous development during the last decade. Especiallpwest nonvanishing order. The accuracy of the model is
the x-ray magnetic circular dichroisfXMCD) has become asseésseéd by comparing spectra computed using the model
established as a tool for the investigation of magnetic fea\_NIth spectra obtained from precigé initio calculations. The
tures on an element-resolved leyske, e.g., Refs. 134A model _formulates the X.MLD spectrum as a sum of energy
: o ' derivatives of the @ partial densities of states scaled by the

different x-ray spectroscopy, which was much less em

. e i X ‘exchange splitting of the core levels, providing an intuitive
ployed, is the x-ray magnetic linear dichrois¥MLD). The  nderstanding of the XMLD. In the case of spherical sym-

XMLD, which is of course measured with Iinearly pOIarized metry, the model relates the XMLD spectrum of ferromag-
synchrotron radiation, is rooted in a microscopic origin quitenets to the energy derivative of their XMCD spectrum. Fur-
distinct from that of the XMCD. Their distinction is apparent thermore, we consider the magnetocrystalline anisotropy in
from the parity of the x-ray magneto-optical effect with re- the XMLD spectra, using bothb initio calculations and cal-
spect to the magnetizatiovi: The XMCD signal is odd ilM  culations based on the model. We predict a huge magneto-
(in lowest order linear ifM)) whereas the XMLD is even in  Crystalline anisotropy to be present in the XMLD. In particu-
M (quadratic in lowest ordgrAlthough the XMLD is pro- 1@% this anisotropy is much larger than that observed
portional to (M2), it is a relatively small effect, accurate previously in the XMCD of transition-metal multilayefs.

determination of which is far more difficult than that of the The origin of the huge magnetocrystaliine anisotropy phe-

nomenon is discussed and its implication for applied re-
larger XMCD. Up to now only two XMLD spectra measured gg5rch is suggested.

in transmission have been reporfétdiThe XMLD has also

been measured in absorption, through the detection of sec- Il. FORMULATION OF THE XMLD
ondary electrons for ferromagnetftand, in several cases, A M ic § lati
for antiferomagnetic film&:2 - Viacroscopic formutation

Only a fewab initio calculations of XMLD spectra were For the macroscopic formulation of the XMLD we resort
reportec®”*3Schwickertet al. (Ref. 7) obtained a fair agree- to the classical theory of electromagnetic waves in a mag-
ment between measured amdb initio calculated XMLD  netic medium. For an in-plane magnetized film the XMLD is
spectra, in particular for the Ae, edge. A very good agree- defined as the intensity difference of linearly polarized x rays
ment between the experimental aaglinitio calculated x-ray ~ transmitted with electric polarizatida parallel (T)) and per-
\oigt rotation and ellipticity spectra of Co, which are directly pendicular T,) to the magnetization. The x-ray synchrotron
proportional to the XMLD and the x-ray magnetic linear light is at normal incidence on the surface. In the material
birefringence, respectively, was achieved by Mertinsal. ~ there are two eigenmodes with refractive indiees, nj,
(Ref. 6. A different approach was adopted by van der Laancorresponding toELM, E|M, respectively. The XMLD
who derived a proportionality between the integrated XMLD asymmetry is given By
signal and the anisotropy of the spin-orbit interactidn d
spite of the recent progress, it cannot be said that the XMLD XMLD = (T =T )/(T|+T,)~ el Im[n—n, ]
is well understood. c

In the present paper we report a detailed investigation of
the XMLD at thel , 3 edges of the cubic ferromagnets bcc Fe ~ “’_d_|m
and fcc Co and Ni. First, we show that the XMLD spectrum 2cn
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Hered is the thickness of the filmg the frequency of the 0.01
light, ¢) ande, , are the diagonal components of the dielec-
tric tensor for orientation oE parallel and normal, respec-

tively, to the magnetizatiom is the average refractive index,
and e€,4 is the off-diagonal component of the dielectric ten- 0.005
sor. The latter component is present for a ferromagnetic ma-
terial and gives, in the x-ray regime, rise to the XMCD or the
x-ray Faraday effed®~8 It was previously shown that

€2 e, is about a 100 times smaller than—e€, at thel
edges of ferromagnetic transition metdi€onsequently, we
can ignore this contribution to the XMLD. Since at the edge
the energy variation is negligible as well, we shall in the
following discuss the I — €, | spectrum, which we shall
name “XMLD” as well. An abbreviation that we use in the
following for the absorptive part of is Ime=€(?).

