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X-ray magnetic circular dichroisfXMCD) measurements have been performed alihg edges of Er in
the intermetallic compounds ErMnErFe, ErCo, ErNi,, and ErAb, as well as in the ionic compound
Er,(SOy)3,8H,0, in order to study the evolution of the XMCD spectra as a function of thetétes filling
and/or their hybridization with magnetic or nonmagnetic electronic states. Almost all the spectra present the
same general features, confirming that tiiebd intra-atomic coupling is a key point to explain XMCD spectra.
Thus, we analyze the models based on this interaction, proposed to account for the unexpectedsign of
-XMCD measurements, as well as the nonstatistical branching ratio between XMCDlgt #melL,, edges.
We underline the impossibilities of reproducing our measurements using these models. Moreover, we point out
the special role played by Fe which leads, at theedge of Er, to a significant modification of the shape of
XMCD spectrum and an unexpected temperature dependence. The XMCD revealed an unexpected behavior of
the 5 magnetic polarization in these compounds which is not visible in macroscopic measurements. This also
demonstrates the non-negligible role played by tHe38 hybridization.
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[. INTRODUCTION atomic coupling, are band states and are considered to medi-
ate the magnetic interactions through the crystal. For in-

X-ray magnetic circular dichroisfXMCD) is the differ-  stance, in the rare-earth—transition-metalRE-TM)
ence between absorption cross sections of left- and righhtermetallics, where the TM is a heavd getal, the hybrid-
handed circularly polarized x rays, which is observed inization of the 8 and 3 bands leads to an antiferromagnetic
magnetic systems presenting a net magnetizatBxcept in  coupling between thedband 31 spins. This originates the
coercitive ferro- or ferrimagnetic systems, where a remnanterromagnetic and antiferromagnetic behavior in the light RE
magnetization remains in zero field, an applied magnetiand heavy RE compounds respectivelJhe possibility of
field is required to induce the net magnetization in all theprobing directly the 8 state polarization using the XMCD at
other systems. XMCD can then be observed in ferromagthe L, |, edges of REE1:2p;, 3/,— 503/ 5/) is thus of in-
netic, ferrimagnetic, and paramagnetic systems as soon as tterest to get a deeper insight into the fundamental mechanism
applied field is intense enough to induce this net magnetizaef magnetic interactions. An extensive series of experiments
tion. Due to the spin-orbit coupling in the initial or final attheL,,, edges of RE have been done on these systelfs,
states of the photoinduced transition, the orbital selectionvhose interpretation is still a matter of debate. Even if most
rules of the dipolar electri¢E1l) Hamiltonian are transferred of the studies have been carried out on RE-TM intermetallic
to the spin properties. Thus, taking benefits of the selectivitcompounds, the points summarized below are not specific to
of x-ray absorption, the XMCD should be a powerful tool to these systems but are also observed in pure metallic RE com-
study the magnetic polarization of each electronic shell ofpounds and in ionic RE compounds.
each atomic species in complex materials. Using the sum One of the difficulties was the presence of quadrupolar
rules?=® one should be able to deduce the orbital and spirelectric transitiongE2:2p;, 30— 4fs0 71012 They were not
moments of the probed shell. taken into account in the first analysés>89The E2 transi-

