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Modification of the rare-earth magnetic moment upon hydrogen absorption inR-Fe
intermetallics probed by Fe K-edge x-ray magnetic circular dichroism
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We present a systematic x-ray magnetic circular dichrd®&WMCD) study performed at the RA¢ edge on
the hydride derivatives of severBFe intermetallic materialsR=rare earth and ¥ The XMCD signal is
identified as being rare-earth dependent. The analysis of the dichroic signal has been performed according with
a two-sublattice model making a parallel to standard magnetization procedure. The contribution of the rare-
earth sublattice to the total Fe-edge XMCD signal has been extracted and proven to be directly correlated to
the R magnetic moment, which is determined to decrease upon hydrogen absorption.
[S0163-182698)02821-5

Most of the intermetallic compounds formed among rarehydrogenatioff. Therefore it seems reasonable to consider
earths R) and elements of thd-transition seriesNl) can that the rare-earth sublattice should also be affected by the
form stable hydrides and, very often, hydrogen absorptiorabsorption process. Dalmas de Reogeal. have proposed
leads to strong changes of the macroscopic structural arthat the overlap of the Fed3and R 5 wave functions may
magnetic properties of these material§he interest in the be screened by hydrogen and thus increase the localization
study of these hydrides has been triggered in the last years land magnitude of the Fe momenRtThis proposition is in
the discovery of theR,Fe B materials>® Notwithstanding agreement with rare-earth nuclei ‘SBbauer spectroscopy
that theseR,Fe B compounds exhibit high-performance and x-ray absorption spectroscopy results, reporting, respec-
permanent-magnet properties, their ordering temperafiyes tively, the significant reduction of the hyperfine fields, di-
are sufficiently low to render them unsuitable for some techrectly related to th&R magnetic moment, and the modifica-
nological application§. Consequently, a great body of re- tion of the R(5d)-Fe(3d) hybridization upon hydrogen
search has been devoted to overcome this limitation, beingptake!®~? This 3d-5d hybridization is the key role into
found that hydrogen absorption is one of the most notablgoverning theR-Fe interaction and, consequently, the mag-
mechanisms able to achieve higher magnetic ordering temmetic properties of the system. Therefore, it is of paramount
perature in these system$. interest to characterize magnetically the conduction states to

For all theR,Fe;,B compounds an increase of the mag- obtain a deeper insight into the mechanism which tunes the
netization andT, was found upon hydrogen uptakélhe  change of the magnetic properties of tRgFe B interme-
increase in the magnetization is usually ascribed to the ertallics upon hydrogen uptake.
hancement of the Fe magnetic moments, in agreement with In this work we present a detailed x-ray magnetic circular
the increase of the hyperfine field at the different Fe siteslichroism(XMCD) study performed at the A€ edge in the
measured by’Fe Massbauer spectroscopyhe Fe moment  R,Fe ,BH, hydrides, in order to obtain a better understand-
enhancement is usually deduced from the analysis of magné&ig of the role played by hydrogen into driving the modifi-
tization data by considering that tH® moments do not cation of the magnetic behavior of these intermetallic com-
change after the hydrogen loading. Indeed, despite the fagounds. XMCD experiments have been performed at the iron
that the moment increase indicates that hydrogen exerts df edge in theR,Fe ,BH, hydrides, where, the maximum
appreciable influence on the electronic structure of the syshydrogen content, ranges from 3.5 to 6 as a function of the
tem, it is @ common practice to consider tRemoments as rare earth R=Y, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Ho, and
being less sensitive to the hydrogen uptake. However, hydrd=u).%'* Samples were prepared by arc melting the starting
gen atoms are located in the vicinity of tieeatoms and a elementgpurity 99.9%) under purified Ar atmosphere. Both
dramatic loss in the magnetocrystalline anisotropy, domiphase and structural analysis were performed on a standard
nated by the rare-earth contribution, is observed uporx-ray diffractometer. The hydrogen absorption-desorption