0.005

B. Exchange splitting of the core states

Our intention is to pursue both a relativistb initio cal-
culation of the XMLD spectra, as well as a model description
of the spectra obtained under physically motivated approxi-
mations. In both approaches, we start from the initigl 2
states that can be—in a very good approximation—described
by an atomic calculation in the spherical part of the crystal
potential. The dominant interaction determining the spin-
angular character of the wave function is the spin-orbit cou-
pling, which splits the P level into the 2,,, and 2pg, dou-
blets. The spin-orbit splitting is larger than 10 eV in Fe, Co,
and Ni. On top of this the exchange field caused by the
spin-polarized valence electro(epin-only interactionsplits Energy (eV)
the 2p,,, and 25, levels further. The following treatment of . _ . _
the 2p states is adopted in the present work. The radial partg F1®: 1. Decomposition of the absorptive part of the dielectric
of the 2p functions are calculated using the radial Dirac Unctionse=", e , andef?) with regard to the four exchange-split
equation in the spin-averaged spherical part of the cryst Ps2 COre Statesz’) c?m%ted(;?r fcc Co. The XMLD spectrum s
potential. The spherical part of the exchange field is therProPortiona toef”)— 5(®)— ) and would practically vanish if
accounted for using first-order perturbation theory. Thisthe small energy shifts in the individug) peaks were not present.
means that the energies are renormalized, and the wave func- 9.20 ) ) L
tions are classified bl j, quantum numbers; i.e., the mixing previously:®*° A first understanding of the origin of the
of 2py;, and D, characters is neglected. This approxima-XMLD can .be galned from considering a decomposm'or'] of
tion is justified by the size of the exchange splitting beingth€ dielectric functions with regard to the exchange split
below 1 eV. The resulting spectrum of the exchange-sgit 2 States. To this end a reformulation ef is practical. 1For a
states consists of a2, doublet and a B, quadruplet with ~ Uniaxial ferromagnetic material one can writg =3 (e
an equidistant splitting\; . The energy increases wifa for ~ +€-), With €.=¢, *i€oq. The XMLD spectrum is thus
the 2p,, levels and decreases wifh for the 2ps), levels ~ Proportional toe—z(e, +e_), whereas the XMCD spec-
(+1 is assumed to be the majority spin projection; is UM is_proportional foe,—e_ (more precisely, it is
computed from (wd/2cn)[ e —€?)). The optical transition matrix ele-

ments obey the dipolar selection rules on the angular mo-
20, mentum quantum numbeltsm, of the initial and final states
Ai:§fr Ri(r)b(r)dr, (2 such thatAm=+1 or Am=0 andAl=+1. To €. only
transitions withAm= = contribute, whereas te; only Am
whereR;(r) is the respective radial part of the wave function =0 transitions contribute. The XMLD is thus the intensity
andb(r) the exchange field. Tha; for j=1/2 andj=3/2  difference between the resonant transitions with=0 and
differ by a few percent, and therefore this difference is nethe averagedim=*1 transitions, whereas the XMCD re-
glected in the model calculations. lates to the difference between then=+1 andAm=-1

We have dwelled upon the exchange splitting of the 2 transitions. An illustration of the decomposed dielectric func-
core states, because only once this quantity is included tions at thel ; edge of fcc Co is given in Fig. 1. Shown are
XMLD of reasonable size can be obtairfe@he exchange the separate contributions of the initial exchange-split
splitting of the 2 states is thus a prerequisite to describej,=—3/2, —1/2, 1/2, and 3/2 levels to the absorptive part of
properly the XMLD. lts role for the XMCD was studied the permittivities, e, €, and f”), respectively. The