In metallic rare-eart(RE) based materials, the REI5 tions appear just below tH&l transitions. Their contribution
states, though they barely contribute to the local magnetito the spectra is now doubtle¥s2even if their experimen-
moment, play an important role: the strongly localized char+al evidence is difficult to achieve at thg edge?!22
acter of 4 states prevents the overlapping between these Another difficulty comes from the sign of thH&l contri-
states and the other atoms of the material. THestates of  bution. From the early one-particle model of Schétzl.*
the RE, whose polarization is induced by the-8d intra-  the XMCD should be directly proportional to the product of
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the Fano factof® which defines the rate of spin-polarization the ratio is equal to -1 instead of —2 for Tb in ThE&?
of photoelectrons, by the spin polarization rate of the emptyrb,Co,; & and TbNi (Ref. 27]. This variation was at the
states. It was then expected to deduce the sign of the projeerigin of the idea that the orbital momentum of the Band
tion of the W spin polarization on the quantization axis may be induced by thef4orbital momentum.
(S/(5d)) directly from the sign of XMCD measurements.  To explain both the sign and the branching ratio of
This model has been successfully applied tbtansition  E1 XMCD signals at thel, andL,, edges of RE, models
metals like Hf, Lu}~*+24"2%0r La?" and also in mixed va- generalizing the spin dependence of the radial part of the
lence ceriumt®!! This sign can also be drawn from the So- matrix elements of Gd have been proposed: they are based
called spin sum rufein neglecting the magnetic dipole op- o5 an enhancement of the matrix elemef@SIE) resulting
erator term(T,). In the case of RE systems, as soon as the 4from the spin and orbital #5d Coulomb exchange interac-
shell is partially filled and localized, the sign €5,5d))  tion. The two main ones have been developed by van
deduced from XMCD measurements is opposite to the ongeenendaaét al2%3°and Matsuyamat al31-33
resulting from magnetic interactiorfsTo solve this inconsis- Since the XMCD at the, ,, edges of RE probes hybrid-
tency, a different radial overlap between thecdre hole and  jzeq band states, it is also important to evaluate the influence
the up and d_owndisubband%s has been invoked, based on of the surroundings of the RE on the XMCD signal. To study
a spm—polanzed band-structure calculation in metallic Gdinis effect, we have carried out measurements atlihg
showing that the & spin subbands had different radial gqges of one typical RE, Er, in systems where Er is alloyed
extensiort® The results obtained in REi,Coi-)s COM-  with a nonmagnetic metal: ErAlor with different 31 met-
pounds(RE = La, Gd, and Tpat thel,, edge of RE can als: ErMn, ErFe, ErCo, and ErNj. These compounds are
apparently support this modé. Laves phases with almost the same local crystallographic
_In addition to the reversal of the sign observed for REsymmetries, to prevent the superimposition of effects that
with an open and localizedf4shell, the ratio of XMCD  should arise from the modification of this parameter. The
effects at the, andLy, edges, labeletR(L,/L;;), has got, in  change of the alloyed metal allows one to test the influence
most of the cases, nothing to do with the statistical Value of (i) the &-3p or 5d-3p hybridization, andii) the 3 metal
derived from the model proposed by Schétzl! Since this  magnetic state. For comparison purposes, we also study
model implies no orbital momentum in thel ®and, i.e., N0 Er,(SQ,);, 8H,0, where Er is in the ionic state #rand the
difference between thedg, and s, subbands, the spin- 5 states are considered to be empty.
polarization rate of the empty states probed atithendL, Our study allows us to investigate a different parameter
edges should be the same. Thus the value of the statistict{an the ones explored by the other systematic studies done
branching ratio is given by the ratio between the Fano factorgt theL,,, edges of RE435 Neumannet al3* studied the
at theL,, andL, edges, respectively, and is evaluated to -2| ~ edges of different RE in ionic systems. This study
by atomic calculation. This statistical value is observed forse’r\/ed as a basis for the model de\/e|0ped by van Veenendaal
5d transition metal§-*+24-2’A deviation to the statistical et a129.30 Fukui et al®® studied the XMCD at the,, ,, edges
value of R(Ly/Ly;) should imply the presence of an orbital of all the RE in the REFe,,B series: this study was analyzed
momentum in the probed band. The same conclusion can kg a framework deriving from the model proposed by Mat-
drawn from the application of the so-called orbital sumsyyamaet al3!
rule?? Of course, the fact that the sign (8,), predicted by In light of our experimental results, we analyze, discuss,
the concerning sum ruténeglecting theT,) term) is wrong,  and apply the models, which take into account the enhanced
should make us cautious with the application of the sunmatrix elements to explain the sign and the branching ratio
rules to such measurements. In a preceding paper, wef the XMCD signals. Our results are also compared to other
showed that the ratio of XMCD effects at the and L, experimental works. The paper is divided as follows. In Sec.
edges was proportional th,(4f)).° The result of this previ- |l we give experimental details. Experimental results are de-
ous paper has to be reconsidered today because it was caieribed and discussed in Sec. lll. Section |V, devoted to the
cluded at a moment where tHg2 transitions were not evi- analysis and the discussion of models, is separated into three
denced, so they were integrated in tB4 contribution. parts. In Secs. IV A and IV B, we analyze the proposed mod-
Moreover, most of the measurements of that previous studgls, apply them to our measurements, and compare our re-
were done on Fe compounds and, as it will be shown in thisults with those obtained by Neumaenal3* and Fukuiet
present paper, the compound with Fe presents specific fe@l.*® Finally, in Sec. IV C, we summarize the evolution of
tures mostly at thd,, edge. The conclusion that the non- ideas which led to the proposed models and we discuss their
statistical value ofR(L,/L,,) could be linked taL,(4f)) can  consequences on the sum rules. In Sec. V, we conclude our
still be drawn by considering only thE1l contribution. In-  €Xperimental results and our application of the models by
deed, the statistical value of the rafiobserved for La in outlining their differences, what they are able to reproduce,
LaCo; (Ref. 27 and Lu in LuFe (Ref. 9] is also observed and what still failed, according to our results.
for Gd in GdFg,**'? Gd,Fe,,,'* Gd,Co,7,2 and GdNi.?” In
Gd, there is no #iorbital momentum. For the light RE, such Il. SAMPLES. EXPERIMENTAL DETAILS
as Nd in NdFey; (Refs. 11 and 1@and Pr in PsCoy,,*'12 CONVENTIONS, AND DATA TREATMENT
the XMCD signal at the RE,;, edge is much smaller than ’
the one at thé, edge; for heavy RE the XMCD signal atthe  For this study, binary compounds of metallic RE with a
L, edge is smaller than the one at thg edge[for instance, magnetic or a nonmagnetic metal have been chosen. As
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TABLE |. Curie temperature, magnetization at saturation, and experimental conditomgerature and
magnetic fielgl of XMCD measurements.

ErMn, ErFe ErCo, ErNi, ErAl, Ery(SQy)3 8H,0
T. (K) 22 587 38.8 7 12 none
Mgalpp) at 10 K 4.84 5.62 para 7.06 para
TmeasuremerkK) 14 10 10 14 10 10
BmeasuremerkT) 1.8 1.8 1.8 1.8 1.45 1.8