0163-1829/98/521)/133864)/$15.00 57 13 386 © 1998 The American Physical Society



57 BRIEF REPORTS 13 387

RpFe14BHy Fe K—edge

L L . — 1.0
05— . 05— 9 ]
: “ : Eh s ]
. b Z
L & R - (y: X -'IXXX ‘. — 0.8 9;
8 bea M NI R B
5 OO oopes o LS @:'»?&ﬁ &
o C T - ok T 0.6 §
s 1L i B 1 .
i oot r . ] o
05 b -05— % — 048
L X ¢ Y L - X? oY G
L Gd L XX x o Pr g
r x Dy o (‘.)ng o Ce _| 02 B
-1.0— — Ho —-1.0— s x Nd - :
Lo -
F ¢ Er F R ]
1 1111 | 1111 | 1111 | 111 1 | 1111 | 1111 | 11 I_ .0
7100 7110 7120 7130 7100 7110 7120 7130
Energy (eV) Energy (eV)

FIG. 1. Normalized x-ray magnetic circular dichroism spectra at thi Eelge for theR,Fe;,BH, compounds. Left paneR=Y (circles, Gd (dotg, Dy
(crossey Ho (solid line), and Er(open triangles Right panelR=Y (circles, Ce (open squargsNd (crossel and Pr(open diamonds For sake of clarity,
the normalized F&-edge XAS spectrum for ¥e,BH, is also shown in the right pané&olid line).

properties were established according to the standardompounds. This is illustrated in Fig. 1, where thekFedge
method<$:* by using a volumetric automated experimental XMCD signal of Y,Fe,BH, is compared to that of the

setup described elsewhére. R,Fe BH, compounds wittR=Ce, Nd, Pr, Gd, Dy, Ho, and
Several polycrystalline samples were measured in differEr.
ent experimental runs at the Photon Fact@fp) synchrotron In the case of compounds in whiéhis a light rare earth,

radiation facility of the National Laboratory for High Energy no modification of the positive peak shape is detected, and
Physics(KEK) in Tsukuba. The magnetic XMCD experi- only its intensity is slightly modified with respect to the non-
ments were performed at room temperature in the transmignagneticR-based compounds case. However, the negative
sion mode using left-circularly polarized x rays on beamlinedip appears to be very sensitive to the rare-earth substitution.
28B at PF-KEK. The PF storage ring was operated with dndeed, in the case of ffe ,BH, and NgFe ,BH, com-
positron beam energy of 2.5 GeV and a maximum storeghounds, the original negative dip of the XMCD signal splits
current of 360 mA. The x-ray radiation was monochroma-into two peaks of different sign. The low-energy part of this
tized using a $R20 double-crystal monochromator, with feature is negative and7.7 eV wide, and becomes positive
the degree of circular polarization after monochromatizatioras energy increases giving rise to a well defined positive
being R~0.35° The XMCD spectra were recorded by re- peak~6.2 eV wide. Moreover, the intensity of the negative
versing the sample magnetization for a fixed polarization ofart of the new structure is considerably higher, at least twice
the incoming radiation. In our experimental setup a magneti@as high as that of the negative peak of thekFedge XMCD
field of 0.6 T was applied parallel to the plane of the samplesignal of the hydrides in which the rare earth is nonmagnetic
at 45° to the incident beam and reversed twice for each ensee Fig. 1
ergy value. In the case of th&,Fe; ,BH, compounds involving heavy
The spin-dependent absorption coefficient has been obrare earths, i.e., Gd, Dy, Ho, and Er, the shape of the XMCD
tained as the difference of the absorption coefficient signals, specially the negative dip, differs from that exhibited
=(u~ —u™) for antiparallelx.~ and parallew* orientation by the nonmagneti® compounds. As shown in Fig. 1, the
of the photon helicity and the magnetic field applied to thewhole XMCD spectra of both ¥¢,BH, and GdFe ,BH,
sample. The spectra were normalized to the averaged absorgmmpounds are very similar, resembling that of pure Fe.
tion coefficient at high energy in order to eliminate the However, in the case of Gd, there is a small positive contri-
dependence of the absorption on the sample thickness, $mtion arising just in the center of the negative dip, that is
that w(E)/ uo=[n (E)—u"(E)]/ o corresponds to the detected neither for the nonmagnetic Y-, La-, and Ce-based,
dimensionless spin-dependent absorption coefficient. nor for the light rare-earth-based compounds. This positive
The normalized FeK-edge XMCD signals obtained in feature grows through the heavy rare-earth series to become
this way for theR,Fe;,B hydrides are shown in Fig. 1. In the dominant in the case of Ho over the negative dip, as shown
case of compounds in whidR is nonmagnetic, Y, La, Ce, inFig. 1. Moreover, in the case of Hbe ,BH, the shape of
and Lu, the shape of the XMCD signal is closely related tothe XMCD signal beyond this positive structure is modulated
that of Fe metal® The spectra shows a narrow positive peakup to form a second negative structure in the high-energy
at the absorption thresholdy4 eV wide, followed by a part of the spectra. As a consequence, if the XMCD signals
broad negative dip;-12 eV wide. No significant differences, of Pr,Fe ,BH, and Ho,Fe ,BH, compounds are compared,
other than slight intensity changes, are detected in the conone finds in both cases a first positive peak at the absorption
parison of the XMCD spectra for the Y-, La-, and Ce-basedhreshold, while the remaining signal is a splitted peak ex-
hydrides. On the contrary, the XMCD signals correspondinchibiting two lobules of different sign. The sign of these lob-
to magnetic rare-earth based compounds show a dramatides is opposite for light and heavy rare eartbse Fig. L
change with respect to those of the nonmagn&ibased The systematic study of the Fé-edge XMCD through the
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FIG. 2. Normalized x-ray magnetic circular dichroism spectra at the Fe L 05
K edge for the R,Fe,BH, compounds after the subtraction of the - | | '
Y ,Fe ,BH, XMCD signal. The scaleX 10?) is referred to th&R = La case. -5 11 1 1 L

