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Rare-earth orbital contribution to the Fe K-edge x-ray magnetic circular dichroism in rare-earth
transition-metal intermetallic compounds
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We present a systematic x-ray magnetic circular dichr¢gl$MCD) study performed at the R€-edge of the
RFe Ti intermetallic materials (R, rare eajthVe have investigated the contribution of the rare-earth sublat-
tice to the dichroism of the transition metal. The existence of a magnetic contribution of the rare earth has been
identified and isolated from the whole spectrum. This contribution is found to be related to the rare-earth
moment even when one is looking at the lkk@dge absorption. The contribution of the rare earths to the total
XMCD signal has been extracted for both pure and hydride derivatives, showing the decrease of the rare-earth
magnetic moment upon hydrogen absorption.
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[. INTRODUCTION ever, it has been shown that the approximations used for the
sum-rules derivation are not valid in the case of the rare-

The understanding of the magnetic properties of theIR- €arthL; sedge spectra. -
(R, rare earthM, transition metalintermetallic compounds In recent works, we have explored the feasibility offered

needs the magnetic characterization of the conduction bangy the study of the F&-edge XMCD in RM intermetallic
In particular, the rare-earth & states mediate the compounds to characterize the rare-earth conduction

. . band®~8 Despite the fact that the relationship between the Fe
R(4f).'.M(3d) Interaction betwee_n the rare-gart_h and theK-edge XMCpD spectra and the local magrr:etic moments is
transition-metal iond.The magnetic characterization of the not well defined~6 our results indicate that) there is a
R-5d states is still unattained because their magnetic rergre-earth contribution to the Feedge XMCD, andii) this
sponse to macroscopic magnetic probes is hidden by that @bntribution reflects the magnetic state of the R atoms. To
the 4f electrons. The need for such a characterization is evedate, these results are limited to the systematic study of the
more patent in the case of ®- compounds with interstitial R Fe;4B series. Hence, it is necessary to extend previous
doping with light elements such as hydrogen or nitrogen. Iresearch to different R-Fe intermetallic series to establish if
this case, the interplay between electronic charge transfer i€ observed behavior constitutes a general characteristic of
the conduction bands and the change of thed3¢1(3d)  the FeK-edge XMCD in R-Fe intermetallic compounds.
hybridization plays a major role into determining the modi- TO this ?nd Wg preient her(; a syst(;matlc XM]FD Invest-
fication of the electronic and magnetic properties of undope(gatIon performed at the Fi edge in the case of RE

. . o ompounds and their hydride derivatives. The RFecom-
materials? However, these studies are strongly limited by the ounds have been extensively studied in the iast y&afs,

unfegsi_bility of macroscopic tool;, sych as magnetizatio_n., OFpecially those in which R is a heavy rare-earth ion. The
discriminating between the contribution of both the transitionknowledge of their magnetic properties turns them into ap-
metal and the rare-earth sublattices. Consequently, the inpropriate candidates for investigating the fundamental rela-
pact of the interstitial doping on each magnetic sublatticetionship between F&-edge XMCD and rare-earth magne-
cannot be separately accounted. tism in R-M intermetallics. In addition, detailed studies have
The microscopic magnetic characterization can be obbeen performed on both polycrystallffe®® and single-
tained by using the x-ray magnetic circular dichroismcrystal specimer$=!to determine the way in which the
(XMCD) technique. XMCD has attracted a great deal of at-hydrogen modifies the magnetic properties of the host
tention due to its atomic selectivity properties and to theRFe;Ti systems. If the previous relationship between the
formulation of the XMCD sum ruled? These sum rules in- iron XMCD and the rare-earth magnetic moment also holds
dicate that by simple integration of the XMCD signal it is for these series, it would be poss_ible to dgtermine the influ-
possible to get information on the ground-state expectatio§ce of hydrogen on the magnetic properties of both Fe and
value of both orbitdl and spit angular momenta of the rare-earth sublattices separately.
symmetry-selected valence electrons of a given atomic spe-
cies. Therefore, the use of XMCD was a very promising tool
to study the magnetism of the rare-earthéectrons in RM The RFgTi (R=Ce,Tb,Dy,Ho,Er,L) samples were pre-
intermetallics by tuning the R-, 3 absorption edges. How- pared by arc melting the pure elements under Ar protective
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atmosphere. Pure RER&i compounds were annealed in  TABLE I. Structural parameters of the Rf&iH, compounds
vacuum at 1000°C for a week. Hydrogenation of the sample§R= Ce, Tb, Dy, Ho, Er, and L a andc, lattice constantsy, unit
was carried out by using an automated experimental setuff!l volume.

