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A systematic resonant inelastic x-ray scattering study atlthabsorption edge of rare-earth ions in the
R,Fe B intermetallics is presented. The energy position and the relative strength of quadrug@)aar{d
dipolar (E1) intermediate-state excitation channels are extracted by decomposing the inelastic scattering
spectra into their main contributions. For the cases in which theoretical calculations of the quadrupolar part are
available, a good agreement for the spectral shape is found. With increasing atomic number, a monotonic
increase of the energy difference and a decrease of the relative strength b&tvesmmd E2 excitation
channels is observed. This work provides important experimental data for the application of magneto-optical
sum rules to the & band of rare-earth systems, as well as for the validation of theoretical models aimed at a
correct description of x-ray magnetic spectroscopies atlthedges of rare earths in metallic systems.
[S0163-18209)00440-3

[. INTRODUCTION resonances, ascribed top2:4f quadrupolar excitations,
were systematically observed at energies below thehite-

The interpretation of x-ray magnetic circular dichroism line. The resu_lts eviden_ced the necessity of their inclus_ion
(XMCD) and x-ray resonant magnetic scatteri(RMS)  for a correct interpretation of XMCD and XRMS experi-
recorded at thé, ; absorption edges of rare-ea(RE) ions ~ MeNts recorded at thie edges of rare-earth systems.
has been a matter of debate since the first experimental re- In this paper, we Ppresent the whole set of experimental
sults were obtaineti-* The spectra, dominated by the strong results (completed with RIXS data recorded at the Yg

) ' . . edge in YBFe ,B). The data analysis is based on a decom-
dipolar 2p—5d electronic transition, are not straightfor- position of each inelastic scattering spectrum into its main
wardly connected to the spin polarization of the rare-earthing|_state multiplet families. These multiplet families arise
5d band. Several aspects have to be included in a corre¢iom the decay of dipolar or quadrupolar intermediate state
description of the experiments, such as the contribution fronexcitation channels, which are resonantly enhanced as the
quadrupolar excitation channels in the pre-edge regitwe,  incident photon energy is tuned through the absorption edge.
intra-atomic 4-5d exchange interactiohand the spin de- The decomposition procedure allows a determination of the
pendence of the radial matrix elemefifsThe first of these ~ €xcitation energies and the relative strength of each absorp-
aspects, namely, the quadrupolar natur@-(2f transi- tion channel. The paper is organized as follows: Sec. Il pro-
tions) of the pre-edge structures, has been well established i#des the theoretical background. The general characteristics
the last few years by several experimental techniédéand of the RIXS cross section are |I.Iustrated by exp_enmental
calculationsi®2 Despite their weak absorption intensities, €Sults obtained at the Ybs edge in Yl3Fe,,B. Section IIl
these quadrupolar excitations give rise to strong dichroic Siggescrlbes the experimental setup. In Sec. IV the experimental

nals at thel edges of rare-earth ions, as they access the 4spectra are presented, followed by a detailed description of
o . . the analysis procedure. The extracted spectral shape for the
shell, which is the magnetic moment carrier of the rare-earth. . s - .
inal state multiplet arising from 2—4f E2 transitions is

ion. The determination of the energy position and the relative . :
strength of theE2 andE1 excitation channels is therefore compared to theoretical results, whenever they are available.

. . X . Finally, the quantitative results concerning the ener 0Si-
essential, not only to provide relevant information for the y q g 9 p

i ) tion and the relative strength &1 andE2 excitations are
correct mterpretaﬂqn of XMCD data Of. RE cqm_pounds, bUtdiscussed. The conclusiong of the paper are presented in Sec.
also to test and refine existing calculations, aiming at a comg,
plete understanding of rare-earth magnetism. '

In a previous publicatioh! we presented the preliminary Il. RIXS PROCESS
results of a resonant inelastic x-ray scatteriRjXS) study
at theL 5 absorption edge of rare-earth ions in the interme- The cross section for resonant inelastic x-ray scattering is

tallic seriesR,Fe,,B (R=Nd, Sm, and Gd to T Weak  given by the Kramers-Heisenberg forméfa®® and the in-
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elastically scattered intensity observed within a solid anglenental results given in the following sections, we present an
Q and a scattered energy intervAth w’ can be written & overview of the observed structures and theoretical assign-
ments which are common to the RIXS spectra of all our