Absorptive part of dielectric function

0.005
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rather small energy shiftsA(~260 meV for fcc Co in the o
individual spectra give, when the spectra are summed, rise to aly(j)=
the XMLD. The computational method that we applied to

compute the permittivities was outlined in Ref. 21. Details ofwhere theY,,, are the spherical harmonics, and the projection
the calculations are mentioned below. coefficients of the relativistic wave functions on ths) ba-

sis (Clebsch-Gordan coefficientare denoted by the paren-
theses. The numerical values for th&(j) coefficients are
listed in Tables Il and Il in Appendix B. For sake of sim-

The overall structure of x-ray absorption and XMCD Plicity we use further on the, | notation fors=+3,-3,
spectra in 8 metals can be well described using the nonrel-and we drop th¢ index froma/,(j) since the two edges are
ativistic d partial densities of states; i.e., spin-orbit couplingtreated independently and so it is clear which valug tf
is not considered for the valence states. The spin-orbit couconsidered. The contribution of the product of the matrix
pling constanté of the 3d ferromagnets is about 80—100 elements for opposite spin channels is neglected in(8q.
meV, which is smaller thai\. For exampleA is about 320  This is consistent with neglecting the valence-band spin-orbit
meV for Fe. However, for NiA is only 100 meV, which coupling; however, this omission is well justified il 3ys-
already indicates that the neglect of the valence-band spiriem even if the valence-band spin-orbit coupling is taken into
orbit coupling could be a poor approximation. A comparisonaccount.
to ab initio calculated spectra shall provide the test of the An important remark regarding Eq3) concerns the
validity of the approximation. The valence-band spin-orbitchoice of the quantization axis, with respect to which the
coupling leads to a modification of the x-ray absorption specpartial densities are expressed. Equati8n applies to the
trum (XAS) branching ratio and the asymmetry of XMCD quantization axis collinear to the magnetization vector. Any
peaks, effects which become apparent by integration of thExagnetocrystalline anisotropy of the XMLD occurring
spectra over both edges. Recently we presented a calculatig¥ithin the model therefore arises from the change of the
of the x-ray Voigt effect (related to the XMLD at theL,  Qquantization axis.
edge of Co. As a result of this calculation it became clear that Next, we evaluate Eq3) to obtain the XAS, XMCD, and
a major part of the XMLD can be captured without consid-XMLD spectra. Furthermore, the magnetocrystalline anisot-
ering the valence-band spin-orbit coupling. ropy of the XMLD is investigated by calculating the XMLD

In the following we present model calculations of the for both the(001) and (111) orientations of the magnetiza-
XAS, XMCD, and XMLD in the cubic 8 ferromagnets. The tion. We need for the evaluation of E) relations for the
model uses only thd partial densities of states and the size Partial densities of statg, (), which are discussed in Ap-
of the a:) exchange Sp||tt|ng as an input_ We compare thependix A. Due to the neglect of the Spin-Orbit COUpling in the
model calculations to what we call the “full” calculations, final states, time-reversal symmetry holds for these, as the
implementation of which is described in detail in Ref. 21. hybridization between the core and valence states is negli-
The full calculation takes into account the valence-bandlible, too. As a consequence, we hdve,(w) =f,{w). A
Spin-orbit Coup"ng, b—>45 transitions, as well as the en- second relation, which can be seen to follow from Table | in
ergy dependence of the radial matrix elements, and the lowAPpPendix A, is
ering of the crystal symmetry due to the spin-orbit coupling.

1]y ?
1(m—,u)§Sj§ <Y2m|Y1,u|Y1mf;L> , (4

Ill. MODEL FOR XMLD IN CUBIC SYSTEMS

Both the model and the full calculations use the dipolar ap- foo @)= E[fOS(w)+flS(w)], (5)
proximation to the transition matrix elements and neglect 2
core-hole effects. which holds for both thé001) and (111) quantization axes.

