XMCD analysis beyond standard procedures
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Abstract. We show that the standard analysis procedures as sum rule application and multipole-moment analysis for XMCD
spectra can fail for magnetic samples of present interest. Two examples will be given: 1) The induced magnetic moments in
ultrathin films of the light 8 elements Ti, V and Cr at the interface to Fe cannot be determined by the XMCD sum rule or
multipole-moment analysis at the 3 edges. This is due to correlation effects which result in the deviation of the intensity
ratio (branching ratio) from its statistical value. To address this point we established a double-pole approximation within time-
dependent density functional theory. 2) The analysis oltheXMCD of rare earth elements is not only hampered by the
appearance of electric quadrupolar contributions (E2) in addition to the dipolar contributions (E1). Even after separation of
the two, one determines the wrong sign of the induadch®ment by the sum rules. This originates from the spin dependence

of the transition matrix elements. To tackle these difficulties we compare the experimental spabthaitio calculations of

the entire isotropic XAS and the dichroic signal.
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INTRODUCTION INDUCED MAGNETISM INLIGHT 3d

METALS
About three decades after theoretical prediction of the x-
ray magnetic circular dichroism (XMCD) [1] and about | jght 3d metals like Ti and V exhibit induced magnetic
two decades after the experimental realization [2] thismoments at the interface to thd frromagnets like Fe.
technique (XMCD) has been demonstrated to be a uniqugor a detailed study of these effects we studied proto-
toql for the element specific analysis of magnetic prop-type trilayer systems as shown in Fig. 1 (a). The ques-
erties. By means of the so-called sum rules [3, 4] andijons is if indeed one determines induced moments in V
multipole-moment analysis [5] the spin and orbital mo- and what is the size and the orientation of the induced

ments can be determined by analyzing the integrals ofpin and orbital moments as indicated by the arrows. For
the dichroic spectra and their spectral shape, respec-

tively. These methods became standard procedures for
the analysis of XMCD data and are nowadays used by
a large number scientists. However, various assumptions
are made in the derivation of these analysis procedures
as pointed out in the original works on the sum rule anal-
ysis and other recent works (see e.g. [6, 7, 8, 9]). As we
will demonstrate in the present work this has the conse-
guence that the standard analysis oflthg edge XMCD

fails for magnetic systems of present interest as e.g. inFIGURE 1. (a) Schematic representation of a prototype

duced moments in lightBelements as well as thel5 Fe/VIFe(110) trilayer. (b) Normalized XAS for rightt*) and

. left (u™) circularly polarized x-rays (top) and the correspond-
magnetism in rare earth metals. ing XMCD at the V and Fe_; 3 edges of a Fe/MFe trilayer

[10]. The V XMCD was multiplied by a factor 15 for a clearer
presentation.
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1 New address: SSRL, Stanford Linear Accelerator Center, 2575 Sal e .
Hill Road, Menlo Park. California 94025, USA "these systems the advantage of the element specificity of

the XMCD is obvious as revealed in Fig. 1(b): The x-ray
absorption coefficients ™ andu~ for right and left cir-
cularly polarized x-rays and the corresponding XMCD
atthe V and Fé., 3 edges of an Fe/yMFe trilayer with 4
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FIGURE 2. a) Experimental XMCD integrals at the V and Relative Photon Energy (eV)

Fel, 3 edges for a RggVo 1 alloy [7] which are used for the )
standard XMCD sum rule analysis. b) Result of the multipole-FIGURE 3. Normalized XAS (above) and XMCD spectra

moment analysis (MMA) (dotted line) of the experimental (Pelow) for the light 8 TM Ti, V, and Cr at thel, 3 edges:
XMCD data (solid line). The MMA results are compared to (Solid lines) experimental data versus (dashed limsinitio
ab initio calculations (dashed line) [11]. calculations [14].