=S| (FIHind my(m[Hip i) 2 studied samples, exemplified by the results obtained at the
o -
e Iy Yb L, edge of YhFe;B. Due to its 4'%d" ground-state
hot+Ei—Epti 2 electronic configuration, with only one hole in thé ghell,
) the intermediate- and final-state multiplets are composed of
Xo(hw—fio'+E—Ef), (1) only afew lines, closely grouped, leading to the structureless

herei dhw’ th . f the incident and th shape of thee2 Yb RIXS features. The occupation humber
wheréiiw andhw_aré the energies of the incident and e ¢ o 14re_earth & shell in the ground-state electronic con-
scattered photong;, E,, and E; are the energies of the

initial, intermediate and final statek,, is the lifetime broad- figuration has been denoted ty For selected rare-earth

ening of the intermediate state, arid;,.=(e/2m)(pA  ions, theoretical values af for each crystallographic posi-
+Ap) is the interaction Hamiltonian which is usually ex- tion have been determined by band-structure calculations

panded in electric 2pole transition operators. In a simple [for example,n~1.8 for Nd in Ng,Fe;,B (Ref. 26]. Panel
one-electron picture, RIXS is interpreted as an “absorptiong) of Fig. 1 shows a three-dimensional pldtd, o', in-
followed by emission” process. In the first step a photon oftensity) of some representative IXS spectra recorded at vari-
energyfw is absorbed by exciting a core electron into angys incident photon energies around the IYp edge, ob-
empty state, leading to the intermediate-state electronic conRzined by monitoring the & ,—2ps, radiative decay
figuration|m. In the second step the deep core hole, create@hannel [ «, fluoresence well above threshyl@anel(b) is

in the absorption step, is filled up by an electron from ay, enlargement of the lowe—high#iw’ zone of panela).
shallower core level or the valence band under emission of gpq intensity scale on both panels refers to the séaiai-
photon of energyiw’. In order to account for the lifetime rary) ynits. For clarity, some of the high incident energy
broadening in the final state of the scattering processgthe Rxs spectra have been removed from paftetland others
function has to be replaced by a Lorentzian of width.  have been added. From panédsand (b), three distinct fea-
Moreover, the experimental spectra are smeared out by thgres, |abeledd, B, andC, can be identified. Their scattered
resolution function. For incident photon energies well aboveenergthf is depicted as a function of incident photon en-
the absorption threshold, the electron is promoted into CONgrgy /i w in panel(c). Below the absorption edge, featurks
tinuum states, and the emission is identified as fluorescencg,q g display the usual Raman shift, i.e. as the incident
whose width(in absence of strong multiplet effetis given  photon energy increases, the emitted energy at which a spe-
by approximatelyl’n+I'. Forfiw in the vicinity or below  cific feature is observed increases by the same amount.
the absorption threshold, the behavior is more complex. Impoyez w=8948.5 eV, corresponding roughly to the white-
particular in open-shell systems, such as transition metalghe maximum, featureC is observed at the fixed scattering
and rare earths, a simple one-electron picture is not sufﬂmergnergy of 7416 eV, with an approximately constant intensity.
to account for all the observed phenomena, and a many-body contrast to this, features and B do not settle at a fixed
description has to be invoked. The Coulomb and exchangg ;' valye, but continuously disperse, and both display a
interactions between the electrons of the two incompletg ,rantzian intensity variation as a function #fv with a

shells in the intermediate and final states can lead to distingf4ximum at 8936.6 eVfeature A, o’ =7416.6 eV, fiw
multiplet families which might extend over several eV. In _; ~_ 1500 eV) and 8948.5, eV (feature B ,ﬁw'

these cases, the inelastic x-ray spectra are ultimately only 7416.0 eV, fio—fho'=1531.3 eV). Furthermore, we

limited by I'r, whereasl'y, is merely responsible for the 5o that featurd is about a factor 40 weaker than featie
intensity variation of the features as the incident photon en-  £ootreC is identified as the. «. fluorescence. corre-
ergy is varied. In cases where the sudden approximation is ! ’

fulfilled, the integrated intensity of the inelastic x-ray Scat_spondlng _to _ﬂg4f135qn6* flnal_ states, arising from
tering spectrum, recorded at a specific incident energy, igP°4f'*d"€* intermediate states in which theZore hole
proportional to the absorption cross section at this engrgy. iS Promoted into empty continuum statesdymmetry. The
A successful decomposition of the RIXS spectra into quadrufiuorescence is observed at about the energy difference be-
polar and dipolar contributions should therefore provide thdween theMs and L3 binding energies. The extra energy
partial E1 andE2 absorption cross sections, if interferenceavailable, amounting té(w—w’)—E,, , is transferred to
effects can be neglected. Experimentally, the RIXS intensityhe photoelectron as kinetic energy. Featukesnd B show
is measured within the zone of interest of thew(fiw’) the typical behavior of a transition in which the photoelec-
plane by scanning the scattered photon enérgy at differ-  tron is promoted into a discrete state, thus acquiring no ki-
ent fixed incident photon energiésy around the absorption netic energynote the slope equal to 1 8fandB branches in
edge(IXS scans. Alternatively, the intensity evolution of a panel (c) of Fig. 1]. In this case, the expressidiw + E;
specific final-state multiplet family can be studied by scan-—E,, is zero only at the exact energy necessary to promote
ning the incident and scattered photon energy together, thuke electron into this specific state. As a consequence of en-
keeping the energy transféiw—7%w’ constant and fixed to ergy conservation, the corresponding feature in the IXS spec-
values corresponding to the excitation energies of this multrum is always observed at a fixed energy transidf
tiplet family [constant final-staté€CFS scang. =hw—hw' for all Zw, while the resonant denominator in