Whenp— s transitions are neglected and the radial part Ofrhe number of independent partial densities of states is re-
the transition matrix element is assumed to be the same fQ§;ceq thereby to two per spin channel.

all transitions, the expression for the absorptive part of the \ye start with the derivation for thie, edge. From Eq(3)

permittivity reduces to we find
@)\ — at +
e(w)=a’ for(w)+al fi(w)
D(w)=, af;smfms(wr%A), 3 * o o
m,s +agfi(e+A)+a) fy(w+A), (6)
with y/2=m—pu+s, and u=+1, —1, or 0 (note thate, Eg)(w)za:nf721(w)+a:11f711(w)
=¢|). Thef,{w) stand for thed partial densities of unoc- - -
cupied states indexed with orbital moment projectiomand +afo(wtA)+ag fo(wtld), (7)
spin projections, anda’,(j) denotes the angular part of the 2) o 0
transition probability for a transition from thep2,, state to ef?(w)=aly f 1 (w)+al; fo ()
the Ad,,s state n is determined by the dipolar selection 0 0
rule). The shift of the contributions of different core levels tayfo(etd)+ayfy (o+a). 8)

results from the exchange splitting of the core levels. TheNote that for convenience we chose the energy zero at the
plus sign applies to the, edge and the minus signto thg  j,=—3 level. TheA-shifted functions are Taylor expanded
edge. Thea/,(j) are merely numerical constants, defined byand the lowest order term i is retained, while we denote
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the derivate off ,,s with respect to the energy by, .. Fur- 6ﬁ2)(w)— P(w)
thermore, we apply the relatiofpg=3(fos+f1s), and we ) ) ) ,
insert the numerical values far,. For the XAS the aver- xA{4[fo (@)= fo (@0)]=3[f1(w) = f1 (0)]}.
aged diagonal permittivitg=3(2¢, +¢) is given by (17)
:(2)(w)oc6[fﬁ(w)+fll(w)]+4[fm(w)+ fo (w)] Although a calculation of the XAS and XMCD is not the
primary aim of this work, we point out that the model does
=2Tr(D;+D)), 9) provides the commonly expected results for these. The XAS

branching ratiol /(I ,+1,) is 2/3, and the integrateld,

whereD; andD, are the unoccupied density matrices for o
: ! A ; ; o dL5 XMCD peaks are equal and have opposite sign. The
spin and spin down, respectively. THeartial densities 2N9%-3 -0 P q PPOSI gn.
bin up b W pectively. Trpard " g(MCD orbital-moment sum rufé would thus give zero,

of state are the diagonal elements of the density matrices, "~ . ) o Lo
and TrD. |) is the totald-spin density. For the XMCD we consistent with the neglect of the spin-orbit interaction in the
obtain Tl valence states. The integrated andL; XMCD peaks can

be written as the difference of the integrated occupied spin
densities of spin up and spin down, i.e., the spin moment,
e(f)(w) _ e@)(w) which i ) . .
ch is consistent with the spin-moment sum RiéThe
o« — _ _ _ (T, term which also occurs in the spin-moment sum rule
Bl111(@) =y ()]~ 4lToy (@)~ o (w)] can be omitted for cubic @ materials¥) We note, further-
=—-2Tr(D,—D)). (100 more, that the model expressions for the XAS, XMCD, and
XMLD obey the known parity relations with respect to mag-
Likewise, for the XMLD we obtain netization reversal. The XAS is invariant under magnetiza-
tion reversal, while XMCD is odd, and the XMLD is even
() — € (w)x A{A[ (o) =) (0)]—3[f] (o) underM— —M, as bothA andf/,.—f/ change sign. Under
, the present approximations there is, to lowest ordeX,imo
—f1 (@)} (1) magnetocrystalline anisotropy of the XAS and XMCD, be-
cause these quantities are proportional to combinations of the
Following the same procedure for the edge we arrive traces of the density matrices. These traces are invariant un-

at (relative to thej,=—3 level) der rotations of the quantization axis; see Appendix A. This
is not the case for the XMLD, since its expression contains
E(+2)(w):ajslfOL(w)Jralefm(w_A) separate elements of tliepartial density of states. _
Our central result concerns the XMLD expressions, which
+aly fy(o—A)a) f(w—24) main features can be summarized as follows. The same spec-

4 n tral dependence, being proportional to the produch aind
tay fp(0—240)agf2(0=34), (120 the inear combination of the derivatives of the partial den-
sities of state, is expected for both the andL; edges. A