ML V thickness are presented [10]. A clear XMCD sig- fail for this light 3d element. To overcome this difficul.ty

nal from the Fe buffer and a much smaller signal origi- We used the results for the gV, alloy as an experi-
nating from the induced V moment can be seen. The posental standard by adopting the SPR-KKR resultg/or
itive XMCD signal at the L3 edge in comparison to the a@nduc. The absolute moments for the trilayer systems
negative signal at the Re; edge (see arrows in Fig. 1(b)) are then determined by scaling to this standard [11, 7].
shows that the induced moment is aligned antiparallel to! Nis is possible since the spectral shape of the V XMCD
Fe. However, when applying the standard analysis proof the trilayers is s[mllar to the one of the FeV.aIon.
cedures to determine the size of the induced spin and or- For amore detailed understanding of the failure of the
bital moments in V it turns out that these procedures fail. Standard analysis procedures we performed a systematic
The results of the sum rule analysis and the multipole-nvestigation along theseries [13]. The results for the
moment analysis are shown in Fig. 2 for aglg¥ al-  thelight3d elements Ti, V and Cr are presented in Fig. 3.
loy [11]. First, we apply the integral sum rule analysis 1he same trilayer setup as depicted in Fig. 1(a) was ana-
depicted in Fig. 2(a). The analysis at the [Eg; edges lyzed. Hence, induced moments in Ti and V are probed,
provides spin and orbital moments in agreement to theoWhereas uncompensated moments for the antiferromag-
retical SPR-KKR calculations [11]. Furthermore, the Fe net Cr are measured. Th_e detailed analysis reveals that
total moment for this alloy is in agreement with a po- the lighter the 8 element is, the larger becomes the de-
larized neutron study (PNS) [12]. However, the resultsVviation of the sum rule results from the theoretical pre-
of the sum rule ana|ysis at the h/2‘3 edges Comp|ete|y dictions [14, 7] The q'uestion ari§es if this trend can be
disagree with the experimental neutron investigation and€lated to a systematic change in the spectra along the
the theoretical SPR-KKR calculation. It turns out that the 3d series? Such a relation can be determined when ana-
spin moment and also the total moment as determinedyzing the so-called branching ratio. This ratio is defined
from the sum rules are about a factor 5 to small compared®s B = Ag/2/(Ag/2 + Aqj2) WhereAj is the area under

to theory f1s(sum rule)=-0.2Qg in contrast taus(SPR-  isotropic XAS of thej  subshell, i.e. thés andL, white
KKR)= -1.01 ug) and the PNS measurements [11, 7]. line intensities. The statistical branching ratio is calcu-
Since the integral sum rule analysis ignores the spectrdhted from thej = 3/2 andj = 1/2 manifolds and yields
shape of the XMCD one could argue that it would be

more appropriate to fit the detailed fine structure in the V

XMCD with the multipole-moment analysis (MMA) [5]. & E, (3d)

To test this we compared the MMA resultsdb initio
SPR-KKR calculations by using the various parameters
entering into the MMA procedure from the SPR-KKR
calculation [11]. Hence, we compare theoretical results
among each other. The results are presented in Fig. 2(b).
First of all theab initio calculation reproduces mainly all
the fine structures of the experimental XMCD spectra.
Interestingly, the MMA procedures resembles the asym|GURE 4. Schematic illustration of the DPA model. The
metry at thel3 edge. However, the procedure fails to re- model describes the shifts of the excitation energies (uncorre-
produce the asymmetry at the edge completely. This lated wi and correlated) and the changes in corresponding
demonstrates that the two standard analysis proceduref)fg]i”amf strengthd; in the presence of an excited core hole

oy, Q,, f,
E, (2ps)

E, (2py,)



T T T TABLE 1. Excitation energies in eV obtained from KS
L . Ti A calculations (o,KS) and from experiment(;), experimen-
7 tal branching ratidB and matrix element&j [15]. The
experimental error of); is below 1073, the one ofB in
the order of 1 %.

