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X-ray magnetic circular dichroism at the iron K edge in rare-earth-transition-metal
intermetallics: Experimental probe of the rare-earth magnetic moment
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We present a systematic x-ray magnetic-circular-dichrdi€MCD) study performed at the A¢ edge on
the R,Fe,,B series(R=rare earth and ¥ The magnetic XMCD signal has been identified as due to the
addition of two components associated with the magnetic contributions from the iron and the rare-earth
sublattices. The contribution of the rare-earth sublattice has been extracted from the total XMCD signal. The
integrated XMCD signal of th& component is proven to be directly correlated with Bnenagnetic moment.
[S0163-18297)50202-3

Since the discovery of NgFe;,B,! worldwide efforts the spin polarization of thedsempty states of the rare-earth
have been conducted to find novel materials among the irork ; 3 €dges. Moreover, it offers, in principle, the capability to
rich ternary compounds based on rare eaffRs showing Separate the spin and orbital contributions to the magnetic
high hard-magnet performance. Moreover, the interstitiafloments by use of theoretical sum rules derived within an
doping with light elements such as hydrogen or nitrogen ha&tomic framework. This model is able to describe also in a

been profusely developed as to become a new route to in{gther satisfactory way the XMCD signal coming from local-

] : ed electronic statg$e(3d) L , 3 edgesR(4f) M 45 edges.
prove the permanent-magnet technological performance [ﬁowever, recent works have shown the limitations of these

previously well-knownR-Fe compounds. ; 7 :
; . . .. sum rules, so that their validity when applied b, sedge
Previous x-ray absorption spectroscopy |nvest|gat|on%pectra of rare-earth metals is strongly questioned. In addi-

have addressed the existence of strong electronic effects iye | Wanget al. have shown that the conventional two-step
duced upon light atoms chargiAgThey conclude that the description of the XMCD process fails to account for Re

i_nterplay between electronic charge transfer to_the (_:onduq: , vedge spectra because it neglects the spin dependence of
tion bands and the change of tRe5d)-Fe(3d) hybridization  &” transition matrix elements induced by thed-4F
play a major role in governing the modification of the elec-exchangé. Indeed, systematic studies of the spin-dependent
tronic and magnetic properties of these systems. According , . absorption inR-Fe intermetallics indicate that the sign
to Campbell's model, th&-Fe interaction is determined by of the L , ; XMCD signals cannot be directly correlated to
the &i-3d hybridization through intra-atomic f46d ex-  the mutual orientation of the rare-earth and iron magnetic
change interactions and direct interatomid-R1 spin-spin  moments’® In the case of the irofik edge, where the pt
interactions, so that th& and Fe magnetic moments are empty states of Fe are probed, the interpretation of the
ferromagnetically(antiferromagnetically coupled for light XMCD spectra is still far from being solved. Thik-Fe
(heavy rare earths.Therefore, it is of paramount interest to XMCD profile has been described by taking into account the
characterize magnetically the(5d) states, which tune the spin splitting of the finap-projected states at the Fe site and
magnetic properties of thR-Fe intermetallic compounds, to the hybridization of the g and 3 state$ so that in some
obtain a further verification of these results. cases the behavior of the XMCD amplitude has been shown
This information can be gained by means of the x-rayto be correlated to variations in the local magnetizatidh.
magnetic-circular-dichroism(XMCD) technique. Indeed, However, to date the relationship between the K-edge
one of the most striking capabilities of XMCD applied to XMCD signals and the local magnetic moments is not well-
R-Fe intermetallics lies in the possibility of directly probing defined.
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In this paper we report a systematic Keedge XMCD
study at theK edge onR,Fe 4B systems. Our results show
that the study of the F&-edge XMCD signal yields an
experimental way to overcome the limitations of the
L , redge analysis to characterize tRebd-states. Our study
shows how the F&-edge XMCD signal is due to the addi-
tion of magnetic contributions from both the iron and the
rare-earth sublattices, so that they can be isolated and corre-
lated to the iron and rare-earth magnetic moments.