model systems, these compounds have attracted a great imtrocellulose solution of collodion, and covered with a Kap-
terest for more than four decades since they allow one tton scotch film.
study fundamental problems in magnetism. For instance, the The XMCD measurements were carried out on the energy
RE Al, has been well suited to validate the crystal electricdispersive x-ray absorption beamline of the positron-injected
field framework for RE solidg6 while the RE-8 metal com-  storage ring DCI at the French synchrotron radiation facility
pounds are illustrative of the conditions of the onset of thetURE in Orsay. This seti allows absorption measure-
3d magnetisn#’ The ErTM, with TM=Al, Fe, Co, and Ni  Ments in transmission geometry. The polychromator was a
crystallize in the cubic MgCuLaves phase structu€15, ~ Si(111) crystal, curved to achieve a focus point at 1.2 m
space group &3m) with Er at the & site and TM at the 16 away, Wh_ere the samples are p_Iaced. The posmqn sensitive
site. ErMn crystallizes in the hexagonal MgZhaves phase detector is an array of 1024 Si photpdlodes. With such a
structure(C14, space group63/mmo with Er at the site #  SPectrometer, the energy r(_esolutlo_n is better .than 2%vV.
and Mn at the sites®and 6. Actually, the local electronic Harmonics were rejected using a $i@irror positioned be-
and crystallographic environments of the Er site in the c14ween the sample and the detector. Right circularly polarized
and C15 structures are not very different. In EgMand pho_t(_)ns_(polarlzatlon rate of _about 50% were selected by
ErNi,, the 31 metal bears no magnetic moment. In EsCo Positioning a 1 mm wide slit at 0.23 mrad below the syn-
the Co moment is induced by the magnetic rare earth whil€hrotron orbit plane. The net magnetization of the sample,
in ErFe, the Fe satisfies the Stoner criterion and the strong‘éequ'red to observe a XMCD signal, is induced with an elec-
Fe-Fe interactions are responsible for the high Curie temtromagnet supplying a field up to 1.8 T, positioned along the
peratureTc=587 K and the existence of a temperature ofPropagation of photons around the focus point. An XMCD
compensationT,,,,,=486 K. In ErAl, polarized neutron signal is obtained from the dnfference of successive x-ray
studies have revealed the absence of polarization for the coRPSorption spectra recorded with the applied magnetic field
duction electrons ordelectrons, contrary to the other inter- Parallel and antiparallel to the photon propagation vector.
metallic compounds of the seriés. The sign of our XMCD spectra is deflne(_j as follows:
The sulphate compound E80y)s,8H,0 belongs to the )_(MCD spectra are the_ dlffgrence of absprptlon cross sec-
monoclinic system. Er is in the ionic state®Erthe 5 orbit-  tions measured by using right-handed circularly polarized
als are supposed to be empty and well localized: its magnd2hotons(o™), with magnetic field parallel+B), then antipar-
tization follows a Brillouin function. allel (-B) to the wave vector of the incident beam. The
The bulk polycrystalline intermetallic compounds were XMCD spectra are then proportional fo~(+B)-o"(-B)]
prepared at the Laboratoire de Magnétisme Louis-Néel, by[o™(+B)—-o*(+B)]. By considering as a reference the mag-
radio frequency melting under argon pressure in a cold copretic field parallel to the wave vector of photons, XMCD is
per crucible from the stoichiometric proportions of 99.99% proportional to(¢™—¢"). For historical reasons, this conven-
pure elements. As these compounds do not all melt congrdion is adopted by all the experimentalists.
ently, the crystallographic phase of the ingots was checked The samples were cooled down using a cryocompressor.
by x-ray diffraction using the Debye-Scherrer geometry. AllThe values of the temperature and the magnetic field of
the diffraction patterns are in agreement with the C14 andKMCD measurements are sketched in Table |. Under these
C15 structures. The amount of impurities or other phases itemperature conditions, the ErMrErFe, ErCa,, and ErA}
less than 5%, as their presence cannot be detected in tlsamples were in the ferromagnetic state, while Erahd
patterns. For all the samples, part of the ingot was spark cUtr,(SQ,;)s,8H,0 were in the paramagnetic state. The tem-
in order to carry out the magnetic measurements. Magnetiperature dependence of XMCD spectra has been studied on
zation curves were recorded using an extraction method ikrFe, and ErCg samples. In the six systems, and for all the
fields up to 8 T, supplied by a cryomagnet in the temperaturéemperatures, the magnetization of Er is parallel to the exter-
range of 1.5—-300 K. The magnetization at saturation and theal magnetic field giving the quantization axis. The total an-
Curie temperature are deduced from the Arrott piMd as a  gular momentundy, the orbital angular momentuixy, and
function of wgH/M). For all the compounds these two quan- the spinSy align antiparallel to the quantization axis. Due to
tities are in agreement with the values previouslythe positive intra-atomic exchange, the spin dfé&ectrons
reported®®’ (see Table )l Sy, aligns parallel tdSy;, i.e., antiparallel to the quantization
For XMCD measurements, the rest of the ingots wasaxis.(The hybridization betweendband 31 spins leading to
crushed into powder in a cyclohexane solution to avoid oxi-an antiparallel coupling$sy, aligns parallel to the quantiza-
dation, layered onto a polycarbonate membrane, pasted wition axis and the @ magnetic moment is finally antiparallel
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to the magnetic moment carried by Er. This scheme is in 4 ——T T T iy

agreement with the well-known ferrimagnetic coupling be- I a: Er |_III

tween the heavy RE and thel 3M.%) - 8 e Er,(SO,),, 8H,0
After subtraction of the background, the absorption spec-g 4 [ — _ EfAl ]

tra are normalized to {point taken at about 300 eV above & i 2

the edge corresponding to transitions to the continudinis g ””””” ErMn,

constant scaling factor is the so-called jump edge. Theg —— FErFe,

XMCD spectra are divided by the jump edge at theand o 2 g\ ———— ErCo, ]

L, edges. Because the absorption cross section atthe &

edge is twice as small as at thg, edge, the XMCD at the TEU [

L, edge is artificially multiplied by 2, as compared to the 5 ¢ |

XMCD at theL, edge. For this reason, the values of XMCD 2

signals at thd., edge presented in this paper must be mul-
tiplied by 1/2 when reported in theoretical expressions.

To allow the comparison between thg andL,, edges, 0 ™) —l —1 2
the spectra are sometimes plotted versus the relative energ 8350 8400 8450
E-E,, where the energy of the edd®, is conventionally Energy (eV)
taken at the inflexion point of the absorption spectrum. Ar T T T T 1
H b:ErlL,
Ill. EXPERIMENTAL RESULTS AND DISCUSSION o I — Erilso“&s, 8H,0 |
In Fig. 1 are presented the absorption spectra at the '*g_ I E:M|21 1
[Fig. Z(@)] andL, [Fig. 1(b)] edges of Er in E{(SOy)3, 8H,0, s L iy 2
ErAl,, ErMn,, ErFe, and ErCe. The x-ray absorption near 2 i —— FErFe,
edge structuréeXANES) (oscillations in the absorption spec- 9 2r
tra to around 50 eV above the edgmd the extended x-ray N
absorption fine structuréEXAFS) (following oscillationg g ,,,,,

—_

are representative of the local electronic and crystallographic &
structures, respectively. The XANES as well as the EXAFS £
at thel,, ), edges of Er in ErMp are the same as in Erfe

and ErCg (and ErNjp—not shown for the sake of clarity
which confirms that the local electronic and crystallographic : :
environments of the RE are not modified between the C14 9250 9300
and the C15 Laves phase structures. The thin and intens. Energy (eV)

white line in Ep(SO,)3, 8H,0 is characteristic of a peak of FIG. 1. Absorption spectra 48) the L, edge andb) the L,

empty and localized & density of states, confirming the . ¢ Eo i Ex(SO). 8H.0. ErAL. ErMn. Erfe. and ErC
ionic character of Er in the sulphate compound. In the other ° #SO0s.8H,0, ErAl, 2 B @