In order to illustrate the main characteristics of the RIXSEq. (1) is responsible for the observed Lorentzian intensity
cross section, and to clarify the presentation of the experivariation.
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TABLE I. Emission lines, absorptioh;-edge energies, and ana-

a 20 — lyzer reflection used on eadk,Fe;,B system.
g 15 - Rion L, edge Emission lingeV) Analyzer
.g (e\/) Lal Lﬁzvls Sl (hkl)
2 s 3ds;p—2psz Az 57— 2P32
E 5 Saan Nd 6208 6089 (333
= 0 <8960 Sm 6716 7178 (440
7380 400 et Gd 7243 6057 (333
Emitted Energy(e\;; e 7440 nergy (#Y) Th 7514 6273 (333
Dy 7790 6495 (440
b Ho 8071 6720 (440
1 Er 8358 6189 (444)
al ] ™ 8648 7180 (531)
'g 0.8 Yb 8944 7416 (620
g 0.6
2z 04 . :
‘E Coulomb interaction between the promoted electron and the
g 02 8940 3d core-hole resulting in a &4f!*%5d" final state more
0 8935 strongly bound than the localizedi%f!%d"** (B) or the
7400 7410 7420 7430 8930 :;ucldort(ev) delocalized 3'94f135dn6* State C)
Emitted Energy (V) o As will be shown in Sec. IV, the RIXS spectra of all the
C sl other compounds from Nd through Tm show the same char-
acteristics. The final state multiplet arising fronp-2 4f
8980 intermediate-state excitations displays a richer structure as a
$ 8970} consequence of the more or less filletl ghell with 4f"**
§ =T varying from 4 (for Nd) to 4f*3 (for Tm).
w
§ i IIl. EXPERIMENTAL DETAILS
8940}
2 The experiments were performed on the beamlines ID16
e A at the European Synchrotron Radiation Fadilityfor Sm
8920 through YH and X21 at the National Synchrotron Light