XMCD experiments have been performed at the ikon
edge inR,Fe; B (R=Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Er, |
Ho, Tm, Yb, and Lu. Several polycrystalline samples were R=ce
measured in different experimental runs at the Photon Fac-
tory (PF) synchrotron radiation facility of the National Labo-
ratory for High Energy Physic&EK) in Tsukuba. The mag-
netic XMCD experiments were performed at room
temperature in the transmission mode using left circularly R-Nd
polarized x rays on beamline B8at PF-KEK. The PF stor-
age ring was operated with a positron beam energy of 2.5
GeV and a maximum stored current of 360 mA. The x-ray
radiation was monochromatized using a220 double-
crystal monochromator, being the degree of circular polar-
ization after monochromatizatioR. ~ 0.35!! The XMCD -6
spectra were recorded by reversing the sample magnetization
for a fixed polarization of the incoming radiation. In our PN VAV EPYINEN SR | PR SSRGS PP IV BN
experimental setup a magnetic field of 0.6 T was applied w0 ég(ev) 20 -0 - ég(ev) 20
parallel to the plane of the sample at 45° to the incident beam
and reversed twice for each energy value. FIG. 1. Normalized x-ray magnetic circular dichroism spectra at

_The spin-dependent absorption coefficient has been ohpe Fek -edge for theR ,Fe; 8 compoundgR=rare earth and ¥
tained as the difference of the absorption coefficientrne scale(x109) is referred to theR=Y (left pane) and R=Gd

we=(u~ —n™) for antiparallel,u.~, and parallel,u™®, ori-  (right pane) case. For sake of clarity, the normalized Keedge
entation of the photon helicity and the magnetic field appliedXAS spectrum for Y,Fe,,B is also shown.
to the sample. The spectra were normalized to the averaged
absorption coefficient at high energy,, in order to elimi-  gained. This result is an indication of the influence of the
nate the dependence of the absorption on the sample thickarticular rare-earth magnetic atom on #d-e XMCD pro-
ness, so thatt(E)/ uo=[u (E)—u" (E)]/ uo corresponds file of each compound. The observed experimental behavior
to the dimensionless spin-dependent absorption coefficienacross the series indicates that this influence strongly de-
The origin of the energy scale was chosen at the inflectiopends on the magnetic state of the rare earth, i.e., nonmag-
point of the absorption edge. netic R, light R (J=L-S coupling, and heavy R

In Fig. 1 we show the normalized Fe-edge XMCD sig-  (J=L + S coupling.
nals for the measureR,Fe;,B compounds. In the case of In order to obtain a deeper insight on the origin of such
the nonmagnetic rare eartlika, Ce and Y, the XMCD behavior we have performed a further analysis in the frame-
spectra exhibit a characteristic two-peak structure at the alwork of a two-magnetic sublattice model. In this model, it is
sorption edge, similar to that of pure iron. The positive peakassumed that(i) the total magnetization of th&,Fe;,B
is very narrow, of about 4 eV, whereas the negative dip atompounds is the addition of the magnetization of the iron
higher energy covers an energy width of about 12 eV. In theand the rare-earth sublattices, i®l;=M g+M g.; and (ii)
case of the light rare-earth compour(@&-=Pr, Nd, and S the contribution of the Fe sublattice to the magnetization,
the XMCD signals exhibit a strong modification with respectM,, is identical to that of %Fe;,B. For each compound in
to the nonmagneti® based compoundsi) the negative dip the lanthanide series, the subtraction of this contribution to
gets narrower £8.5 eV) and its intensity becomes-2.5 the magnetization allows one to sort out the magnetic con-
times higher;(ii) an additional positive £ 8 eV wide con-  tribution coming from the rare-earth sublattice. In identical
tribution arises at the high-energy side of the negative dipmanner, in our model we assume the hypothesis that the total
This behavior is not exhibited by the heavy rare-earth comfe K-edge XMCD signal results from the addition of two
pounds: the XMCD signal of Gdre,,B resembles that of Fe components, associated with the magnetic contribution from
metal orR,Fe;,B compounds in whiclR is a nonmagnetic the Fe andR sublattices, respectively. To analyze our data
rare earth, see Fig. 1, except for a small positive contributiorunder this model, we have subtracted first the k-edge
arising just in the center of the negative dip. The intensity ofXMCD signal of Y,Fe 4B from the FeK-edge XMCD spec-
this feature is found to increase across the series from Gd twa of the R,Fe ,B series as shown in Fig. 2, then, the re-
Ho, for which the maximum intensity is reached, followed maining signal in the XMCD spectra is assigned to the rare-
by a progressive decrease till near disappearance for Yb. Fearth sublattice magnetic contribution. The validity of such
Lu,Fe4,B the normal behavior for nonmagnetiR is re-  an assumption is supported by the fact that in the case of the
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RgFe14B Fe K~edge been accounted for by considering the spin splitting of the
2 final p-projected states at the Fe site and the hybridization of
L R=Gd the 4p and 3 states, which modulates the weight of the
I V- 0 spin-dependent absorption cross-section for transitions to-
L wards majority(minority) 4p states-* In the R ,Fe;,B com-
R=Tb pounds, the Fe sublatti¢8d ', majority) determines the sign
I Vo of the magnetization. In thB-Fe intermetallic compounds a
¢ ReDy strong hybridization between the rare eartth &nd Fe-8
' | -2 orbitals is present, so one can expect an additional influence