based on the volumetric methd8iThe hydrogen absorption-
desorption properties were established at pressures up to

Gpmpound ad) cA VvV (A% cla AVIV (%)

MPa in the temperature range of 270-576°K. CeFa,Ti 8529 4.774 347.329 0.5597
The crystallinity of the samples and the homogeneity ofcerq,TiH,, 8559 4.797 351.396 0.5605 117
the hydrogen insertion were assessed from X-ray-diffractioRyrq i 8508 4.785 346.332 0.5624

(XRD) patterns on powdered samples. Structural characterrb,:eﬂ-nH06 8522 4.791 347.946 05622 0.47
ization was performed at room temperature by means OByFellTi " 8498 4786 345.629 0.5633
powder x-ray diffraction, using a rotating-anode Rigaku dif- DyFey,TiH 8500 4789 346750 0.5628 0.32
fractometer in the Bragg-Brentano geometry, with ICa- HqulTi 05 8.484 4781 344136 0.5636
radiation. The diffraction patterns were Rietveld refined us- ! ' ’ : )

ing the FULLPROF code®* We found that the majority phase HOFe“T.'HO'S 8.500 4.789  346.001 ~0.5634 0.54
with a ThMny, structure was formed in all the RE&i ErFa,TI 8.479 4.783 343828 05641
2 ErFe TiHoes 8.493 4.784 345109 0.5633 0.37

samples, being the presence of secondary phasés (and )
Fe,0,) less than<7% overall. The macroscopic magnetic ~UFeu™ 8.446 4.771 340322 0.5648
measurements were performed by using a commercial super-
conducting quantum interference device magnetometer
(Quantum Design MPMS-S5 Magnetic isotherms were With previous published daf4.The maximum magnetization
measured on loose powders in applied magnetic fields is found for both CeFgTi and LuFg;Ti compounds, while
<50 kOe. it is reduced for compounds in which the rare earth is mag-
Fe K-edge x-ray magnetic circular dichroism measure-netic, as a consequence of the ferrimagnetic coupling be-
ments were performed on the REFE compounds and their tween both the Fe and R sublattices. The introduction of
hydride derivatives at the beamline BL39XU of the SPring8hydrogen within the metallic host leads to a slight increase of
Facility.>® XMCD spectra were recorded in the transmissionthe magnetization for all the studied compounds. The in-
mode using the helicity-modulation technigifeFor the crease of magnetization is usually explained as due to the
measurements, homogeneous layers of the powderddttice expansion which strengthens the exchange interaction
samples were made by spreading of fine powders of the may reducing the negative exchange interactions between Fe
terial on an adhesive tape. Thickness and homogeneity of tHens. In addition, several authors have argued that the in-
samples were optimized to obtain the best signal-to-noiserease of the magnetization, and thereforeu@f, may be
ratio, giving a total absorption edge jumpl. The XMCD  accounted by considering the effect of electron transfer from
spectra were recorded at room temperature and under tiigydrogen to the iron sublattice, while the rare-earth moments
action of an applied magnetic field of 50 kOe. The spin-are less sensitive to the hydrogen uptak&?> Conse-
dependent absorption coefficient was then obtained as thguently, the modification ofur, upon hydriding is com-
difference of the absorption coefficiept,=(u~—u™) for ~ monly deduced from the analysis of magnetization by as-
antiparallel .~ and parallelu™ orientation of the photon suming that the rare-earth magnetic moments do not change
helicity and sample magnetization. The origin of the energyafter the hydrogen loading. However, no direct information
scale was chosen at the inflection point of the absorptiotiegarding the effect of hydrogen on the magnetic properties
edge and the spectra were normalized to the averaged abf both sublattices can be separately inferred by using mac-