systems, the metallic character is shown by the wider andtructure at 10 eV. The small negative-positive feature ob-
less intense white line, in agreement withaéland widened  served just before the edge in the ErNpectrum is a part of
by strong hybridization. This effect is more pronounced inthe XMCD at theK edge of Ni(8333 eV}, which is 25 eV
the metallic systems withd35d hybridization(Mn, Fe, Co,  below theL,, edge of Er.
and also Nj than in the compound with Al. Another conse-  The width of theE1l peak at the,;, edge has the same
guence of the hybridization in the metallic systems is thebehavior as the width of the absorption edge. It is more or
charge transfer into thedSband, leading to the screening of less the same in ErgeErCo,, and ErNj. It is narrower for
the Coulomb interaction due to thepZore hole: theEl ErAl,, and again narrower in the ionic compoung(Bi0;)3,
transitions arise at lower energy in the metallic compoundgH,0. Due to this smaller width in B{SQ,);, 8H,0, the
as compared to the ionic one. The observed shift is aroungeparation between tt#l andE2 contributions is more pro-
2.5+0.5 ev for both edges, withy(L)=8358 €V and nounced, which allows one to evaluate the energy of the
Eo(Ly)=9264 eV for the metallic systems. maximum of theE2 structure at 8353.5+0.5 el*7 eV be-
The XMCD signals at thé, ; edges of Er in E(SQy)s, low the ionic edge The maximum of thée2 contribution at
8H,0, ErAl,, ErMn,, ErFe, ErCo, and ErNj are shown in  the L, edge for the metallic compounds also points to the
Fig. 2. One observes that the XMCD spectra atlthjeedge  same energy. This means that the overlap betvieandE2
(Fig. 2, left-hand sidehave the same shape and sign in thecontributions in the metallic compounds is not very impor-
six compounds. With the convention previously defined, theant, and is in agreement with the fact that thfestates are
first peak at low energgbelow 8357 eV is negative and can well localized inside the atom, thus less sensitive to the sur-
be attributed toE2 transitionst>181921The second one at roundings.
higher energyabove 8357 eY, is positive and is considered At the L,, edge(Fig. 2, right-hand sidg XMCD signals
to be of E1 origin. TheE1-XMCD spectrum of the sulfate present the same shape for all the compounds under study,
compound is more structured: it exhibits a small negativeexcept ErFeg In ErMn,, ErCa,, ErNi,, ErAl,, and Ep(SQy),,

.......

9350
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FIG. 3. Superposition of XMCD spectra at thg andL,, edges
of Er in () ErCo, and in(b) ErFe.

transitions?? In ErFe,, the XMCD at the Et, edge has a
very structured shape: it is composed of one negative peak
between 9269 and 9264 eV, whose angular variation was
shown to be characteristic & transitions’! followed by a
quite thin derivative structure between 9264 and 9276 eV, of
E1 origin.

At the L, edge, the positiv&l peak of spectrébetween
9269 and 9276 eyVin ErMn,, ErCo, ErNi,, and ErA} co-
incides with the positive one of the derivatiid structure of
ErFe. The width of the negative structure is larger in all the
compounds as compared to EjFé envelops both thé=2
transitions and the negative part of tB& transitions in the
ErFe, spectrum. Another consequence of this larger width is
that the negative part of thEl signal at thelL, edge in
ErCo, [or ErMn,, ErNi,, ErAl,, and Ep(SOy)s, 8H,0] ex-
tends to the lower energies as compared td_theedge[Fig.
3(a)], while in ErFe, the derivative shape in XMCD at the
L, edge of Er inserts exactly in the positive peak of the
spectrum at thé, edge: theE2 andE1 contributions have
exactly the same energy extensiéig. 3b)], from one edge
to the other.

Apart from the ErFe compound, where the two opposite
peaks ofE1 origin have more or less the same amplitude, the
integratedE1-XMCD signal at thd_,, edge is unambiguously
negative. At the.,,, edge, it is positive. A rough application
of the spin sum rufeallows one to conclude thd5,(5d))
extracted from XMCD measurement@hen neglecting the
(T, term) is always opposite to the expected one. Finally,
one observes that the effect of dichroism at theedge is
smaller than at thd.,, edge. Whatever the compound is,
E1-XMCD(L,) is never equal to twic&1-XMCD(Ly;) as it
should be with the adopted normalization convention.

When Fe is replaced by ad3ransition metal which does
not satisfy the Stoner criterion, like Co, Ni, or Mn, the small
negative part o1l widens and increases; the shape of the

8H,0, the XMCD signals are constituted of one main nega-signal is closer to the one of ErAlwhere Al is a p metal,
tive peak between 9247 and 9269 eV, followed by a smallnd to the one of the ionic compound,E0y)5, 8H,0. The
positive one between 9269 and 9269 eV The angular varisshape of the XMCD signal at tHg, edge of Er in ErFgis
tion of the two peaks of the XMCD signal at the characteristic of the XMCD signal measured at theedge

Er-L, edge in ErCgand ErA} follows, within the precision
of the measurements, a cosine law characteristicEbf

of heavy RE(Dy, Ho, Er, Tm in RE Fe compounds. In
TbFe, the negative peak is quite large and one clearly sees
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XANES region, with no change of shape at 50 K. Very sur-
prisingly, at the Ei,,, edge of ErFeg (not presenteqd the
thermal evolution of the XMCD signal does not present any
change of shape and amplitude decrease.

A similar variation has also been observed in XMCD
measurements at thé, edge of Er in the deuteride
ErFeDs 4% but in a temperature range above the compensa-
tion temperature, where the magnetic moment of Fe is domi-
nant as compared to the one of Er. This confirms the idea that
this effect is due to the influence of Fe.