7390 7410 7430 7450 Sourcé® (for Nd). At ID16, a S{111) monochromator pro-
Emitted Energy (eY) vided a 0.5(horizonta) x 1.5 (vertica) mm? beam. At X21,
a dispersive four-bounce @R0) crystal setup in conjunction
FIG. 1. Panelda and (b) show representative IXS scans re- with a toroidal mirror provided a 0%0.5-mn? beam. In
corded at the YbLs edge of the YhFe,B, by monitoring the  poiy cases, the incident beam was linearly polarized in the
3ds;—2py, radiative decay channel. Three groups of features, lay, i, onta| plane. The scattered radiation was analyzed by a
beledA, B, andC, can b_e identified. Feature A is much weaker than 1-m spherical crystal spectrometer in Rowland geometry, at
featuresB and C, and is therefore shown on a reduced scale, fo-,~o . . . . n
cused on the low-incident-energy part of the surface, in pénel 9Q scatterlng_angle in the horizontal plane in order to_ mini-
Panel(c) shows the energy positions in the¢,A ") plane of the mlze the qontrlbutlon f.rom nonresonant Thomson and inglas-
different maxima observed in the recorded IXS scans. tic scattering. The choice of e!the_'r thels3,— 2ps); (La_l) or
4dsp 32— 2P32 (LB2,19 deexcitation channel was driven by
FeatureB is ascribed to the localizedd34f35d"** fingl— ::)rliv?c\i/iilgljaglr%gmaig(l:gg Vl:i;]tlvigter? r3é?5t°a | aizalg;sri;egfgg? To
state multiplet, resonantly enhanced at tpe4f*°5d"“* in-  comply with the geometrical constraints of the experimental
termediate state excitation energy, corresponding to the dietup. This implied slight differences in the energy resolution
polar 2p—5d channel. The much weaker featuke is  achieved for different samples. The overall experimental
assigned to the @4f%5d" final state which is resonantly resolution was better than 1-eV full width at half maximum
enhanced at thefP4f1%5d" intermediate-state excitation en- (FWHM) at X21 and within the range of 1-1.5 eV FWHM
ergy, corresponding to the quadrupolgp-24f excitation at ID16. The emission lines and absorption edge energies
channel. In both cases the intermediate state is a result @fround which the experiments were performed are presented
excitations into localized states. Although RIXS does notin Table I, together with the utilized analyzer reflection. The
allow a direct multipolar assignment of the observed featare-earth alloys were prepared by arc melting the starting
tures, sufficient experimental and theoretical evidence i€lements in Ar atmosphere. A more detailed description of
available to support our assignment, besides simple qualitats preparation and characterization is given elsewfiere.
tive arguments: Featurd is observed at a lower-energy Powdered samples of about 2-mm thickness sealed in kapton
transfer than featurB, i.e., at smaller intermediate state ex- tape were used in the inelastic scattering experiments. Trans-
citation energies. This is consistent with the strength of thenission absorption spectra obtained on thin samples were
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FIG. 2. Resonant inelastic
X-ray scattering spectra measured
in R,Fe B for light rare earths
(R=Nd, Sm, and Gjlas a func-
tion of energy transferAE. For
the sake of clarity, the spectra
have been scaled to the same
maximum height, by a factor dis-
played on the right side of each
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recorded and scaled to absolute values using tabulated valugge ¢n+ 15d7‘, arising  from  quadrupolar  [2— 4f
for the photoelectric absorption coefficiept well below  ihtermediate-state excitations, appears at the low-energy-
and above the absorption threshold. The absorption specttgnsfer side. While in light rare earths they do not appear
obtained in this way were used to correct the IXS Spectrurn,ery pronounced, they become more distinct as one contin-
for self-absorption effects. ues in the R series. In particular for DyFe,B and
Tm,Fe 4B, the multiplet is spread over a few eV, and is
composed of more than one line. Moreover, one can observe
V. RESULTS AND DISCUSSION that the energy separation between B2andE1 multiplets
A. Experimental RIXS spectra increases with increasing atomic numizer
The whole set of experimental spectra obtained in th The energy width of the=1 RIX-S f'eature n mgtalllq .
T - esystems is larger than that found in insulators, since it is
RoFeB series is shown in Figs. R=Nd, Sm, Gdand 3 giiacty related to the width of the rare-eartd 5and. This
(R=Tb, Dy, Ho, Er, Tm, Yb. The spectra are presented asmaes the details of feature hard to observe in a metallic
a function of energy transfeAE=%(w—w’), instead of  gystem. For example, the quadrupolar double structure cal-

sc.at'tere'd energy. In _this way, featu'r,ésand B (i.e.,'those culated for GE32which was observeéd at the GdL, edge
originating from transitions into localized statesmain ata | GdyGa,0y,, cannot be identified by eye inspection in our
constant position as the |nC|dent_ photon energy is fcune IXS experiment on GgdFe B, nor in that performed on a
through the edge. In contrast to this, feat@¢appearing in hyre Gd metdf foil. However, the data analysis procedure
the high-incident-energy curves on top of each pamelves  presented in Sec. IV B reveals a remnant of such a structure
toward higherAE values as the incident energy increaseseven in our datdsee Fig. 5.
above threshold. The incident photon energy at which the To investigate the evolution of the intensities of the two
IXS spectrum has been recorded is indicated at the left sidgultiplets A and B as a function of incident photon energy,
of each curve. In order to render the whole series of datave recorded scans at constant energy transfer, corresponding
visible in a single picture, the spectra have been normalizetb the excitation energy of th& andB final-state multiplets.
to the same maximum height. The applied scaling factors aréhese(CFS scans are a direct way to find the excitation
displayed at the right side of each spectrum. energy of a given transition from the ground to the interme-
The spectra for all compounds show some common feadiate state. However, the intensity due to quadrupolar exci-
tures and systematics, with the same assignments as for tk@tions can not be correctly determined, because the CFS
case of Yb. The dominating features correspond tcScans corresponding to quadrupolar transitions usually lie on
nd%4f"5d"*! final states, not dispersing iME, and the d|p.olar. tail of the doml_natlndf_.l multiplet. A correct
9 ene % o determination ofEl andE2 intensities therefore requires a
nd°4f"5d"e* final states, constituting thea; (n=3) or  yroper decomposition of the experimental spectra. This has
LB21s (n=4) fluorescence, observed at increasinE  peen attempted by describing the experimental RIXS spectra
(fixed scattered energy The shape of these fluorescenceas a sum of phenomenological profiles. The fitting procedure
lines, in particular toward larger energy transfers, is differeniof the experimental curves is described in detail in Sec.
for each rare-earth compound, since it is controlled by they B.
electrostatic and exchange interactions between the48)
and 4 electronic shells. This in turn strongly depends on the B. Fitting procedure and results
occupancy of the #ishell and the principal quantum number  For eachR ion, the first step is to fit the profile of the
n of the final state core hole. The multiplet of type fluorescence line recorded at the highest incident energy. In



