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Hydrogen insertion in the Ce,Fe,;H, system leads to spectacular changes of the physical properties.
A relative increase of the Curie temperature of almost 100% is observed as well as the highest volume
increase. In addition to previous neutron diffraction measurements which pointed out an increase of the
local iron moments, we present in this paper absorption and magnetic circular x-ray dichroism (MCXD)
experiments performed at the L, ; edges of Ce and the K edge of iron. These measurements allow us to
study the evolution of the Ce electronic structure upon hydrogen insertion. Values for the Ce valence
have been derived from both absorption and MCXD signals. The MCXD data are analyzed for their
shape, intensity, and sign, and compared to the macroscopic magnetic measurements. It is shown that in
these compounds the Ce atoms bear a 5d magnetic moment, which is coupled antiferromagnetically to
that on iron. There is no orbital contribution to this 5d moment which is thus solely of spin origin. The
values of the 5d moment are deduced as a function of each composition in the Ce,Fe;;H, system at low
and room temperature. At the K edge of iron, the shape and intensity of the dichroic signal have been
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related to the filling of the majority 3d band.

I. INTRODUCTION

R,Fe,; compounds (R = rare-earth metal) are known
to crystallize with either the rhombohedral Th,Zn,,
structure-type or hexagonal Th,Ni,; structure-type for
the lighter and heavier rare-earth metals, respectively.
This series gained back interest, since it was shown that
insertion of light interstitial atoms, such as H,' C,>3 or
N,* could raise the usually low Curie temperature of the
ferromagnetic compounds.

Substantial improvements in the magnetic properties
have been achieved by alloying with carbon and more re-
cently, nitrides of R,Fe,; prepared by gas-solid reaction
of N, and finely ground powder samples have been re-
ported. In order to have a better understanding of these
spectacular effects a lot of characterizations have been
carried out using x-ray, and neutron-diffraction, and
magnetization measurements. The R,Fe;;N; compounds
are among the best candidates for permanent magnetic
applications.

In this study we focused on the cerium based com-
pounds, which are a matter of interest. Particularly
several points need to be clarified.

(i) A relative increase of the Curie temperature of al-
most 100% occurs upon hydrogenation, whereas a rela-
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tive increase of 50% is usually observed for the other rare
earths. Besides, the highest relative volume increase (for
a normalized hydrogen uptake) is also observed in the
cerium compounds.

(ii) We also have to account for the slight, however
significant, increase of the iron moment, which is induced
by hydrogenation and that has been observed by neutron
diffraction measurements.

In this respect, absorption and magnetic circular x-ray di-
chroism (MCXD) experiments at the L, ; edges of ceri-
um and K edge of iron are particularly suitable, since
they allow us to probe directly the local states of iron and
cerium and the valence of the latter species as well.

II. EXPERIMENTAL DETAILS

The alloys were melted in a HF induction furnace from
very pure starting elements and then annealed at 850°C
for one week. Standard x-ray-diffraction experiments re-
vealed the samples to be mainly single phase; these rhom-
bohedral compounds were indexed using the hexagonal
multiple cell.

Hydrogenation was performed in dedicated autoclaves
at a rather moderate pressure of 5 MPa, and at T =435
K. The interstitial uptake resulting from these solid-gas
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reactions was determined by volumetric and gravimetric
methods. Details on the neutron-diffraction experiments,
which allowed us to determine the interstitial location
and to refine the magnetic structures have been reported
elsewhere.!

The Curie temperatures were determined using a
Faraday-type torque balance. The magnetic measure-
ments were carried out in the range 4.2-300 K using an
axial extraction magnetometer operating at fields up to 6
T.

MCXD spectra were recorded at LURE using a posi-
tion sensitive detector in transmission mode at 0.3 mrad
below the orbit plane (i.e., for about 80% right circularly
polarized light). The procedure of data collection and the
experimental setup are described elsewhere.>® The
switching field used to polarize the samples, while record-
ing the MCXD signal was 1 T at room temperature. For
experimental reasons, it was significantly lower for the
low-temperature measurements: 0.6 T at the Ce L edges
and 0.3 T at the Fe K edge, leading for instance to 80 and
559% of the saturation magnetization, respectively for
Ce,Fe;H;.

III. STRUCTURAL AND MAGNETIC RESULTS

A. Structural results

X-ray diffraction has shown that the host structure is
retained upon interstitial insertion for the cerium series
contrarily to what is observed in some 2—17 carbides con-
taining other rare earths. A significant increase of the
unit cell volume is observed as well as a fairly anisotropic
cell expansion. We have plotted in Fig. 1 the a and c lat-
tice parameters of Ce,Fe;H, as a function of x. It is
seen that the lattice expansion occurs rather in the basal
plane than along the c axis of the hexagonal lattice.