To explain the specific behavior of heavy-RE;F®m-
pounds as compared to Laves phases with other (Td
shape of XMCD at the REy edge and temperature depen-
dence, one could think to magnetostriction, this effect being
more important in the case of Fe systems. In these com-
pounds, the magnetostrictive effect induces a rhombohedral
distortion of the RE sité® which is also a consequence of the
introduction of D in ErFeg, since the Erkéd; , compound is
rhombohedral; the thermal evolution of the XMCD spectra
should be a consequence of the temperature dependence of
the magnetostriction. Nevertheless, the shape of the XMCD
signal at the Eillz; edge in ErFgD5 4 is the same as that in
ErCo,. Awide and large negative peak is also observed at the
Th-L, edge in ThFe (Refs. 11,12 where the magnetostric-
tive effect is even more intendé.So the magnetostrictive
effect is probably not at the origin of the particular shape of
the XMCD signal at the Ety, edge in ErFg Another im-

FIG. 4. Temperature dependence of XMCD atltheedge of Er ~ POrtant point is that the magnetic EXAFS does not change
in (a) ErFe and(b) ErCo,. with temperature. The surprising behavior of the XMCD

spectra at the,, edge of Er with temperature is probably due
its narrowing when the RE becomes heaviéf The nar-  to an evolution of the electronic structure rather than of the
rowness of theEl XMCD signal at thelL, edge in ErFg crystallographic structure.
seems to be a characteristic of Laves phases with Fe. It can- The appearance of the new positive peak at 0 eV when
not be simply explained by the fact that the number df 3 increasing the temperature has the consequence that the sign
electrons decreases from Co to Fe, because the signal mez-the integrated signal at thg, edge of Er in ErFgchanges
sured in ErMp has the same shape as in E;Co between low and high temperatures. At low temperature, its

We also measured the temperature dependence of tis#gn is the same as the one observed in all the RE with 4
XMCD at both edges of Er in Erkeand at thel; edge in  localized electrons, while at high temperat@@bove 200 K,
ErCo,. When increasing the temperature, one observes at thecould be qualified as “correct,” “correct” meaning it allows
Er-L, edge in ErFe [Fig. 4@]* the emergence of a new us to deduce the expected projectio®f5d)) on the quan-
positive peak at 0 eV, which overlaps ti contribution tization axis. Remember that these measurements are done
(=17 to 0 eV, with a simultaneous decrease of the negativenelow the compensation temperature, and the integrated sig-
part of theE1 signal(0 to 5 eVj. The positive part of th&1  nal at thel,; edge does not change in that temperature range.
signal(5 to 12 eV also decreases, but in the whole magnetic  The difference in behavior of the XMCD spectra at the
XANES (12 to around 50 e)and EXAFS(above 50 eY  and L, edges of Er in Laves phases should allow us to
regions, the amplitude remains constant, as expected in fegonclude that the d,, subband is more affected by the pres-
romagnetic compounds. One emphasizes the fact that thence of the @ transition metal than theds,, subband. We
range of temperatures explorétD—-300 K is far below the  should conclude that in Er compounds, the low part of ttie 5
Curie temperaturé587 K), and even the compensation tem- band(which is more hybridized with thedBelectrons is of
perature(496 K). No significant change in thedSband is  j=3/2 character, while the top of the band has a more pro-
expected in this temperature interval. The decrease dEthe nounced =5/2 character. This could explain why the XMCD
structure at the Eky, edge in the Erkecompound with in-  at thel,, edge is less intense than at thg edge, the low
creasing temperature cannot be explained by a normal dgart of the ® band being occupied by thel®lectrons. This
crease of the magnetization with temperature. This conclueould also explain why th&2 transitions at thé,, edge are
sion is reinforced by the thermal evolution of the signal at(except in the case of compounds with) ledsorbed by the
the ErlL, edge in the ErCpcompoundFig. 4(b)], where the  E1 contribution, since th&1l transitions at thé, edge arise
amplitude of the signal is constant between 10 andat a lower energy compared to thg one. This hypothesis
20 K(T:=38.8 K) and decreases at the edge but also in thehould be confirmed by density of states calculations.
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TABLE II. Parameters used to calculate the so-caliderivative. AE is the energy separating two
absorption spectra modeling transitions towards majority and minority spin density of €éd& (the
minority spin DOS corresponds to the measured spectrum and the majority spin DOS corresponds to the
measured spectrum shifted towards low engr@ie factor(1-2) is applied to transitions towards minority
states to simulate the different overlap between the wave functions ofptlcer2 hole and thedbup and
down spin direction.

Ly ErFe ErCo, ErAl, Ery(SQy)3 8H,0
AE (eV) 0.02010 0.02605 0.02790 0.02410
1-pB) 1.00032 0.99960 0.99920 0.99870
L ErFe ErCo ErAl, Ery(SQOy)3 8H,0
AE (eV) 0.0475 0.0480 0.0365 0.0194
1-pB) 0.9964 0.9965 0.9964 0.9964
IV. ANALYSIS OF MODELS AND APPLICABILITY The final state is a configuration interaction qf,2f™,5d*

m 1 . H
To account for both the sign of thHel-XMCD signal and and 2,41, nd’, where the bar means ap_?:ore hole,m is
e number of 4 electrons, andh is the main quantum num-

the nonstatistical branching ratio observed in the presence !
a 4f orbital momentum, two main models had been recentyP€' ©f thed shells(n=6). The 5 parameter resulting from
their calculation is equal to 0.24. The spectra display some

developed?®-33 They will be briefly summarized, applied to : : ,
our experimental data, and discussed in Secs. IV A and IV BNteresting featuregiumber of peaks, relative amplitugess

we will also compare our results to the other experimentalc®mpared to the experimental results. The absolute sign of
works applying these models. Reflections concerning thi1€ Signals in Ref. 30 appears in agreement with the experi-

questions they still ask and the use of the sum rules will b&'ental one, even if the authors do not comment on that very
proposed in Sec. IV.C important point. The scale of amplitudes is also not given, so