PRB 60 QUADRUPOLAR EXCITATION CHANNELS AT THEL;. .. 13501

DyzFe14sB HozFe14B
3dsp— 2psz 3dsa— 2ps2
2.
7802.7
1.9
1.4 -

TbaFe14B
3ds2— 2psz

7537

units)

3
=]
2
>
Z
s
e
=
7]
>
L}
-]
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general, a sum of two pseudovoigt profiles is the minimaling the energy position of the fluorescence profile by 7823
functional assumption which allows a proper reproduction of—#% » and adjusting the intensity of the profile.

the asymmetric shape of the fluorescence line with a mini- As i approaches the absorption edge energy, fedure
mum number of parameters. This is a fully phenomenologistarts to contribute in the low-energy-transfer part of the
cal approach, and no theoretical considerations have beeapectrum(at a constanA E value. In such a case, the spectra
taken into account when obtaining this fitted profile. As anhave been fitted by two groups of profiles with the same
example, in Fig. 4 we show the analysis performed forshape determined previously from they; fluoresence: one
Dy,Fe ,B. Panel(a) shows the experimental)) and the centered at fixed scattered energy, corresponding to feature
fitted profile (full line) of the Dy La; line at Zw C, and one at fixed energy transfer, corresponding to feature
=7823 eV, 33 eV above the absorption edge. The fitted proB. The choice of the same shape for featuBeand C can be

file is the sum of two pseudo-Voigt peaks, indicated byjustified by the fact that the respective multiplets only differ
dashed lines. The resulting fitted profile is then used to fit théoy the occupancy of thedbshell. Panelb) in Fig. 4 shows
other RIXS spectra in the high-energy region above thehe Dy RIXS spectra fofiw=7802.7 eV. The full line is the
threshold with the constraints that the intensities and widthsum of the two described contributions, shown as dashed
of each pseudo-Voigt peak are not allowed to change inddines.

pendently. All the spectra recorded/a® within this high- The spectra excited with incident photon energies around
incident-energy region can be successfully fitted by displacthe whiteline maximum are slightly narrower whereas the
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tributions (right panels,O) in severalR,Fe B systems R=Gd,

AE (eV)

AE (eV)

Ho, Er, and YB and the corresponding ones for Gd, Ho, and|&ft

panel3, calculated in the pre-edge region as available from litera-
ture (Ref. 31). The Yb calculated curve is a single Lorentzian. The
lines shown in the left panels have been obtained by fitting the

FIG. 4. lllustration of the fit and_decomposition procedu_re for experimental data with pseudo-Voigt profiles at positions given by
the Dy RIXS spectra. The open circles denote the experlmentqheory. For further details. see text.

data, the solid line the best fit, and the dashed lines the individual

components of the fit. For excitation energies well above threshol% ectra below the absorotion threshold displav an increasin
[panel(a)] two pseudo-Voigt profiles are used to account for the P P piay 9