6@)(w):a:alfizl(w)+a:le72T(w—A) nonzero magnetocrystalline anisotropy can occur to first or-
- B der inA. Using the results for the partial densities collected
+a_ f j(0—A)ayf 11(0—24) in Table I, we can reexpress the XMLD for t{601) and

(111) magnetization orientations in terms of the two indepen-
dent elementé andB of the density matrix. These elements
are related to they andt,y spin densities of state such that
€PN (w)=a%4 f 1 (w)+a° T (w+A) the totaley spin density of states is® and the totat,4 spin
density of states isAB (see Appendix A The XMLD at both
the L, and L5 edges is, for 8001) magnetization, propor-

+a0,fy (0—240)ad 1 (w—34). (14 Honalto

+a;|1f0l(0)_2A)a§TfOT(a)—3A), (13

+a% fo(0—A)al fo(w—24A)

The quantities corresponding to the XAS, XMCD, and eﬁz)(w)—f(f)(w)hom)
XMLD at the L; edge become, respectively, , , , ,
xA={3[A{(0) —Al(w)]+4[Bi(w)-B|(w)]},

€ O(0)12f1)(0) + 1 (0)]+8[fo (@) + o ()] (18
=4Tr(D;+D)), (15  whereas for thé111) magnetization the XMLD becomes
()~ P (w) ()~ ()] (111
x6[f11(w) =1 (0)]+4[fo;(w) = fo (w)] < A{3[Al(0)~A](0)]-2[B](0)—B|(w)]}.
=2TrD,-D)), (16) (19)

024431-4



ANISOTROPIC X-RAY MAGNETIC LINEAR DICHROISM . .. PHYSICAL REVIEW B67, 024431 (2003

For a cubic material a definite magnetocrystalline anisotropy L B B B
in the XMLD is thus predicted, the magnitude of which is 1.0
addressed later on.

The above(001) and (111) XMLD expressions become
equal when we adopt spherical symmetry, for which all
m-projected partial densitiek,,s are equal and thua=B.
Substituting the numerical constants, the XMCD for spheri-
cal symmetry can be written a&'?)— e?)~+0.05305¢,
—f,), where the plus sign holds for tHe; and the minus
sign for theL, edge, andf ,s=fs. Similarly, the XMLD is
given by ef?)— ()~ —0.00531A(f{ —f{). Combining these
two equations leads to

XMCD and XAS (arb. units)
o
(=]

6)(w)— €P(w)~F0.IA[P(w) - € (w)]". (20

For spherical symmetry the XMLD is thus proportional to 0.05 e
the derivative of the XMCD spectrum. Although only a few '
XMLD spectra were reportéd’ for 3d transition metals, the
shape of the measured spectra is consistent with(Zg.
The XMLD spectrum is zero directly at tHe; edge, where
the XMCD maximum occurs. Before and after the edge the
XMLD spectrum displays lobes with opposite sign, in agree-
ment with the negative or positive derivative of the XMCD
spectrum before or after, respectively, the etge.

0.00

XMLD (arb. units)

-0.05
IV. NUMERICAL RESULTS I R R R
0 10 20

In the following we shall compare the spectra calculated Energy (eV)
with the model to spectra obtained from full calculations.
The electronic structure calculations were performed using FIG. 2. The XAS, XMCD, and XMLD spectra aD01) bce Fe
the full-potential linearized augmented-plane-wave codés obta?ned from the model calculati¢olid curveg and the full
WIENO7 (Ref. 25. First, without spin-orbit coupling the elec- Calculation(symbolg. The XAS spectrum at the; edge has been
tronic structure was converged within the cubic symmetryn©rmalized to 1.
and the respective partial densities of states were calculated
for the model calculations. Subsequently, the spin-orbit couspectra because the individula and L, spectra are zero
pling was addetf using the second variation approach with outside the immediate vicinity of the edge. Comparing the
the magnetization confined either to tf®®1) or (111) direc-  full and model calculations for the three quantities we ob-
tion and the calculation was converged to self-consistencyserve the following: Apart from the understandahble mis-
All calculations were performed ok meshes of more than match, the full and model calculations yield XAS spectra in
500k points in the irreducible part of the Brillouin zone. In good agreement. Also for the XMCD the full and model
the case of Ni, test calculations were performed on up tspectra agree. The effect of the valence-band spin-orbit cou-
2500k points in 1/16th of the fcc Brillouin zone, which gave pling can be well recognized. It causes a small enhancement
the same results. To obtain smooth spectra Lorentzian broadf theL; peak and a small reduction of the peak. Thereby
ening with broadening parameters 0.7—-0.8 eV and 1.2-1.8 leads to a transfer of some spectral weight from khe
eV for thelL; andL, edges, respectively, was performed onedge to theL,; edge, which is experimentally well known
the spectra of the full calculations, and a similar broadeninde.g., Refs. 1-pand consistent with the orbital-momentum
was applied on the partial densities of states in the modetum rule??
calculations. Considering next the XMLD spectra, we observe a good