sorption coefficient at high energy. roscopic probes as magnetization. Therefore, it is necessary
to perform several approximations in order to sort out the
IIl. RESULTS AND DISCUSSION modification of the magnetic contribution of both sublattices

induced by hydrogen. In this way, the simplest approach re-
The cell parameters of the RF&i and their hydride de- sides into considering thafi) the magnetization of the
rivatives, determined from the XRD patterns, are summaRFeTiH, compoundsM corresponds to the simpl#l .
rized in Table I. The ThMyy, structure is retained upon hy- +Mpg addition, whereMg and Mg, are, respectively, the
drogen absorption in agreement with previous results. Irmagnetization of the rare earth and iron sublattices; (@nd
addition, thec/a ratio of the alloys is slightly reduced, with Mg, is assumed to be the magnetization of one FHeom-
the exception of CeRgTi, after the hydrogenation process. pound in which R is nonmagnetic, i.e., Ce or Lu, and that it
The peculiar behavior of CeEdi hydride is linked to the remains unaltered through the whole Rf& series. The lat-
small modification of the Ce mixed-valence state previouslyter assumption is supported by the fact that both Ce and Lu

observed? compounds shows a very similar magnetization, correspond-
The behavior of the magnetization versus applied maging to an averagg.g. of 1.63 ug and 1.62ug, respectively.
netic field, for the pure RRgTi compounds is shown in Fig. According to the above approximations it is possible to

1. Both, room-temperature magnetization measured in an aglerive the magnetic moment of the rare earth from both pure
plied magnetic fieldH =50 kOe,Ms7, and saturation mag- RFe;Ti compounds and their hydride derivatives
netization Mg, determined from HondaM versus 1H) RFe TiH,. As shown in Table II, the obtained values are
plots are reported in Table II. Our results are in agreementonsistent with a slight decreaseof upon hydriding, while
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Mee Femains practically unaltered. In particular, whereas forThe above macroscopic results suggest that hydrogen exerts
Tb and Dy compounds the decrease is near neglidiiole  an appreciable influence on the rare-earth magnetic sublat-
the Dy case even a slight 0.6% increase is obtaingda tice. This result is in contrast with the charge transfer models
significant depletion ofug is found in the case of Ho that consider the rare-earth moments less sensitive to the
(~18%) and Er (-11%) systems. To this respect it should hydrogen uptaké!?22°

be noted that several authors have reported that the magne- The knowledge of the influence of hydrogen on the con-
tization of ErFe.Ti at room temperature decreases uponduction states is fundamental to get a deeper insight into the
hydriding?® This result has been interpreted as reflecting thginderlying mechanism driving the change of the magnetic
increase of the Er sublattice magnetization upon hydridingproperties of these materials upon hydrogen uptake. Trying
However, the proposed increase @f; is in contradiction o monitor the modification of the electronic structure in-
with reporteq results on smgle—_crystal samptemnd, on the duced by hydrogen, we have performed a detaileéfeelge
other hand, it does not agree with the general trend Observgdjray-absorption spectroscopXAS) and XMCD study in

fo_r the whole RF@lTiI-!X series. Our magneti_zation d_ata, ob- both pure and hydrided REGi compounds. The study of
tame_d on polycrystalline samples., are consistent with t_hg e e near-edge region of the XAS spectrum offers a unique
duction of the rare-earth magnetic moment upon hydriding

opportunity to infer the electronic perturbation induced by
hydrogen as it is directly linked to the angular-momentum-
projected density of states. However, by contrast to previous
studies on the FFe;,BH, series’’ no significant variation of
the Fe K-edge XAS profile is found between the pure
RFe 1 Ti compounds and their hydride derivatives. This result

sublattice model and by assuming that the Fe magnetization of th'(l,:]d'C"jltes that the electronic perturbation induced by hydro-