asymmetric shape of the line. Par(®) shows the best fit for a width. This is the well-known behavior in the so-called reso-
spectrum recorded slightly above the whiteline energy. In this casgIant Raman regime. It IS easily derived by inspection Qf the
two groups of functions of the same shape as the fluorescence “r{gsor_lant Qenomlnat(_)r_ _|n Edl) a”O_' energy conservanon_
in panel(a) are utilized. Panelc) shows the best fit for a spectrum cor?5|derat_|ons. The initially determined fluorescence profile
recorded in the pre-edge region. The shape of the quadrupolar feg§atisfactorily reproduces the observed shape of feaBire
ture A is obtained by subtraction of the dipolar part. Pajg) ~ When recorded at low incident energies just by slightly en-
shows the experimental quadrupolar contribution, and a fit utilizinglarging its width (by at most 15% This is illustrated in
four Lorentzian functions, in comparison with the theoretical onepanel(c) of Fig. 4. The quadrupolar contribution can thus be
[panel(d2) and Ref. 19. The different contributions to this multip- extracted by subtracting the fitted dipolar contribution. The
let family which can be identified are labeled b, c, andd. For  result of this procedure is shown in parell) of Fig. 4,
further details see text. where the quadrupolar part of the experimental data is shown
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as open circles. For the BY ion, the quadrupolar contribu- width of I'=0.5 eV, which is significantly smaller than the
tion has been previously calculatéd>>*and the energies of €xperimental resolution. However, by using the same proce-
several quadrupolar contributions have been predicted. Idure described for Dy, it is possible to fit tB2 contribution
panel(d2) of Fig. 4, we show the calculated curve from Ref. extracted from the experimental data with a combination of
19 (which is essentially the same as those calculated by otheontributions at fixed positions given by theory. This leads to
authoré>®) for an incident energy close to that of the ex- the curves shown with the experimental data in the left pan-
perimental data shown in pan@l). The arrows indicate the €ls in Fig. 5. The overall agreement is very good, though the
energy positions of the predicted quadrupolar contributionsexperimental curves are broaddr¢(,=1 eV), and very
The agreement between the calculated and experimentalosely lying theoretical structures merge together. More-
curves is rather good. It is important to note that this quali-over, the observed profiles are more Voigt-like than pure
tative agreement with the calculat&® part gives convinc- Lorentzian ones as a result of the convolution of the experi-
ing evidence for theE2 nature of the observed pre-edge mental and lifetime induced broadenings. To further stress
absorption channels, even though RIXS itself does not allowhis point, we include the Yb data, where &2 contribution
a direct multipolar assignment of a given spectral featureis composed of a single line due to itsf*4 electronic
Such an agreement allows inclusion in the fitting procedurg@round-state configuration. In analogy to the other theoreti-
of several quadrupolar contributions to describe the observeel curves, it is shown broadened by & 0.5 eV Lorentzian
signal. The positions are fixed by the theory, and the width isn the right panel, whereas the experimerial feature, dis-
fixed to the experimental resolution value. However, to re-played in the left panel, is best fitted with a pseudo-Voigt
duce the number of free parameters, we have allowed foprofile of approximately 2-eV width.
three peaks instead of five: featueandd of the calculated With the procedure described above, the data sets & all
profile are too close to be resolved by our experiment andompounds were successfully analyzed, and for each inci-
have been merged into one; featerbas not been included dent photon energy the integrated intensities of the main fea-
as it appears too high in energy transfer to be separated frothres could be determined. These separated sets of dipolar
the dipolar main line. The resulting fit is shown as a solidand quadrupolar integrated intensities yield the resonance en-
line in panel(dl), and as dashed line as well in paie). ergies of theE1l andE2 features, and more importantly, they
For Ho, Gd, and Er, theoretical calculations of th2 part ~ provide the correct ratio oE2 to E1 transition strengths,
of the RIXS signal are as well available,and a general since theE1l contribution to theE2 feature has been accu-
agreement between theory and experiment is found, astely subtracted. The results of the analysis are summarized
shown in Fig. 5. For these three rare earths we show thi@ Fig. 6. For eaclr,Fe;,B system, we plot, as a function of
experimental quadrupolar multipleteft panels, O), ex-  the incident energy, the intensities obtained for the dipolar
tracted as described above for Dy, together with the calculat©O) and quadrupolar [{1) contributions. The results are
tions performed by van Veenendastlal®! in the pre-edge shown in arbitrary units. The intensities have been normal-
region (right panel$. The calculated curves cannot be di- ized in such a way that the dipolar scétegght side of each
rectly compared to our experimental results: first, the inci-plot) has a maximum of unity. In order to render the quadru-
dent photon energies of both do not match exactly, and segolar contribution visible, the data are referred to different
ond, the theoretical curves were calculated with an overalscales on the left and right sides of the plot, but in the same
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arbitrary units. The experimental CFS scans of the dipolar 0
featuresB (dotted thick ling are also shown in Fig. 6. They

have been conveniently scaled to adjust the maximum inten—§

sities obtained from the fitting analysis of the IXS data. To £ 4.0+
guide the eye, profiles fitting the extracted quadrupolar inten- 3
sities have also been incuded in the figure. The integrated™

A2 features O XMCD

intensity ascribed to dipolar transitions is the sunBandC o 80F

features. This is the reason for the “absorption-edge-like” Uj“ Al features

shape of the resulting curve. TBeandC intensities have not I A features

been independently presented because the strong dipola A20F L L
resonance occurring at the whiteline incident energy has an ~a_
important contribution from botf and C structures. These s T,

contributions are difficult to separate between the edge and
the whiteline energies. The integral of the whole experimen-
tal curve is a value which can be determined with much
better accuracy than the separate intensities oBtlaed C
features.