Results for the calculated XAS, XMCD, and XMLD spec- agreement between the full and model calculations for Fe
tra are presented in Figs. 2, 3, and 4, (001 bcc Fe, fcc  and Co, but for Ni the agreement is unsatisfact@ge Fig.
Co, and fcc Ni, respectively. Symbols show the spectra ob7). For each material the spectra at thg edge match
tained by the full calculation, while the lines show those ofslightly better than the spectra at thg edge. This is con-
the model calculation. The spectra are normalized to yieldhected to the accuracy of the Taylor expansion. An obvious
the height of theL; XAS peak equal to 1. The mismatch assumption when replacing the shifted functions by their
between the full calculation and the model calculation for thefirst-order Taylor expansion is that the variation of the func-
L, XAS peak arises from the fact that in the full calculation tion on the scale of the shift is small. This condition is better
the tail of thel ; peak adds up to the intensity of the peak, fulfilled at theL, edge than at the; edge, because, first, the
while in the model the two peaks are calculated indepentotal shift is smalleronly A at theL, compared to a total
dently. No such mismatch occurs for the XMCD and XMLD shift 3A at theL; edge, and second, the, peaks are typi-
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FIG. 3. As in Fig. 2, but for001) fcc Co. FIG. 4. As in Fig. 2, but for001) fcc Ni. The dashed curve in

the bottom panel shows the XMLD spectrum calculated without the

cally broader due to lifetime effects. The effect of the2p core exchange splitting, but including the valence-band spin-
valence-band spin-orbit coupling is best seen at the positiverbit coupling.
peaks in both Fe and Co. While the model is below the full
calculation at the.; edge, it is above the full calculation at proach. The results are shown in Figs. 5, 6, and 7, for Fe, Co,
thel, edge. The magnitudes of the XMLD peaks vary mark-and Ni. The degree of agreement between the méxidid
edly. TheL; XMLD peak of Co is about half as large as that curves and the full spectrésymbols for the (111) magneti-
of Fe, but for Ni theL ; peak is about 10 times smaller than zation is similar to, or even better, than that discussed above
that of Fe. The different exchange splittings of the core andor the (001) case. Note that we have scaled the XMLD
valence states are responsible for these different XMLDspectra in Figs. 5—7 by normalizing thg XAS peak height
magnitudes. The scaling of the XMLD peaks follows to 100 instead of to 1. In all three investigated systems the
roughly that ofM§ , the square of the spin moment, the ratiosmagnetocrystalline anisotropy predicted for the XMLD spec-
of which are 0.5 for Co/Fe and 0.08 for Ni/Fe. The modeltra is huge: it is of the same size as the XMLD spectrum
calculation fails to reproduce the full calculation for Ni. The itself. The anisotropy reflects directly the deviation of the
reason for this failure is the neglect of the valence-band spinat+dependent partial densities of states in the cubic symmetry
orbit coupling, which becomes important for the small sizefrom the spherically symmetric cas@& € B), where the an-
of the XMLD in Ni. To investigate the contribution of the isotropy would vanish. These partial densities of state are the
valence-band spin-orbit coupling, we computed the XMLDquantities that are decisive for many magnetic properties of
spectrum including this effect, but neglecting the exchangdéhe 3d ferromagnets, such as, for example, the orbital mo-
splitting of the core states. The resulting spectrum is showment. Their determination would become possible by accu-
in Fig. 4 by the dashed curve. The XMLD contribution stem-rate XMLD measurements. The XMLD spectra for the two
ming from spin-orbit coupling in the valence states is obvi-magnetization directions vary, moreover, quite distinctly
ously not negligible, and adding it to the XMLD of the with the 3d material. For example, at thie, edge the Fe
model calculation would reproduce reasonably the XMLD of(111) XMLD spectrum is opposite in shape to that of Ni
the full calculation. (117). The (111 spectra for Fe and Ni display a double-lobe
A second part of our investigations is aimed at the magstructure, but for Co thél1l) L, and L5 spectra display a
netocrystalline anisotropy in the XMLD spectrum. The triple-lobe structure. ThéD01) spectra of bcc Fe and fcc Co
XMLD spectra were computed for t{@01) and(111) mag-  are, on the other hand, rather similar. For Ni we have inves-
netization orientations using both the model and the full aptigated the importance of the valence-band spin-orbit cou-
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FIG. 5. The calculated XMLD spectra ¢001) and (111) bcc
Fe, for theL 5 edge(top) and thelL, edge(bottom). The symbols
show the results of the fullb initio calculations, whereas the solid
curves show the spectra obtained by the model calculations. T
spectra are normalized by scaling the XAS peak to 100.