La Ce Pr Nd Sm Gd Tb Dy Ho ErTm Yb Lu

R,Fe ,BH, series, illustrated in Fig. 1 shows that the shape FIG. 3. Top panel. Comparison of the saturation magnetization of the
of the dichroic spectra is markedly different as a function ofR.:Fei8  compounds (solid ~and their hydride derivatives
the rare-earth nature, i.e., nonmagnetic, light, and heavy raréqmted ling and the integrated XMCD signals for the purcles and

. . . . ydrided (open squargscompounds. Bottom panel: Comparison between
earth cases, belng In agreement with that prewously Obthe rare-earth magnetic momemg$d according with Russel-Saunders cou-

; 7
served in _the case of the quQFQL4B -compoundé. pling (solid line) and those derived from the Fe edge integrated XMCD
According to the results obtained in Ref. 17 we have persignal for theR,Fe,,B (circle) and their hydride derivative@pen squares

formed a two-magnetic sublattice analysis of the XMCD sig-after the substraction the XMCD signal of the corresponding Y-based com-
nals. In this framework, the total magnetization of thePound(see text for details

R,Fe ,BH, systems is assumed to be the addition of both

iron andR sublattice magnetizations, i.&4; = Mg + Mg..  tive peak arises at about 7 eV above the edge. These results
An estimate for the average magnetization of the Fe subla@re consistent with both the different shape of the dichroic
tice in the series is given by the magnetizations of Bfye  spectra as a function of the rare-earth natimenmagnetic,
La, Ce, Lu, and Y compounds, because those materials cdight, and heavy, and the different coupling of the rare-earth
be regarded as magnetically blank with respect to the rareand iron sublattices in light and heavy rare-edire; ,BH,
earth component. For the compounds in which the rare-earttompounds.

supports a moment thR-sublattice magnetization can be  The above results indicate unambiguously that the ex-
estimated by substracting the saturation magnetization of Yracted contribution to the R¢-edge XMCD signal shown in
from the otherR,Fe;,BH, magnetization$.In this way, we  Fig. 2 reflects the magnetic state of tReatoms in these
have considered that the A¢-edge XMCD spectrum in systems. It has been recently proposed that th& feslge
theseR,Fe ,BH, compounds corresponds to the addition of XMCD signals are directly related to the Feqy(&d)