As we pointed out already in our previous publicatién,
for Nd and Sm it has been necessary to fit the experimental | NS
data with two additional profiles below the dominating dipo-
lar final-state feature. The analysis shows that the two fea- e Na_ 5m. Ga_ Dy B %
tures, labeledd1 andA2 and represented in Fig. 6 by black La Pr Pm Eu Th Ho Tm Lu
and white squares, respectively, resonate at slightly different
energies. The peak intensities of these two structures coin- FIG. 7. Top panel: Energy separati@,—Eg; between the
cide with a “negative to positive” double structure in the quadrupolar and dipolar resonance energies, as derived from RIXS
corresponding XMCD’ Both RIXS and XMCD structures (¢) and XMCD (©) as a function of theR element. Lines are
can be interpreted within a simple one-electron picture: th@Uides to the eye. Bottom panel: Ratio of quadrupolar to dipolar

e . . transition strength obtained from the analysis described in the text

Al structure originated in the promotion of a core electron to : . )

. . . o " . as a function of theR element. The solid and dashed lines result
a hole in the partially f'lled spin-up” 4 subshell, giving from fitting the theoreticaE2/E1 intensity evolution to our results
rise to the D34f("* V154" intermediate state, i.e., to excited (@) and to values from Ref. 18<), respectively. See text for
terms with total spinS = (n+1)/2. Alternatively, theA2 more details.
feature corresponds to the2 excitation to the fully empty
“spin-down” 4f subshell, with a p°4f"11'5d" intermedi-
ate state, and to excited terms with total sgir (n—1)/2. the main E2 feature. A similar behavior, but less pro-
Due to the first Hund’s rule, thef2* configuration related nounced, is also observed for Tb and Dy, where Hiz
to the A2 feature is more energetic than that to #, and  intensity variation shows a small shoulder toward higher in-
consequently has a higher-energy transfer in the RIXS speident photon energies.
tra. The experimental energy separation betw&erandA2 In our previous papéf we performed a comparison be-
features is in good agreement with the energy difference beween the position of the quadrupolar RIXS features with the
tween the ground and the first excited terms fdi"4  XMCD spectra recorded on the same samples. The excellent
configurations.’*334 Recent calculations of th€2 2p  agreement between the positions of diverse features found on
—4f XAS spectrd” for Nd and Sm show as well the exis- RIXS and XMCD experiments strongly suggested b2
tence of a double-peak structure, compatible with our obsererigin of the L5 dichroic pre-edge structures. This was pos-
vation. Moreover, our model explains as well the change oferiorly confirmed® in the case of NgFe ;B by an analysis
sign of theE2 dichroic signal at thé.; edges of light rare of the temperature and angular dependence of XMCD upon
earths, a quite general fact observed in several systems. Thise spin reorientation transition that this compound under-
interpretation is also in accord with a quantitative analysis ofyoes afT~ 135 K.

E2 / El ratio
[
S

XRMS on NdFe;,B.>® Moreover, Hagu® independently The quantitative results concerning the energy position
confirmed the presence of th&l and A2 structures in a and the relative strength of quadrupolar to dipolar excitation
RIXS study on Ce compounds. channel are summarized in Fig. 7. The top panel shows the

The analysis for Hg~e 4B reveals another peculiarity. separation between the resonance energies of the quadrupo-
Despite the fact that in the RIXS spectra a second discretiar and dipolar feature€g,—Eg, (¢). For completeness,
feature at the low-energy-transfer side of the feature can the energy position in the corresponding XMCD spectra of
not be identified, the spectral decomposition leads to an inthe R,Fe ,B compounds are displayed as wel) ). Features
tensity variation with two peaks. This high-enerBp fea- A andA2 in heavy and lighR, respectively, follow the same
ture resonates-4+1 eV below the dipolar resonance. This trend as a function of the filling of thef4shell. This is well
behavior was reproduced in calculations of thé Hguadru-  understood with the proposed model as the photoelectron is
polar RIXS by van Veenendaat al.® where a second?2 excited to the samef4subshell. TheEg,—Eg; values and
contribution appears at about 3-eV larger energy transfer aheir evolution through the rare-earth series are in good
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agr%(lement with available theoretical results for=RGd to The general agreement between the results from different
Tm. ) experiments and data analysis allow us to make a prediction

In particular, the extracted value dEe;—Ee1=11.3 {5 the E2/E1 ratio to be found in Ce and Pr compounds: the
+0.4 eV for Yh,Fe,B confirms the previously made predic- 415 anq fits shown in Fig. 7 lead to a range of values of
tion of Eg—Eg=105-15 eV, ex”aé[’?‘?'ated from - £5/E1=0.037+0.008 and 0.0340.008 for Ce and Pr, re-
ISTJe o:;e{xgs fgfn\?b?gg \:\t‘:” r?ﬁ:ﬁg&g;_ef:" risl\ljllésD spectively. These ratios should arise from integratior\ bf