3dT™ oS oS Q1 Q B K11 Koo K1

227Ti 460.8 467.5 455.4 461.0 0.47 -2.57 -3.34 0.54
T 23V 519.1 527.7 513.6 520.4 0.51 -2.65 -3.73 0.54
1 24Cr 580.3 590.3 575.1 583.6 0.56 -2.55 -3.40 0.47

26 Fe 711.3 724.6 706.7 719.5 0.70 -2.29 -2.55 -0.25

XAS Intensity (arb. units)
2

A AN ] The kernel that consists of the bare Coulomb interaction
p e T e T and the frequency-dependent XC kerhgl(r,r /', o):

K(r,r', o) = + fxe(r, 1, @). )

r—r’|

730 The exact exchange-correlation (XC) kernel describes
the core-hole interaction with the photoelectron in ad-
FIGURE 5. The experimental isotropic absorption spectra dition to other many-body effects. K is neglected, the
(solid line) at thelL, 3 edges are presented for the earty 3 spectrum would reduce to the bare Kohn-Sham (KS) sin-
TMs Ti, V, and Cr versus Fe. The edge jumps are normalized tayle particle spectrum representedjy In XAS, the de-
unity for direct comparison. The continuum in the experimentalyiations produced by are called core-hole correlation
spectrum is simulated by a two-step function as shown for Feeffects. The basic idea of this DPA model is that we use

(dashed-dotted line). The consideration of the core hole shift%h - tal val fthe b hi fi d th
the independent particle spectrum (dotted line) to lower pho- € experimental values ol (ne branching ratios an e

ton energies and changes the branching ratio in the correlatd§Vel splittings and determine from those the matrix el-
spectrum (dashed line) as revealed by the DPA model [15]. ements of the unknown XC kernel. The detailed DPA

model is described in Ref. [15]. It turns out that the diag-

onal element¥;1 andKjy;, are responsible for the shift
Bsaigica = 2/3. When investigating the the isotropic Of the KS levels to the correlated spectrum located at
data for the light @ metals given in Fig. 3 a strong de- lower photon energies (see Fig. 5). The off-diagonal el-
viation of the branching ratio from the statistical value is €mentK;, leads to a shift of the spectral weight from
determined B(Ti)=0.47,B(V)=0.51,B(Cr)=0.56) [15].  theLs edge to the., edge for the light 8 elements and
This is due to the fact that spectral weight is shifted fromthereby changes the branching ratio. The values for the
the L3 edge to thel, edge the lighter thed®element —matrix elements determined by the procedure described
becomes. These effects are assigned to core hole corr@bove are given in table 1. Interestingly, we find that the
lation effects. The spin-orbit splitting of the initiapg, ~ value forKiz is about a factor 5 smaller than the diago-
and 2, , states reduces toward the lightet @ements nal values andK1; is basically constant for the lightd3
which has the consequence that the two excitations couelements (about 0.5 eV). The DPA model reveals that the
ple. To model this effect we established a three-level ofimportant measure for the coupling i$4,|/AQ ( see
double-pole approximation (DPA) to the time-dependentRef. [15]). Hence, it can be concluded that the reason for
density functional theory (TDDFT) as schematically pre- the increase of this property when traversing thlesa-
sented in Fig. 4 [15]. Here, the x-ray absorption is dom-ries from Fe to Ti is only due to the decrease of tige 2
inated by two poles corresponding to the two absorptionspin-orbit coupling. This demonstrates that the change of
edgeslL3 andL, which are strongly coupled. All other the branching ratio can be understood as "transition re-
excitations are neglected in this approximation since theypulsion” when the two excitation energies get closer the
are weakly coupled to these two excitations. lighter the 3l elements are [15]. With this DPA model we

In the framework of TDDFT the linear density-density achieved a transparent picture of the origin of the transfer

response functiog to a small frequency-dependent per- of the spectral weight between the two edges and there-
turbation is related to the response functjpnof non-  fore of the change of the branching ratio for metals along

720
Photon Energy (eV)

interacting particles via the Dyson-type equation the 31 series. Furthermore, the matrix elements deter-
mined can be used to test future approximations of the
x(r,r' o) = xs(r,r', o) exchange-correlation kernel.