RFe,TiH, compounds corresponds to the Ce- and Lu-based comJ€" at the Fe sites is very weak, _thus dl.s.regardlng the main
pounds, respectivelsee details in the text role of electron transfer effects into driving the observed

magnetic modifications. The diversity in behavior of the Fe

Compound Msr wrlce el YR K edge for both RFe,BH, and RFe;TiH, series can be
(ug/fu)  (mg/fu) (ugl/fu) (ug/fu) ascribed to the different maximum hydrogen content ob-

served in both series4 and 1 H atom/f.u., respectively

TABLE II. Magnetic parameters of the RR&iH, compounds
(R= Ce, Th, Dy, Ho, Er, and Lu My is the saturation magnetiza-
tion determined from Honda plotsee details in the texandM s
is the magnetization measured at 5uk|c. and ug|,, are the rare-
earth magnetic moments derived frdvhs; by applying the two-

CeFeyTi 17.97 0 0.15 18.24 While the nonpolarized XAS study does not report evi-
CeFe;TiHog 18.02 0 18.51 dence of relevant modifications of the absorption profile, the
TbFe;Ti 13.29 —4.68 —4.53 13.67 XMCD provides a insight on the magnetic behavior of these
TbFe;TiHog 13.35 —4.67 14.20 materials and of its modification upon hydriding. The nor-
DyFe, Ti 12.81 —5.16 —5.01 13.45 malized FeK-edge XMCD signals of Cek¢li and LuFg;Ti
DyFe; TiHg 5 12.83 —5.19 13.38 are shown in Fig. 2 and compared to that of Dyfe For
HoFeTi 14.00 -3.97 -3.82 14.86 the samples in which the rare earth is nonmagnetic, i.e., Ce
HoFeTiHg 5 14.76 -3.26 15.56 and Lu, the shape of the XMCD signal is similar to that of Fe
ErFe,Ti 14.40 —3.57 —3.42 15.48 metal, as previously observed for other intermetallic
ErFe,TiHo g5 14.85 -3.17 16.70 compound$-2In all the cases the spectrum is characterized
LuFe,Ti 17.82 ~0.15 0 18.28 by a prominent peak at the absorption edge and by a broad

dip at higher energies. However, in the case of DyFe the
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FIG. 2. Comparison of the H€-edge XMCD
signal for CeFgTi (M), LuFe;Ti (*), and
DyFe,Ti (dotted ling. The solid line corresponds
to the XMCD spectrum of pure Fe. For sake of
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absorption spectrum of CeR&i is also shown
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Fe K-edge XMCD profile is markedly different. Indeed, remains nearly constant through the whole RFeseries,
while the first narrow peak is still present and Unaltered,induding both CeFﬁ'ﬂ and LqulT| Compounds_ This re-
there is a second positive peak growing on the correspondingyit, support on the one hand, our previous hypothesis that
negative dip observed on the spectrum of both Ce and Lgply Fe is contributing to this XMCD feature. On the other
compounds. hand, this constant behavior indicates that the magnetization

Such a class of modification of the Fe XMCD profile, ¢ yhe Fe sublattice remains near unaltered through the series,

induced by the presence of a magnetic rare-earth neighboéi’need for the validit : .
y of the two sublattice model to estimate
was already addressed through the study of both yfeB mr from magnetization data. The absence of feaBiie the

compounds and their hydrides derivatifdsHowever, to ase of the nonmagnetic rare-earth compounds GeFand

date no other systematic study has been reported in order : L . I
discern if this trend is a peculiarity of the 2:14 systems or, onEu':e“TI suggests that it is due to the magnetic contribution

the contrary, it is a general trend in R-intermetallics. Try- of the rare earth. Th& intensity shows a maximum for Dy

ing to fill this gap we have performed the systematic mea2Nd @ pronounced decay for heavier Ho- and Er-based com-

surement of th F&-edge XNCD specta troughout he FOUTCS. T1 170 1s 1 soreement i the varional,
RFe 1Ti and their hydride derivatives RIiH,, R being a . nag ysis, 1.e., LIS 9

the magnetic contribution of the rare-earth sublattice.
heavy rare earth.