FIG. 6. As in Fig. 5, but fo001) and(111) fcc Co.

uence of the fact that the XAS and XMCD are proportional
the traces of thel density matrices, while the XMLD is
proportional to a combination of individual partial densities

. o of states, which is not invariant upon the change of the quan-
pling also for the(111) magnetization. The XMLD spectra tization axis. Consequently, the XMLD anisotropy exists al-

that were computed without thep2exchange splitting, but ready when the valence-band spin-orbit coupling is ne-

with the valence-band spin-orbit coupling, are shown by theglected.

dashed curves.wnh the small symbols in Fig. 7. Surprlglngly, The present model is obviously not able to capture the
a better matching between the model and full calculations SiMLD sum rule which states that, (—| —2

found for the(111) magnetization direction as compared to _ " T LT L L AL
the (001) direction. The contribution of the valence-band ~!L,.1) is proportional to the anisotropy of the spin-orbit
spin-orbit coupling is different for the two orientations. This interaction(l-s). As no valence-band spin-orbit coupling is
likely corresponds to changes in the partial density of statepresent in the model the integrated XMLD intensity per edge
that are specific for Ni. A detailed explanation of this behav-is exactly zero. We note, furthermore, that the XMLD sum

ior is, however, outside the scope of this paper. rule and our model adopt different points of view. While the
sum rule, arising from the completeness of the initial states,
V. CONCLUSIONS provides information about the anisotropy of the spin-orbit

interaction in the final states, it does not deal with the spec-
The success of the model calculations in describing theral shape of the XMLD. It was derived adopting spherical
XMLD as compared to the full calculations leads us to drawsymmetry and the exchange splitting of the core states was
the following conclusions. The XMLD spectra can basically neglected. Conversely, the presented model cannot capture
be understood in terms of thepZXore-state exchange split- the anisotropy of the spin-orbit interaction, but provides a
ting and the derivatives of the partial densities of states. simple semiquantitative description of the shape of the
Unlike the XAS and XMCD, which come out to be isotropic XMLD spectra. The full calculations suggest that the
(with regard to the orientation of the magnetization to thevalence-band relativistic effects have, except for Ni, only a
crystallographic axgsthe XMLD is predicted to exhibit a marginal impact on the XMLD spectra. Therefore, to extract
pronounced magnetocrystalline anisotropy. This is a consdntegrated quantities precise cancellations of large numbers
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FIG. 7. As in Fig. 5, but fof001) and(111) fcc Ni. The dashed

curves with the small symbols show the XMLD spectra computed
without the core exchange splitting, but with the valence-band spin-

orbit coupling included.
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APPENDIX A: d OCCUPATION MATRIX IN CUBIC
SYMMETRY

The spin- andn-projectedd partial densities of states are
the appropriate quantities for discussing the absorption at the
L, ;edges. While the information contained in the individual
partial densities of states depends on the choice of the quan-
tization axis, the full density matrix provides a generalization
of the partial densitiegwhich are its diagonal elements
which is independent of the quantization axis. Here we dis-
cuss the form of thed density matrix for a cubic system
without spin-orbit coupling. We point out that even if the
local symmetry of a particular atomic site is lower than cu-
bic, the cubic symmetry is restored upon summing over
equivalent positions, which is the relevant quantity for x-ray
spectroscopy.