of the R magnetic state on the Fe-edge XMCD signal. The
subtraction of the YFe;4,B contribution from the total
R,Fe;,B Fe K-edge XMCD signal,Fig. 2), would lead to
isolation of theR contribution to the F&-edge XMCD.
4 In this way, the two-peak profile of thB contribution
found in the case of the ligh® compoundgsee Fig. 2 can
be associated with the exchange splitting of tlk Hands
which occurs when there is a nonzerb shoment at theR
site, because of the intra-atomi¢-8d overlap. This raises
the energy of th&-minority 5d band of theR sublattice with
respect to that of its majority band. Hence, the negative sign
of the XMCD signal indicates that the spin of thd band
just above the Fermi level is antiparall®d ') to that of the
Fe atoms(3d!). So, the experimental XMCD signal identi-
fies the dominant & levels close to the Fermi level as those
of the minority-spin band, while the change of sign in fRe
T '1|o' = '210' BT — ‘1'0' = '2’0' — contribution to the XMCD signal for increasing energy im-
E - Eg(eV) E - Eg(eV) plies that above a certain energy the density @nfajority
band becomes dominant. This result is in agreement with
FIG. 2. Normalized x-ray magnetic circular dichroism spectra atprevious electronic structure calculations showing that the
the FeK-edge for theR,Fe;,B compoundgR=rare earth and ¥ highly localized 4 peak is found to be located near the
after the subtraction of the e, B XMCD signal. The scale Fermi level, and that the center of thel’5(5d ') band is
(X10°) is referred to thR=Y (left pane) andR=Gd (right panel  |ocated at about 4.%6.7) eV aboveE ( .*° On the other hand,
case. For sake of clarity, the normalized Iceedge XAS spectrum \hen a heavyR (Gd) is involved, the occupiedfdlevel lies
for Y ;Fey,B is also shown. below the Fermi level and the empty drbitals lies at about
3.1 eV above the Fermi lev&!.The XMCD data, showing a
nonmagnetiiR-based compound$l.a, Ce, and L) the sig-  prominent positive peak only indicating that the dominat 5
nals obtained by substraction of thefe,,B signal are zero empty states correspond to the majoritg Band, are in
within the signal-to-noise ratio, i.e., the Fg 4noment is  agreement to these electronic calculations.
nearly constant in the series. Indeed, despite that under sub- The above results indicate unambiguously that the ex-
stitution of yttrium by a magnetic lanthanide the mean mag-racted contribution to the A¢-edge XMCD signal shown in
netic contribution of iron to the magnetization is increasedFig. 2 reflects the magnetic state of tReatoms in these
up to 8%, Mamsbauer effect measurements G8fFe in  systems. In a simple model we propose that theKFedge
R,Fe,B compounds suggest that the electronic configuraXMCD signals are directly related to the @e,3d)-R(5d)
tion of iron atoms is nearly the same for all these com-hybridized band, and that the extracted signals resemble the
pounds, and that the irord3hell dominates the contribution magnetic state of the rare earth through the splitting of the 5
due to the conduction electron polarization to the Fe hypereomponent due to the exchange interaction with thendg-
fine fields!? netic moments. If so, the extracted signals should be related
After applying the subtraction procedure the remainingto the magnitude of th® magnetic moments. To verify this
signal for all the investigated lighR-compound$R=Pr, Nd,  point we present in Fig. 3 the comparison between the rare-
and Sm exhibits a negative peak centered at{ eV) above earth 4 magnetic moments according to Russel-Saunders
E o with a width that ranges between 6.5 and 9 eV, and aoupling and the absolute value of Feedge integrated
positive peak at-13 eV above the edge, its width ranging XMCD signal for theR,Fe;,B compounds after subtracting
between 7.4 and 8.2 eV. In the case of the heavy rare-earthise Y,Fe;,B spectrum. The maximum integrated XMCD
compounds the negative peak is strongly depressed, the madignal, corresponding to the Dy-based compound, has been
feature on the signal being a positive peak located at about §caled to the Dy magnetic moment, and the proportionality
eV above the edge, with a width that varies from 5.7 to 7 e\factor found was then applied to the whole XMCD signals.
across the series. The remarkable proportionality between the integrated
Within a one-electron framework and by introducing the R-component signal and ;J supports the above hypothesis
difference of the density of empty statégf), the XMCD at  and thus the validity of our model of additive contributions
the FeK edge is proportional ta\p(E)=p!(E)—p'(E),  to the XMCD. Moreover, th&k-component integrated signal
where | (1) holds for the majority (minority) spin  changes sign from the lighR-compoundsnegative to the
density™***In the case of iron metal, the XMCD profile has heavyR compounds(positive). This result agrees with the