As shown in Fig. 3, all the RFgTi compounds exhibit the Further confirmation on the above discussion can be ob-
I o o . tained by considering the integral of theand B features in
positive peak typical of Fé¢featureA). In addition, there is

an additional peakB) appearing at-7 eV above the ab- the XMCD signals. We have applieq a similar' two-sublattice
sorption threshold. While the intensity of pe#@kremains method as used for the magnetization analysis. We have con-
. . C T sidered that the F&-edge XMCD signal of the RR¢Ti is
practically unvariable throughout the RFEE series, peald he addition of two components: XMGR, = XMCD
is strongly dependent on the specific rare earth. The sarntee a P e el ToR
behavior is already found in the case of the hydride deriva-" XMCDre, XMCDg and XMCD, being the magnetic con-
tives [Fig. 3(b)]. It should be also noted that for each rare-{ributions of the rare earth and Fe magnetic sublattices,
earth element, the comparison of the XMCD spectrum of thd€sPectively. Then, we have assumed that the contribution of
pure RFg,Ti compound and that of its hydride derivative the Fe sublattice, XMCR,, corresponds to the XMCD sig-
shows small differences in both shape and amplitude. Thigal of either CeFgTi or LuFe,Ti, i.e., the compounds in
result is in agreement with the slight modification of the Which the rare earth is nonmagnetic. Figure)Jeports the
magnetization found upon hydriding. results of applying this procedure: the integral of the
In our previous work on the fEe,,B series we suggested XMCDrremi Signal is compared to the integral of the ex-
that while A feature is exclusively due to Fe, featiBes due tracted XMCLy, the latter obtained after subtracting
to the hybridization of the outermost states of the absorbingMCDg, to the total XMCD signal for each REgi com-
Fe with the B states of the rare-earth neighbors. Thereforepound. In all the cases, the integrals have been performed
by isolating this contribution from the total Fe XMCD signal from —5 to 10 eV(from —5 to 2.5 eV forA peak and from
it would be possible to get some insight into the magnetic2.5 to 10 eV for pealB).
state of the rare earth even when the Fe atoms are probed. To These results confirm the previous trend found on the
verify this hypothesis we have compared the intensity of theR,Fe B series: there is a contribution to the Keedge
maxima of feature#\ and B to the values of the rare-earth XMCD spectra of R-Fe intermetallic compounds whose ori-
moment wg obtained from both free-ion values and from gin is due to the rare-earth magnetic moment even when one
magnetization data obtained according to a two-sublatticés looking at the Fe sites. Therefore, we have applied a simi-
model. As shown in Fig. 4, the intensity of the first pgalk  lar analysis to the case of the REE as an attempt to obtain
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FIG. 3. Comparison of the A¢-edge XMCD
signal of the RFgTi [panel(a)] and RFe,TiH,
[panel (b)] systems: R Ce (W), Tb (@), Dy
(A), Ho (#), Er (X), Lu (*). The vertical
scale corresponds to the Cepé (a) and
CeFg;H, g (b) compounds. All the signals have
been plotted by using the same scale and verti-
cally shifted for the sake of clarity.

FIG. 4. Comparison of the intensity of the
main spectral features in the XMCD spectra of
the RFg;Ti compounddA (®) and B ()] and
the modulus of the rare-earth magnetic moment
obtained from the free-ion valued( and from
magnetization data/). The magnetization data
of Table Il have been scaled to the free-ion values
to be displayed in the same frame. The dotted
lines are guides for eye.
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RFe, Ti

FIG. 5. (a) The shaded bars correspond to the
total integral (1) of the FeK-edge XMCD spec-
tra of the RFe,Ti compounds. The open bars rep-
' : resent the ;) integral of the FeK-edge XMCD
Ho Er Lu spectra of the RRgTi compounds after subtract-
ing the total integral of the Cel@i compound.
(b) Integral of theA (I,) andB (1) features on
Fe K-edge XMCD spectra of the RE&i and
| their hydride derivatives after subtracting, respec-
| RFe TiH | tively, the CeFgTi and CeFgTiH, XMCD sig-