it is not possible to quantitatively compare with the experi-
mental effect. The authors point out that their theory cannot
A. Model proposed by van Veenendaakt al. (Refs. 29 and 30)  Predict the fact that the XMCD spectra are more derivative-
o like when they are small. The authors also conclude that the
1. Description presence of onedelectron in the initial state should not
The model proposed by van Veenendagkl?°3Cis de- change their results too much, since the ground-state expec-
rived from atomic calculations on ionic RE®).*® The tation values of 8 operators are negligible as compared to
shape of the signal is mainly determined by the interactionghe 4f ones.
of the photoelectron with the openf &hell, the spin and
orbital parts of the Coulomb interaction being included. The
spectra obtained present a dispersive line shagde au- In an independent-particle picture, the derivative shape of
thors validated their model with measurements on ionic systhe XMCD spectrum should arise from the difference of the
tems done by Neumanet al3* Basing themselves on the two 5d spin subbands shifted by the magnetic exchange. The
observation that for RE in a metallic state, the spectra have ¥ray absorption spectrum is considered to represent the
less dispersive line shape, van Veenenaaall. suggest that probed empty density of stat€sd in our cas¢. Assuming a
the dissymmetry of the spectra comes from the metallic charrigid band model, the two spin subbands are also represented
acter of the RE and arises from the fact that tideoBbitals by the same absorption spectrum; the derivative is then ob-
contract or expand due to spamd orbital Coulomb interac- tained by shifting them and subtracting them. A way to
tion with the 4 electrons. The authors called it the breathingmimic the breathing effeatmodification of the matrix ele-
effect, leading to the enhancement of matrix eleméB4E) mentg is to multiply one of these absorption spectra by a
and labeleds in that case. constant coefficient. This neglects the orbital dependence of
In this atomic framework, the cborbitals with different the 4f-5d Coulomb interaction.
radial extend are created by mixing them with different We calculated the derivative of the absorption spectra
orbitals. They are coupled together by the Coulomb spin an@what we called the3 derivativg in order to compare it to
orbital interactions with the openf4hells. The ground state our XMCD measurements. The derivative is obtained by
is considered to have nd electron. In such a model, the shifting the measured absorption HE towards low energy,
integrated XMCD spectra at tHg, ;, edges of RE are found by multiplying the absorption at higher energy @dy3). The
to be proportional to the ground-state expectation values ofalues of 8 and AE (Table I) have been adjusted to repro-
the magnetic operators in thef 4hell?® The evolution of duce the shape and the amplitude of #ieXMCD spectrum
integrated XMCD signals at each edge for the different REapplying no additional scaling factor to th@derivative The
(Ref. 29 reproduces the experimental oésThe XMCD  results for ErFg ErCa, ErAl,, and Ep(SQ,); 8H,0 are
spectra have been simulatédusing Cowan’s progranfé.  presented in Fig. 5.

2. Application and analysis
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derivative of the absorption spectra. They conclude that the
spectra can be quite well modeled by a derivative of the
absorption edgés=0) at thel,, edge, but not at the,;, one.

To explain the discrepancies, the authors invoked a crystal
electric field (CEF effect on the 8 states, which should
affect quite severely the,, edge but not thé,, one. Their

r spectra in EJO5; (Ref. 34 are similar to our spectra in

0 FEr,(S0,),, 8H,0 Er(SQy)s, 8H0. One can notice that they pointed tB2

2.0 FE L1 contribution at the Ei-;; edge at —9.8 eV relative to the

[ ErAl, ] absorption maximum, which is in agreement with our value
[ Er:L of 8353.5£0.5 eV. More generally, the spectra in all the
r ionic systems are more or less simi{tireirs and ours at the
L, edge, they are not purely dispersive. We reproduce the
XMCD at the Ert, edge in Es(SOy)5 8H,0 using the
B-derivative model, but with a nonzeg@coefficient. Never-
theless, the small value g8 should be reasonable if we
consider that Er in BtSQy,)3, 8H,0 is not exactly a &° state;
but the XMCD at thel;, edge of Er in E§(SQ,)3, 8H,0
cannot be reproduced.

For the metallic spectra, for which this model is devoted,
neither at the_;, nor at thelL, edge can the XMCD spectra
be reproduced: the energy position is always shifted. More-
over, the values of3 and AE (Table Il) for the metallic
systems are of the same order of magnitude than the ones for
the ionic compound. The CEF effects invoked by Neumann
et al3* to justify the worse agreement at the, edge as
compared to thé,, edge can perhaps be argued for the ionic
compounds; they seem less justified for the metallic ones,
where the CEF splitting is of the order of magnitude of the
bandwidth (typically 2-5 e\j. Nevertheless, our results
show that the energy shift of th@ derivative occurs in the
metallic systems, as well as in the ionic ones. This way of
applying the hypotheses of van Veenendstal. is certainly
too crude, but it appears sufficient to evidence some major
discrepancies.

0.0

] 10}

. ]
- 0 20
E-E, (eV) E-E, (eV) B. Model proposed by Matsuyamaet al. (Refs. 31 and 32)

. 1. Description
FIG. 5. Comparison between the XMCD specttdack dot3

and theg derivative of the absorptiowhite triangles. The model proposed by H. Matsuyarea al*" derives
from the one proposed by Jo and Imd8ahe X band is

At the L, edge, the XMCD in the ionic compound can be described as the juxtaposition of 10 monoelectronic states
exactly reproduced, but using a nonze8ccoefficient. For ~ characterized by their spigy and orbitalmy atomic quantum
the metallic compoundsn energy shift between th@ de-  number. The ground state contains oreeédectron, whose
rivative and the XMCD appeardn the case of Erkethe  spin and orbital moments are determined by the energy po-
width of the B derivative is very different from the sition of each 8 monoatomic staté&, .. These energies are
E1-XMCD spectrum.At the L, edge, the XMCD spectra calculated by taking into account the sgnand orbitalmy
can never be reproduced by tiederivative of the absorp- quantum numbers of thef4electrons with the expression
tion: the energy position is never correct given by Condon and Shortlé§.The probabilities of transi-

The values of theg coefficients are 10 to 100 times tion are calculated using the Fermi golden rule in ik
smaller than the XMCD effect. At the Hry edge in Erfeg, approximation with the atomic spherical harmonic functions.
(1-B) is greater than 1. The values gfdo not have the same At this point, the model accounts for the variation of the
order of magnitude at the two edges, and are very differenintegrated signals at thie, and L, edges, but with a sign
from the value of 0.24 resulting from the atomic calculation.opposite to the experimental ddfa.

The 4-5d exchange can be evaluated to 0.5 eV. TXE To reverse the sign, Matsuyanea al** proposed to en-
values used in Table Il are at least 10 times smaller. All thehance the matrix elements by multiplying each transition to-
discrepancies cannot easily be justified. wards a(sy, my) state by a spin- and orbital-dependent factor

Neumannet al3 have also compared their XMCD mea- (1-aEy, s)>1. With «=0.6 Matsuyamat al3! reproduce
surements at the, ,, edges of RE in ionic compounds to the rather well the general trends of variations of the integrated
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2.0

LS A One can notice that, since the maximum vaIueEerf,Sd
] are of the order of magnitude of 1 eV for all the RE, the term

—aEn s, calculated withw=0.6 is around 0.6. This value has
the same order of magnitude as tBecoefficient calculated
by van Veenendaadt al2%3(8=0.24), which has the same
physical origin, even if the way it is derived is different.