If the spin-orbit coupling is not considered, tHedensity
matrix D, v s Can be decomposed into two independent
spin blocks. To start with, when the quantization axis is cho-
sen along a fourfold axis, each of the spin blo€ksg,,y pos-
sesses the following form with only two real independent
elements, denoted andB:

B+A B-A
-——~ 00 0 —=
2 2
0O A0 O O
p=[ o0 0B 0 O (A1)
0O 0O0A O
B—-A B+A
-~ 00 0 =
2 2

are required, which is a possible obstacle already in the callhis form is easy to understand. The fourfold symmetry
culations, and it might diminish the prospects of an efficien@Pout the quantization axis allows only thd3g .y elements

experimental use of the XMLD sum rule.

to be nonzero for whicbm—m’=0 or m—m’==*=4. Fur-

Besides providing a simple understanding of the meathermore, the time-inversion symmetry, preserved in the ab-
sured shape of the XMLD spectra, the presented model sugence of spl'n—orblt cquplmg, results in the equivalence of the
gests a prescription for obtaining all the elements of the dif-elements with opposite sign of the quantum number. Fi-
ference between majority and minority spin density matricesnally, the fourfold axis perpendicular to the quantization axis

By measuring the XMLD for two different magnetization
orientations, the spin-polarized part of teg andt,y unoc-

is responsible for the remaining dependence of the nonzero
elements. The two independent matrix elements correspond

cupied partial densities of states could be determined for thE the two irreducible representations of the cubic groug in

cubic 3d ferromagnets. Last, although it is still relatively

subspace. Using expressions for #yeandt,y representa-

difficult to measure the XMLD, the magnetocrystalline an-tions in terms of spherical harmonics, it can directly be

isotropy that we predict for the XMLD of bcc Fe and fcc Co

and Ni should be large enough to be observed in experiments TABLE I. Diagonal elements of thel density matrix for the
on single-crystalline films. Such experiments are highly de{001) and (111) quantization axes, that correspond to the padial
sirable, as these would put to an arduous test the predictaiénsities of states.

anisotropic XMLD spectra.
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TABLE II. Relative transition probabilitiea anda(y’s atthelL, TABLE lIl. Relative transition probabilities s and a(;s at the
edge (=1/2). L, edge (=3/2).
al s aj, ad,
Y T 1 T 1 Y 7 ! T 1
-1 2 3 6 4 -3 0 3 0 9
1 3 12 4 6 -1 1 6 3 8
1 6 6 8 3
3 18 0 9 0
shown thatB is the density of states with; symmetry per
state(i.e., 2B is the totaley density of statgsandA is the APPENDIX B: al¢ TABLES
density of states witl,, symmetry per staté.e., 3A is the . ) ] .
total t,, density of states Here we list the numerical values of te&(j) coeffi-

Upon a change of the quantization axis the density matrixéients forj=1/2 andj=3/2. As thea; anda, coefficients
transforms according t®’=U DU, whereU is a unitary ~ are related by
representation of the transformation from the old to the new
quantization axis in thel subspace. This transformation is a‘(p=a-._dj), (B1)
not unique(any rotation along the quantization axis can be s s
added, but as far as we are concerned only with the diagonaie present in the following Tables Il and Il only one of
elements in formuld3) does the arbitrariness not play a role. them. Since we deal only with relative quantities,

The diagonal elements of the density matrix expressed igoefficients given in the tables have been rescaled with a

terms ofA andB are shown in Table | for thé@01) and(111) constant prefactor to make them integer values for sake of
guantization axes. simplicity.
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