" x nals. Pure compoundsRjj: black (1,) and white
bars (g); hydrides R-H labe): light-shaded
(14) and striped () bars[the (1) integrals are

§ § Y_- multiplied by — 1 for sake of clariy.
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information regarding the impact of hydrogen on both Fe andhe atomic volume. On the contrary, this effect seems to be
rare-earth magnetic sublattices separately. FiglserBports ~ mainly due to the change in the crystal field at the R-ion site
the comparison of the integrated signals of pedkedB for ~ upon hydrogen uptake. The analysis of the rare-earth contri-
both pure compounds and their hydrides after subtracting thieution to the FeK-edge XMCD supports the above picture.
XMCD signals of CeFgTi and CeFg,TiHy g, respectively. Finally, we have applied the sum-rule analysis to the total
According to our hypothesis we have then subtracted thé&eK-edge XMCD signals. According to th&edge sum rule
contribution of the Fe sublattice to the total eedge proposed by lgarashi and Hirat the integral of the Fe
XMCD spectra. As shown in Fig.(b) only the difference of K-edge XMCD signal is proportional to the orbital magnetic
the peakB area between pure and hydrided compounds isnoment of the Fe states(L,)|,, through the relation
significant, as expected if featuBearises from the contribu-
tion of the magnetic rare earth. These results indicate that el _ EV— 4t (E)IdE

hydrogen modifies both the Fe and the rare-earth magnetic [n (B)=p (B)] (Llp

moments. The fact thaky is affected by hydrogen is in Ec - Ny @
agreement with the observed modification of the magnetic f Ho(E) dE

anisotropy’! Indeed, as discussed by Nikitiet al,3! the

modification of the magnetic anisotropy constant upon hywhere u is the unpolarized absorption amd, is the hole
drogenation cannot be accounted in terms of the increase mumber projected to thepistates per atom. We have applied
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this expression to both REdi and RFegTiH, series by nal at the FeK edge. The orbital moment of thep4states is
asumming(Ref. 3 wo=3(u" +u™), Ny=5, and a cutoff mainly induced by that of the &8 states through the-d
energy E.=20 eV. The obtained ground-state expectationhybridization?'® Because of the existing Feg3-R(5d) hy-
values of(L,)|, per hole are plotted in Fig.(8). bridization it seems reasonable to think that the rare-earth

We have adopted the same convention for the sign of theontribution to the XMCD is related to thedSstates. The
circular dichroism as in Ref. 3, i.e., with the quantizationinfluence of hydrogen absorption on this contribution can be
axis determined by the direction of the Fe majority spins.@lso inferred from Fig. @), where the values ofL )|, for
Therefore, the orbital angular momeht, is positive, i.e. RFeyTi and their hydride derivatives are compared after
parallel to bothS,, andL s4. This result is in agreement with substracting the values obtained for Cgfe and
theoretical calculatiolsand neutron magnetic scattering CeFe;TiHq g, respectively. Also in this case, the result of the
reports®®% In addition, we find that(L,)|,=0.00017x5  comparison agrees with the proposed reduction of the rare-
and 0.00 018ug for CeFg,Ti and LuFg;Ti compounds, re- earth magnetic moment upon hydrogen absorption.
spectively. This value is in good agreement with theoretical
calculations reporting an orbital contribution of the Fp 4
states of 0.00 0145 for iron metal®

In the case of the RR¢Ti compounds in which R is mag- We have reported here a systematic XMCD study at the
netic, the orbital contribution of the Fepdstates is twice as iron K edge on RFgTi compounds and their hydride deriva-
much as that of CeRgTi or LuFe;4Ti. This result confirms tives. Our results confirm that the leedge XMCD signal
the influence of the rare-earth magnetism on the XMCD sigin R-Fe intermetallic compounds is due to the addition of

IV. SUMMARY AND CONCLUSIONS
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magnetic contributions from both the iron and the rare-eartiment, which is determined to decrease upon hydrogen ab-
sublattices. The comparison of the isolated R-sublattice magsorption, in agreement with magnetization data.
netic contribution to the XMCD and magnetization data in-

dicates that these signals resemble the magnetic state of the

rare earth.
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