the magnetic contribution of both Fe aRdsublattices. Thus, —R(5d) hybridized band, so that the extracted signals re-
we have subtracted the F&-edge XMCD signal of semble the magnetic state of the rare earth through the split-
Y,Fe ,BH, from those of the otheR,Fe ,BH, materials. ting of the 5 component due to the exchange interaction
The result of this procedure is reported in Fig. 2. Within thewith the 4f magnetic moment¥. If so, the extracted signals
current framework, the remaining XMCD signal after sub-should be related to the magnitude of tRemagnetic mo-
straction would correspond to the rare-earth sublattice magnents and furthermore, it would be possible to monitor the
netic contribution. In the case of the nonmagnéibased modification of the rare-earth magnetic moment upon hydro-
compounds, La and Ce, the signals obtained in this way argen absorption in thed®,Fe;,BH , intermetallic compounds.
zero within the signal-to-noise ratio. This result supports thén order to obtain a deeper insight on this behavior, we have
validity of our assumption to extract the Fe sublattice mag-compared the integrated Fe-edge signals to the saturation
netization from the Y-based compound. For the lighby-  magnetization data previously reported for tReFe ,BH
drides Pr and Nd the residual signal shows a negative peak hydrides* For the sake of completeness we also show both
about 7 eV above the edge, and a positive peakH eV  XMCD and magnetization data of the pure, nonhydrided,
above the edge. On the contrary, in the heavy rare-earth conR,Fe; ;B compounds*!’ The evolution of the integrated
pounds, the negative peak is strongly depressed while a pos¥MCD across the 2:14 series, shown in Fig. 3, is in agree-
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ment with that of the magnetization, showing a depletion ofmoment is seen to be different for light and heavy rare
both magnetic signals for the heavy rare-earth compounds, &sarths. Indeed, while the reduction gk for Nd and Pr is
expected due to the antiferromagnetic coupling of FeRnd less than 10% as derived from both XMCD and magnetiza-
magnetic moments. Moreover, the magnetization increaséon analyses, whereas for the heavy rare earths it is of the
observed upon hydriding is exhibited by the integratedorder of 25%. This behavior, showing a stronger influence of
XMCD signals as well. Moreover, we have performed thethe interstitial hydrogen on the heavy rare earths, can be
integration of the remaining XMCD signals after the subtrac-explained in terms of the different hydrogen filling sequence.
tion of the FeK-edge XMCD signal of ¥Fe ,BH, (Fig. 2), WhenRis a light rare earth, hydrogen fills prefergntlalg the
to be compared to the rare-earth magnetic moments corrd8 sites having twoR and two Fe nearest neighbdfs,
sponding to the Russel-Saunders coupling scheme. This pr§Nile in the case of a heavy rare earth thjeséies, with three
cedure has been performed for both the paReifie 8 com- R and one Fe nearest neighbors, are preferentially ﬁﬂed._
pounds and their hydrides derivative®,Fe,,BH,. The Summarizing, in this work we have presented a detailed
comparison between the theoretigak and those derived x-ray magnetlc C|rc_ular d'.Cth'SmXMCD) study at_ the ron
from the XMCD data is shown in Fig. 3. As shown in this K edg_e n t_h_e hydno_le derivatives of tRFe,,B series. T_h's
figure, there is a good agreement between the theoreticgfUdy identifies the mﬂuenc.e of thg rare—garth magnetic state
1r=g,J and those values derived from the magnetizatio into the FeK-edge XMCD signals in hydrides derivatives of

and XMCD data for the parerR,Fe,8 compounds. It is nR—Fe intermetallic compounds. In agreeement with a previ-

important to note also, how the integrated XMCD signal asus report,” the XMCD signal has been identified as being

. . due to the addition of the magnetic contribution of both the
sociated to the rare-earth changes sign from the iybhom- : - .
; o . Fe andR sublattices. The contribution of thHe sublattice to
pounds(negative to the heavyR compounds(positive), in . S X
. : the XMCD signal has then been extracted yielding a direct
agreement with the ferromagnetiantiferromagnetic cou- correlation to theR magnetic moment, which is determined
pling of the R and Fe magnetic moments for ligttieavy 9 - .
to decrease upon hydrogen absorption in these materials. Our
rare-earth compounds. : ) X
. . ._analysis, showing a depressed rare-earth moment in the hy-
One of the most striking consequences of our study, iden-, . A ; .
. : . . drides, is in agreement with the results inferred from both
tifying the influence of the rare-earth magnetic state into the . o : ,
: . . o~ . saturation magnetization and rare-earthsslsauer hyperfine
FeK-edge XMCD signals, resides in the possibility to derive . .
; . . field data. Moreover, the observed trend across the hydride
some information regarding the change of the rare-earth

: . . series show how the influence of hydrogen on the rare-earth
magnetic moment upon hydrogen absorption. As shown in