R=Ho

N~

R=Er
N~

R=Tm

R=Sm
R=Yb

ot

Rl

R=Lu




R15 640 J. CHABOY et al. 54
moment. This result is rather surprising in view of the ex-
pected dependence of theM interaction on the & spin
value, according to the current models flef4f-5d) spin-
spin couplingt” Our results point towards the existence of
non-negligible orbital contribution of thedsmagnetic mo-
ment, arising from the overlap of thelmnd 4 shells, that is
in agreement with the model proposed by Jo and Imada to
account for the electron distribution in thd State due to the
4f-5d exchange interactioff. A similar conclusion has been
reached from the correlation found between the branching
ratio of the XMCD effect at_, ; edges and the orbital angu-
lar momentum of the rare earthL‘ztf) in RFe, Laves
phaseg?®
7 . Our study identifies the influence of the rare-earth mag-
— |Nd F—— T‘b 1')y I;o E'r T;n - 'Lu _netic state into the Fe(—edgg XMCD signals inR,Fe;,B _
intermetallic compounds. This signal results from the addi-
tion of two components, each one being due to the magnetic
contribution of both the iron and the rare-earth sublattices.
The contribution of th&R sublattice to the XMCD signal has
been extracted yielding a direct correlation to Bxenagnetic
The values ofS (solid line) andL (dashed lingfor the ground state momenF. Therefore we provide an approach .to Char_acterlze
of rare-earth ions along the lanthanide series are also shown, Whe;:gagnetlgally thER(S,d) States' and thus, ttfe-Fe interaction,
the sign refers to the spin of the Fe atoms, according to Campbell’g1 R-Fe intermetallics materials.
model (Ref. 3.
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FIG. 3. Comparison between the rare-earth Magnetic mo-
ments,gJ, according to Russel-Saunders coupling)(and the Fe
K-edge integrated XMCD signal for th&,Fe;,B compounds,
(©), after subtracting the Yre;,B spectrum(see text for details
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