Based on the same kind of EME mechanism, but with a
different description of thedband, the same authors’ simu-
lated the XMCD spectra of Nd (Refs. 32 and 3Band Ho*
(Ref. 33. They conclude that the competition between the
I ] enhancement effect and the filling of the low part of tlte 5
S band is at the origin of the small signal observed atlthe

; 0 edge of heavy RES This is in agreement with our conclu-
sion concerning thq’a:% character of the low part of thed5
band in these systems.

A model derived from the one described in Sec. IVB 1

normalized XMCD (%)

0.15

& 010 has also been applied by Fuket al3® to simulate the
8 XMCD spectra at thé ;;, edges of RE in almost the entire
Z 0.05 | series REFe;,B. They adapted the enhancement factor by
O scaling theEy, ¢ with a reduction factoRg adjusted for each
'T;v ' RE (it is equal to 0.15 for Brand seta to 0.41/eV). This
8 0.00 formalism allows the authors to calculate what they call the
I El part of the spectra resulting from thé-8d interaction.
[ ] To account for the @5d hybridization, the authors add to
-0-05_20' — ‘_1'0‘ —— (') —— '1'0‘ % their calculated spectra the measured XMCD signals at the
E-E, (eV) L, edge of La in LaFe,B, or Lu in Lu,Fe 4B, where the

moment induced on the RE is purely due to thee58l hy-

FIG. 6. Simulation of XMCD spectra at th@) L, and(b) L bridization.
edges of Er using the model proposed by Matsuyatal. (Ref. The general shape of the signals is reproduced, but the
31). agreement between the simulations and the spectra is not

perfectly achieved. The model fails in the case of the

XMCD signals for all the RE with a sign in agreement with edges of Tb, Dy, and Ho. For heavier RE>10), the
measurements. They also reproduced quite well the spectdMCD signal at thel,, edge seems to be reproduced by the
at theL,,, edges of Pr as it is measured in,®o,; (Ref. 8  signal of La in LaFe;,B, or Lu in Lu,Fe,B, since the con-
and in PsFe;;B,35 but they have not published, to our knowl- tribution calculated with the &4f interaction is negligible
edge, the spectra for the other RE with this model. compared to it. The XMCD spectra at thg, edge of light
RE, like Pr and Nd, present the same characteristics. One can
wonder at the physical meaning of adding XMCD spectra
due to different magnetic interactions to simulate the XMCD

We wrote a prograff to simulate XMCD spectra with the  probing a band resulting from these different magnetic inter-
model described above. The integrated XMCD spectra calactions. Actually, one should carefully study in which cases
culated with our program reproduced exactly Fig. 2 of Refthe spectra of Fukuét al3 really need the addition of the
31 for all the RE. calculated and measured contributions to be reproduced. In-

The spectra for Er calculated withequal to 0.0, 0.4, and deed, it seems that in most of their measurements, either the
0.6(1/eV) are presented in Fig. 6. At thg, edge[Fig. 6@)],  spectra are dominated by the enhancement effect, and in
the spectrum is negative far=0.0, as expected from the these cases the signal of J&&,,B has an almost negligible
projection of(S,(5d)) on the quantization axis, but opposite influence, or the signal can be reproduced by the signal of
to the measurelt1 spectrum. The increase afreversed the La,Fe4B or Lu,Fe B and the calculated spectrum resulting
spectrum as expected from the model. ker0.6, the spec- from the 4-5d interactions does not change the shape sig-
trum has an amplitude of 2% in agreement with the meanificantly.
sured spectra in the metallic compounds. Atltheedge[Fig. One has to notice that at the, edge of heavier
6(b)], the spectra are composed of only one peak, whered8E(n, > 10), the sign of their measurement is “correct;” cor-
the measurements present two opposite structures. The caéct meaning that they give the expect&l5d)) using the
culated peak is always positive. Even fe=0.6(1/eV), the  model of Schiitzt al® such as in LgFe ;B or in Lu,Fe ,B.
spectrum is not reversed. Such a result is in agreement witlhis is not the case in our measurements athedge of Er
Fig. 2 of Ref. 31. In addition, the amplitude of the peak isin ErFe, at low temperature or in ErGoActually, our signals
more or less one order of magnitude smaller than our meaare also negative, but cannot be qualified as “correct.” In-
surements. In conclusion, this model allows one to reproduceeed, for heavy RE, the projection of the RE sublattice mag-
the features of the, edges of Er, but fails for the, edge. netization on the quantization axigiven by the external

2. Simulation of Er spectra and analysis
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magnetic fieldl is opposite in RE-e;,B and in REFg be-  reason to lead tdL,). The same argument can be given for
cause of the ferrimagnetic alignment of RE and Fe sublatthe (S,) sum rule, the projection of the spin quantum num-
tices magnetization, and the relative concentration of Fe angers resulting from the spin-orbit coupling in the 2ore

RE. That is why our spectrum at thg, edge is opposite the hgle.

one of EpFe,B. The sign of XMCD at the; edge of RE In the model proposed by Matsuyane& al, where the
with ny> 10 in the measurements of Fukefi al®> can per-  ground state contains oned ®lectron carrying a spin and
haps be explained by the fact that they have been done @kbital momentum, the impossibility of application of the
room temperature. The Curie temperatures obFREB are  sum rules can be easily derived from the expressions of the
lower than 661 K" thus the values of /T¢ for their mea-  apsorption. It can, of course, also be checked with the results
surements are around 0.5, and the signals could have evolvegtained with the simulations: for Er, we calculated a value
like in ErFe at 300 K(Fig. 4). Another reason could be that of (L,(5d)) from the initial density of state equal to
the systems studied by Fuket al* have a higher concen- _q 25, /f.u.: the value calculated in applying the sum rule
tration of Fe than ours, and our results show that this TMy the simulations withe=0.0 is also ~0.25/f.u., while

strongly modifies the spectrum at the edge. the value deduced from the application of the sum rule to the
simulations witha=0.6 is +0.40ug/f.u.
C. Remarks on these models and the sum rules In the model of van Veneendagt al,, since the transitions