99 ' 9y and A2 features, whose energies with respect to the dipolar

peak is ofE2 character, as it appears at an incident energ . . .
~12 eV below the dipolar resonance. This is in disagre;fesonance can be obtained by inspection of the top panel of

ment with a previous analysis of temperature dependerﬁ'g' £

XMCD spectral where the central feature at the Y en-

ergy, 5 eV below the whiteline maximum was identified as a

quadrupolar contribution. A similar(though less pro- V. CONCLUSION

37 ;
nounced hump was found by Chabast al."" in the XMCD We have presented a systematic resonant inelastic x-ray

at the YbLs edge on YbFe,B, whose energy position is  gcattering study at the, absorption edge of rare-earth ions
also shown in Fig. 7. ;

. . gn the R,Fe 4B series of intermetallic magnetic materials. A
The bottom panel of Fig. 7 shows the relative strength ofyecomposition of each individual IXS spectrum has been
the E2 channel compared to thel channel for the rare-

erformed by fitting pseudo-Voigt functions to the dominat-

featuresB. The E2 contributions were extracted by integra- {4 intensity evolution o1 andE2 features as a function

tion of the fitted Lorentzian profile. For Nd and Sm, the ot hcident photon energy, resulting in the determination

intensities of the two quadrupolar features were added. D&t poth their resonance energies and their relative strengths.
spite the quite large error bars, a decreasing trend of h¢pe guadrupolar origin of the observed pre-edge features
E2/E1 intensity ratio with increasing atomic number can be;q supported by the agreement with the quadrupolar
observed, ranging in this series frdf2/E1=0.027 for Nd g3 spectra calculated by different authors. We want

to 0.0065 for Yb. Qualitatively, this behavior can be easily;; gtress that theE2/E1 intensity ratio obtained from

understood: while th£_1 intensity remains a_pproxi_mately RIXS experiments provides the partl andE2 absorption
constant along the series, one expects E2eintensity ©0 o5 sections, as the integrated intensity of the inelastic

decrease as the number of unoccupiédstates is reduced y_ray scattering spectrum at a given incident energy, and that
from Nd to Yb. As a matter of fact, thE2/E1 ratio is pro- it is proportional to the absorption cross section at this
portional to (14-n)(Za)“ (wherea=1/137 is the fine struc- energy?!

18 H
ture constant and the number of 4 electrons.™ The solid This work gives a set of experimental test values for the
data with the above functional dependence. the dipolar ones in metallic systems, which should be useful

A decreasing trend of the quadrupolar to dipolar strengthy, the validation of combined band theory—atomic multiplet
ratio was also obtained by Loeffest al., by deconvolution  cgiculations intending a theoretical description of the core-
of high-quality absorpt.ion specﬁgaregorded at thd=.3. edges pole spectroscopiegespecially magnetic ongst the L, 5
of Gd, Dy, Ho, and Er in a group of five rare-earth insulators.gpsorption edges of rare-earth ions, as well as allowing the
Their results are plotted for comparison as well in the bottomproper use of the magneto-optical sum rules at the hybridized

panel of Fig. 7 (>). The overall agreement between the 5 orpitals of rare-earth ions in intermetallic systems.
results of two very different methods to obtain tB2/E1

ratios is very satisfying. The best fit of the (14)(Za)?
dependence to the results from Ref. 18 is shown as a dashed
line, evidencing a quantitative agreement with our results for
Dy, Ho, Er, Tm, and Yb. For Gd, Th, Sm, and Nd, we find  We wish to thank the staffs of the European Synchrotron
slightly lower E2/E1 values, althougk2/E1=0.018 for Gd  Radiation Facility and the National Synchrotron Light
is coincident with the value previously foultdn the insu-  Source for their assistance during the experiments. F. Sette
lating garnet GgGa;04,. These slight differences would be and C. C. Kao are specially acknowledged for the design
related to the fact that as one approaches the light rare earthad construction of the ESRF ID16 and NSLS X21 beam-
the energy difference between quadrup@arand dipolaB  lines, respectively, and their valuable help during the experi-
features decreases, thus making a proper separation difficufbents. J. Chaboy is acknowledged for fruitful discussions
This is evidenced for Dy in Fig. 4 by the imposibility of and for providing the samples used in the experiments. We
separately observing the predicted feature labelesd con- thank L. See for useful discussions and support. F.B.
sequently, of computing its contribution. The increase of theacknowledges the European Commission, which partially
error bars for light rare earths is also related to this systemfinanced this work through a Marie Curie grant, and a
atic error. CAI-DGA Europa grant.
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