Neutron-diffraction experiments have allowed us to lo-
cate the light interstitial elements H (Refs. 1 and 7) and
N (Refs. 8 and 9), respectively. Mainly two kinds of
available sites have been shown, which are 6-coordinated
and 4-coordinated sites, respectively. The 6-coordinated
sites can be regarded as distorted octahedra with four
iron atoms and two rare-earth atoms at the corners (Fig.
2). Those are the major sites for hydrogen accommoda-
tion. A full occupancy of these sites corresponds to the

formula R,Fe;;H;. The additional hydrogen atoms
(x =4-5) are accommodated in tetrahedral sites with
two iron atoms and two rare-earth atoms at the
corners.”'®  We performed time-resolved neutron-
diffraction experiments in which the “in-beam” desorp-
tion of the hydride was studied.'® These additional mea-
surements, where the hydrogen site occupancy was
sequentially followed, have shown that the most stable
sites are the octahedral ones. We can thus conclude that
they correspond to the stronger binding energy (Fig. 3).
Another important structural feature concerns the in-
crease of some distances induced by interstitial insertion.
It must be recalled that in this structure type the ordered
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FIG. 2. Crystal structure of the Ce,Fe;;H, compounds
(R-3m space group).
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FIG. 3. Deuterium content per interstitial site as a function
of temperature (in hydrogen per formula unit) after Ref. 10.
The notation of the site is that of Fig. 2.

substitution of some rare-earth atoms by iron pairs yields
Fe-Fe distances as short as 2.33 A. Neutron-diffraction
analysis shows that interstitial insertion gives way to a re-
laxation of the local stressed parts of the structure.

The cerium coordination in these compounds is rather
complicated, since 19 atoms take part in the cerium coor-
dination polyhedron in the host metal. Interstitial inser-
tion gives rise to a 22-coordinated site in the case of
Ce,Fe;N; and Ce,Fe;H;, this latter coordination num-
ber going up to 24 in the case of Ce,Fe;Hs;. Considering
these coordination changes, subtle effects on the valence
of cerium may be expected. Knowing whether it occurs
at a definite interstitial concentration or whether it is an
ongoing process that involves an increasing fraction of
transformed cerium atoms upon insertion is an open
question that prompted the MCXD experiments the re-
sults of which are reported below.

B. Magnetic results

We have reported in Table I some relevant magnetic
data. It is seen that interstitial insertion drastically
affects the bulk magnetic properties. Ce,Fe,; exhibits a
helimagnetic structure below the Néel temperature
Ty=225 K, whereas the fully charged hydride
Ce,Fe ;H; exhibits a ferromagnetic transition at T, =444
K.!' Figure 4 illustrates the transition temperatures as a
function of the hydrogen content in the Ce,Fe,;H, sys-
tem.

Regarding the magnetization behavior, a spectacular

FIG. 4. Plot of the Curie temperature as vs hydrogen content
for the Ce,Fe,;H, series.

modification of the saturation process is observed upon
hydrogenation (Fig. 5). The helimagnetic structure of the
starting alloy is ascribed to result from a balance between
negative and positive Fe-Fe exchange interactions. It is
felt that interstitial insertion allows the relaxation of
some parts of the lattice thus favoring the positive in-
teractions and destabilizing accordingly the helimagnetic
structure in order to give place to a ferromagnetic struc-
ture.

Neutron-diffraction experiments point out an increase
of about 7.5% of the local iron moments upon hydro-
genation. Besides, they have allowed us to distinguish
the iron sites for their moments, e.g., it is seen that the
dumbbell sites bear higher moments than other iron sites
do. It is worth mentioning also that they do not reveal
(within the experimental resolution) a moment on cerium
atoms. It is not possible to conclude whether this is due
to a weakness of such a contribution or to the true lack of
long-range magnetic order. These results strongly sug-
gest that the site occupancy and the magnetism of iron
are the relevant parameters for the hydrogen-induced
changes of the physical properties. For example, we have
to understand whether the picture of a weak ferromag-
netic state transforming towards a strong ferromagnetism
state for iron holds in the present case. For this addition-
al purpose we carried out the MCXD experiments, which
are hereafter discussed.

IV. SPECTROSCOPIC ANALYSIS
OF THE Ce,Fe,;H, SYSTEM

In order to investigate the effect of hydrogen on the
physical properties of the Ce,Fe;H, phases, we have

TABLE I. Structural and magnetic parameters of the Ce,Fe;H, series.