Fig. 3, both magnetization and XMCD data are consisten[nagnet'c moment is different for light and heavy rare earths,

with the depletion of the rare-earth magnetic moment upor'1n agreement with magnetization data and the different filling

hydriding. This result is in agreement wit§'Dy and 6%y~ >SAUence:

Mossbauer experiments showing that the hyperfine field, We are indebted to T. Iwazumi for the experimental sup-
providing direct information about the local magnetic mo-port at KEK. This work was partially supported by the
ment, at the rare-earth sites are significantly reddfé. INFN-CICYT Agreement and Spanish DGICYT Grant No.
Moreover, the observed reduction of the rare-earth magnetimMAT96-0448.

1G. Wiesinger and G. Hilscher, iHandbook of Magnetic Materialgdited 113, P. Sanchez, J. M. Friedt, A. Vasquez, Ph. L'Heritier, and R. Fruchart,

by K.H.J. Buschow(Elsevier, Amsterdam, 1991Vol. 6, and references Solid State Commurb7, 309 (1986.

therein. 123, Chaboy, A. Marcelli, and L. Bozukov, J. Phys.: Condens. Matter
2M. Sagawa, S. Fujimura, M. Togawa, H. Yamamoto, and Y. Matsuura, J. 8197(1995.

Appl. Phys.55, 2083(1984). 13G. Schiiz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller, R. Frahm, and
3J.J. Croat, J. F. Herbst, R. W. Lee, and F. E. Pinkerton, J. Appl. BBys. G. Materlik, Phys. Rev. Let58, 737 (1987.

2078(1984).

4 . 1F. Pourarian, M. Q. Huang, and W. E. Wallace, J. Less-Common Met.
J. F. Herbst, Rev. Mod. Phy&3, 819 (1991, and references therein.

SP. L'Heritier, P. Chaudouet, R. Madar, A. Rouault, J-P. Senateur, and R.
Fruchart, C. R. Acad. Sci., Ser. II: Mec., Phys., Chim., Sci. Terres Univ-15

120, 63(1986; L. Y. Zhang, F. Pourarian, and W. E. Wallace, J. Magn.
Magn. Mater.71, 203(1988.

ers.299, 849 (1984 L. Bozukov, A. Apostolov, and M. Stoytchev, J. Magn. Magn. Mal€x],
6 1S ) : . L 355 (1991).
K. Oesterreicher and H. Oesterreicher, Phys. Status Soli@5AK61 ; . .

(1984 4 A 16T, Ilwazumi, A. Koyama, and Y. Sakurai, Rev. Sci. Instrué6, 1691
7L. P. Ferreira, R. Guillen, P. Vulliet, A. Yaouanc, D. Fruchart, P. Wolfers, ~ (1999; K. Hirano, T. Ishikawa, A. Koyama, and T. Iwazur@inpub-
P. L'Heritier, and R. Fruchart, J. Magn. Magn. MatBR, 145 (1985. = lished. i . _
8L. Pareti, O. Moze, D. Fruchart, Ph. L'Heritier, and A. Yaouanc, J. Less- J- Chaboy, H. Maruyama, L. M. GaggiJ. BartolomeK. Kobayashi, N.
Common Met.142, 187 (1988; M. D. Kuzmin, L. M. Garéa, I. Plaza, Kawamura, A. Marcelli, and L. Bozukov, Phys. Rev.3, R15 637

J. BartolomeD. Fruchart, and K. H. J. Buschow, J. Magn. Magn. Mater.  (19986.
146, 77 (1995. 180. Isnard, W. B. Yelon, S. Miraglia, and D. Fruchart, J. Appl. PH§g;.

9P. Dalmas de Reotier, D. Fruchart, L. Pontonnier, F. Vaillant, P. Wolfers, ~ 1892(1995.
A. Yaouanc, J. M. Coey, R. Fruchart, and Ph. L'Heritier, J. Less-!°S. Obbade, S. Miraglia, P. Wolfers, J. L. Soubeyroux, D. Fruchart, F.

Common Met.129, 133(1987. Lera, C. Rillo, B. Malaman, and G. le Caer, J. Less-Common W&,
103, M. Friedt, A. Vasquez, J. P. Sanchez, P. L'Heritier, and R. Fruchart, J. 71 (1991).
Phys. F16, 651(1986.