+ /d3x/d3>dx5(r,x7w)K(x,x’,m)x(xxr',mx.l)
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FIGURE 6. Normalized experimental Tb XAS (top) and
XMCD spectra (bottom) at 10 K (solid lines), and theoretical is expected. How can one understand that the sum rule

XMCD spectra from FEFF8.20 (dashes). E2 labgls2 4f  analysis even yields the wrong sign of ttierBoment? In
quadrupolar transitions [18]. general the XMCD signal at tHe; edge can be approx-
imated byAu ~ [u'p! — utp']/4, whereu' andu'! are
the (spin-dependent) dipole matrix elements andand
SD MAGNETISM IN RARE EARTH p! describe the spin-dependent DOS. However, in the
METALS sum rule analysis it is assumed that the dichroic signal
directly reflects the difference of the spin-dependent den-
It is clear that the magnetic properties of rare earth metsity of statesAu o< p! — p! by approximatingt’ = u'.
als are determined by thef 4evels. However, the mag- Unfortunately, this assumption is not correct for thes
netic ordering of these levels is mediated by the polar-edge XMCD of rare earth elements. Thé 45d in-
ized | band. To study the magnetism of thélsand the  teraction results in an attractive exchange potential for
L,3 edge XMCD appears to be well suited. However, the spin-up 8 electrons and a repulsive potential for
we have shown in the past that in addition to the electricthe spin-down electrons. This has the consequence that
dipolar contributions (E1: @ — 5d) electric quadrupo- u! > p! [19]. To account for this difference we intro-
lar transitions (E2: @ — 4f) can be identified in the duce a spin-asymmetry parameagi{18, 7]:
rare earthL, 3 edge XMCD [16, 7]. After separation of
the two contributions we find that even the wrong sign ai = Rjnt —Rjniy ' ©)
of the 5 moment is determined by means of the sum "7 Rin +Ring
rules. This will shown here for the; 3 edge XMCD of Here,R is the matrix element for majority spin and
. ; 4 - R n
a Tb single crystal. In Fig. 6 the absorption coefficients Rini thjathorthe minority spin. The effect of the inequal-

for right and left circularly polarized light and the cor- | A L ‘ C
responding XMCD are depicted. The electric quadrupo-y Of 4’ andu* is depicted in Fig. 7. The calculated
lar contributions were identified by calculations using the SPin-dependent DOS and the spin-asymmetry parameter

FEFF8 code [16, 17] and are marked by the arrows. ThisSing the FEFF8.2 code [17] are presented. The negative
shows that the major contribution to the dichroic signal €Nergies describe the occupied states and the positive en-

stems from the E1 transitions to the final States. Sur- €'dies characterize the unoccupied ones. We findathat
prisingly, the main contribution to the XMCD at the; ~ '€@ches a maximum of about 0.06. Thereby the empty
edge is positive whereas a negative contribution is foundn@ority band is apparently enlarged as probed by the
at theL, edge. Applying the sum rule analysis this re- XMCD which results in a mostly positive XMCD con-
sults in a 8 moment which would be aligned antiparal- {fibution at thel.; edge. Hence, the wrong sign of the 5
lel to the 4 moments. However, this result is completely moment is determined in the sum rule analysis. To over-

in contradiction to standard magnetometry results. Thefome this difficulty we considered the spin-asymmetry
total moment of Tb is 9.34g can be separated into a parameter in the XMCD analysis. For that purpose we es-

4f moment of 9.Qug within an atomic picture according tablished a generalized form of the integral sum rules by
to Hund’s rules and adscontribution of about 0.34 . adding spin-dependent correction terms (for details see

Hence, a parallel alignment of thef 4nd 5 moments [18]). The corrections to the spin sum rule are large when
the number of 8 holesny(5d) are large. The reason for



the dramatic effect of the corrections (change of sign of4. P. Carra, B. T. Thole, M. Altarelli and X. WanBhys. Rev.