are dominated by the interactions of the photoelectron with

Up until now, the framework proposed by several 9roUPShe 4 shell, the XMCD spectra lead to linear combinations

to account for the sign of thE1 contribution is based on a
“coefficient-derivative” model. The principle of a derivative of (L), (T5), and(S, for the 4 shell and not the for theds
model, based on the assumption that a rigid band modéi"®:

could be assumed, had been studied from the beginning of One can notice that the evolution of integrated XMCD .
XMCD measurements at the, ;, edges of RE, when the spectra deduced from these models reproduces the experi-

whole XMCD spectra at thé,, edge of heavy RE were mental ones, which were correlated to tHerdagnetic prop-
considered from th&1 origin. It had been abandoned be- erties. Such a conclusion is in favor of these models. Never-

cause the sign of the derivative spectrum was opposite to thtgeless, accordmg_ to these quels, the fe_zatures (.)f the
measured spectrum. When tf2 contribution was evi- s_pgctra, and especially the deviation of thg rgtlo of the inten-
denced, it became clear that tE& contribution was com- sities at thel,, andL,;, edges from the statistical value, are

posed(at least mainlyof one positive peak in the case of the nomlonger a proof of the presence of an orbitdl riomen-
heavy RE. The derivative model was thus reconsidered, ant” _ _
the phenomenon invoked to transform the symmetric deriva- The .so-c'alled(SZ>'sum rulé gives f°r<,51>+(7/2)<-r2> a

tive into one peak was the filling of thedand. The result Sign which is opposite to the expected sign(8). Because

led to the wrong sign. it has been admitted thd&¥/2)(T,) should be smaller than

The phenomenon invoked now to transform the symmet{S,), the sign of XMCD signals has been considered to be not
ric derivative into one peak with the sign of measurements iscorrect.”
the enhancement of matrix elements, whose origin is the 4 Recently, a simulation of XMCD spectra at thg,, edge
-5d intra-atomic interaction. The deviation of the ratio of of Tb measured in a single crystal has been done in the
XMCD signals at the.,, andL,, edges of RE from the sta- framework of full multiple scattering theofy, using the
tistical value, linked to the application of the so-caldg)  FEFFgcode®® Without the use of EME, the sign of the signals
sum rule?3 was interpreted by the existence of d &bital ~ appears to be the same as the measured one at both edges,
momentum. The fact that this deviation appears as soon @&yen if that point is not underlined by the authors. The reason
the RE carries ftorbital momentum led to the idea that the why the signal should be correctly reproduced, and thus why
5d orbital momentum should be induced by the @rbital ~ the XMCD could not account for the sign ¢8,(5d)), should
momentum, with the consequence of taking into account theome from the presence of the magnetic dipole operator
orbital component of the Coulomb interaction. But the appli-(T,(5d)).>* This very important point should be confirmed,
cation of the so-calledS, sum rulé to the same spectra because the calculations done up to now by other authors in
gave the unexpected sign f¢8,(5d)), which leads to the the framework of the full multiple scattering thed®/failed
EME mechanism. The question which arises naturally is théo reproduce the specific features of XMCD at thgy,
applicability of the(L,) sum rule in the presence of EME. edges for the complete series of RE.

The (L, sum rule is derived from absorption cross sec-
tions naturally described by the vacancy of each final state of
the transition, multiplied by the correspondi&d matrix el- We measured XMCD spectra at thg, edges of Er in
ements, composed of radial and orbital parts, the orbital masix samples exhibiting different kinds ofdSmagnetization,
trix element yielding to the projection of the orbital quantum going from the ionic state in E(SQy)5, 8H,0 to a metallic
number. In the models proposed to explain the XMCIat state with strong5d-3d hybridization in ErMn, ErFe,
edges of RE, thé&el matrix elements are modified by the ErCo,, and ErNj, considering in between a metallic state
EME, having the consequence that the projected orbitalith the 5 band hybridized with a nonmagnetic metal: Al.
quantum numbers are no more multiplied by the population Our experimental results show that the metallic com-
of the corresponding ground state: the sum rule thus has naounds present features which are comparable to the ionic

V. CONCLUSION
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compounds. This could confirm the fact that the intra-atomidated by van Veenedaat al. and experimental data should
4f-5d interaction is a major point to explain the main char- be interesting. The fact that XMCD spectra are more deriva-
acteristics of the spectra. But we also show the importance dfvelike when they are small cannot be predicted by the
the 3-5d hybridization. Indeed, the difference observed attheory of van Veenendaat al, whereas it is explained by
thel, edge of Er in ErFgand ErCg cannot be explained by the presence of thedselectron in the initial state by Mat-
an atomic model. The Fe atoms induce an important modifisuyamaet al. The presence of adbelectron in the ground
cation of the 8l band, accompanied by a temperature depenstate is the fundamental difference between these two kinds
dence. Magnetostrictive effects do not seem to explain thesef models.
phenomena. It results from this mechanism that the sum rules cannot
This influence of the @ transition metal is more visible at be applied at thé, ;, edges of RE, even the so-calléd,
thel, edge than at thi,,, edge. This allows one to conclude one.

that the low part of the & band has, in heavy RE, ja:% The calculation done with theerrscode, which seems to
character while the top of the band has a more pronouncex¢produce the XMCD spectra at thg ,, edges of Th with
j=2 character. the measured sign, without the use of EME, has to be con-

Our results also show that, except for Esfe E1 tran-  firmed on the other RE compounds.
sition at thel,, edge of Er becomes so wide that it envelops To achieve a complete understanding of the XMCD spec-
the E2 contribution, explaining why it is so difficult to evi- tra at thel;,, edges of RE in RE-transition-metal com-
dence it with the angular dependence of XMCD. pounds, the 85d hybridization should be included. It ap-

To explain the sign of thé&E1 contribution, two mains pears necessary to develop ai initio calculation with an
models have been proposed, based on the EME effect, batomic description for thef4stategLS coupling and a band
with different derivations and hypotheses. van Veenedaal calculation for the 8 states, properly including thef<d
al. consider 8° systems, leading to derivative XMCD spec- intra-atomic interaction and thed3d hybridization.
tra, which are transformed into one peak due to the breathing
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