5d moment) lies in the fact that for thef4are metals Lett. 70, 694-697 (1993).

like Th ny(5d) ~ 9. Applying these corrections we deter- 5 G.van der LaarPhys. Rev B 55, 8086-8089 (1997).

mine the following 5 moments for the Tb spectra shown : \Ii;)ert,Rep. Prog. Phys. 59, 1665-1735 (1996).

P . WendeRep. Prog. Phys. 67, 2105-2181 (2004).

in Fig. 6: us(5d) = +0.37up, 1 (5d) = —0.027ug and A. L. Ankudinov and J. J. RehPhys. Rev. B 51, 1282-1285

thereforeuq (5d) = +0.34up. The positive sign fous (1995).

and o shows that thedmoment is aligned parallel to 9. Y. Teramura , A. Tanaka and T. IbPhys. Soc. Japan 65,

the 4f moments which is in good agreement with other ~ 1053-1055 (1996).

magnetometries. 10. A. Scherz, P. Poulopoulos, H. Wende, G. Ceballos and
K. Baberschke). Appl. Phys. 91, 8760-8762 (2002).

11. A. Scherz, H. Wende, K. Baberschke, J. Minar, D. Benea
and H. EbertPhys. Rev. B 66, 184401-1-7(2002).
CONCLUSION 12. 1. Mirebeau,PG)./ Parette and J. W. Cal:leg?hys. I):: Met.

Phys. 17, 191 (1987).

By examining two examples we have shown that thel3. A. Scherz, H. Wende and K. Baberschkepl. Phys. A

standard XMCD analysis can fail for magnetic systems 7% 88435846 (H20\9v4)'d C. Sora. K. Baberschke. J. Mind
. : 14. A. Scherz, H. Wende, C. Sorg, K. Baberschke, J. Minar,
of current interest. A systematic study along the 3d se D. Benea and H. Eberbhysica Scripta T115, 586-588

ries revealed that the sum rule analysis as well as the (2005).
multipole-moment analysis breaks down for liglt@- 15" A Scherz, E. K. U. Gross, H. Appel, C. Sorg,
ements. This failure could be related to the change of K. Baberschke, H. Wende, and K. Burkéys. Rev.
the branching ratio. To provide a transparent picture of  Lett. 95, 253006-1-4 (2005).
the origin of this change we developed a double-pole ap16. H. Wende, Z. Li, A. Scherz, G. Ceballos, K. Baberschke,
proximation within the TDDFT framework to describe A Ankudinov, J. J. Rehr, F. Wilhelm, A. Rogalev,
. e - D. L. Schlagel and T. A. Lograssd, Appl. Phys. 91,
the change ot ; 3 x-ray absorption spectra. Within this 7361-7363 (2002).
model we are able to determine the matrix elements of7 A L. Ankudinov, B. Ravel, J. J. Rehr, and
the unknown XC kernel. These values reveal that the shift S. D. ConradsorPhys. Rev. B 58, 7565-7576 (1998).
of the spectral weight from thie; to thelL, edge is pri- 18. A. L. Ankudinov , J. J. Rehr, H. Wende , A. Scherz and
marily due to the reduced spin-orbit coupling. In the sec- K. Baberschkefurophys. Lett. 66, 441-447 (2004).
ond example we focus on thel Bnagnetism of rare earth  19-_X.Wang, T. C. Leung, B. N. Harmon, and P. Cafiays.
metals. We find by application of the integral sum rule Rev. B 47, 9087-9090 (1993).
analysis of thé., 3 edge XMCD that even the wrong sign
of the 5 moment is determined. This is due to the spin-
dependence of the transition matrix elements. The inclu-
sion of this effect in the analysis yields the corredt 5
moments in agreement with other magnetometries. Both
examples reveal that only be comparison of the exper-
imental spectra to calculations of the x-ray absorption
coefficients and the corresponding dichroic spectra the
magnetic ground state properties can be determined.
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