X Octaedra Tetraedra Ms 4 K
atom/fu)  a (A) c (A) V(A 3) (atom/fu) (atom/fu) T, (K)  (up/fu)
0 8.490 12.413 774.8 0 0 225 30.46
1 8.520 12.411 780.2 1 0 245 31.18
2 8.560 12.403 787.1 2 0 300 32.03
3 8.591 12.419 793.7 3 0 339 32.53
4 8.626 112.491 805.1 3 1 400 33.97
5 8.657 12.568 815.7 3 2 444 35.35
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performed x-ray-absorption experiments. In a first part, 3
we will focus our attention on the L; edge of the Ce atom £
. . . =
to study the fluctuation of the Ce valence upon insertion z
of hydrogen. Then the magnetic circular x-ray dichroism
observed on the Ce,Fe,;H, series, will be analyzed at
both L, and L absorption edges of Ce and at the K edge
of iron. The data will be discussed in terms of magnetic CezFe17Hs

interaction and compared to the macroscopic magnetic
measurements presented above. Finally, the results are
compared to those of CeFe, and CeFe,H,.

A. Study of the XANES at the Ce-L ; edge

This section deals with the evolution of the valence of
Ce in the Ce,Fe;H, series. The determination of the
valence has been performed using a deconvolution tech-
nique from the mixed valent L; spectra. The deconvolu-
tion process is based on an arctan function, which de-
scribes the transition from the 2p to the continuum states
and Lorentzian functions that take into account both the
5d density of unoccupied states and the finite life time of
the 2p core hole. The method used to extract the Ce
valence based on fitting of the intensity ratio of the two
white lines is described in details by Rohler.'>!® The
fractional occupation of the 4f configurations has been
extracted using a least-squares fitting procedure.'*

It is really important to check how the change in the
magnetic properties observed upon hydrogenation is
correlated to the change of the electronic structure of
cerium. Especially we have to consider the possibility for
the occurrence of a Cea to Cey transition.!! !

TABLE II. Ce-valence state fitted from the L; edge XANES
spectra of the Ce,Fe,;H, compounds.

X (atom/f.u.) Ce valence o (valence)
0 3.33 +0.005
1 3.318 +0.005
2 3.318 +0.005
3 3.290 +0.003
4 3.280 +0.006
5 3.260 +0.003

-25 0 25 50 75 100
E-Eq (eV)

FIG. 6. XANES spectra of some Ce,Fe;H, compounds, the
solid lines refer to the fitted spectra and the open diamond to
the experimental data. The lower curves refer to the arctan and
Lorentzian functions of the 4! and 4/° contributions accord-
ing to Refs. 12 and 13.

The x-ray absorption near-edge structure (XANES)
spectrum of Ce,Fe,; clearly exhibits the two-bump struc-
ture associated to 4f' and 4f° channels (Fig. 6). The in-
tensity of the structure associated to the 4f' final states
located at lower energy increases with the hydrogen con-
tent (x), which indicates a decrease of the Ce valence.
However, even in the fully hydrogenated compound
Ce,Fe,;Hs, both 4f! and 4f° configurations are still
present'® indicating the persistence of a mixed-valent
state as seen in Table II. It is thus obvious that in
Ce,Fe;H, system, unlike in CeFe,, the hydrogenation
does not lead to pure trivalent 4f' state as observed in
the CeFe,H, compound.’ The evolution of the Ce
valence as a function of the cell volume is plotted in Fig.
7. It is important to notice that in the CeFe,H, com-
pound, insertion of hydrogen yields to the amorphisation
of the CeFe, crystals (Laves type), whereas in the case of
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FIG. 7. Evolution of the Ce valence as a function of the cell
volume in the Ce,Fe;H, series.

the Ce,Fe;H, system, the crystal structure of the host
alloy is preserved over all the hydrogen composition
range. This is probably at the origin for the persistence
of a mixed valent state in Ce,Fe;;H, alloys.

Unlike what is observed for CeFe,H,, where the hydro-
gen content is much higher, it is worth noticing a lower
change in the Ce,Fe;;H, system. It seems that the
higher H/Ce ratio in CeFe,H, and thus a higher hydro-
gen pressure within the lattice leads to larger effects on
the cerium valence than Ce,Fe,;Hs.

B. MCXD at L, and L, edges of Ce

1. Introduction

Linear and circular x-ray photons yield new tools to
probe the magnetic polarization at a microscopic scale.
Due to the site selectivity and the orbital symmetry selec-
tivity of the core-level spectroscopies. Experimentally,
this part of science emerged only a few years ago.%!8~%0
Nevertheless, the phenomena encountered in the magnet-
ic circular x-ray dichroism are getting better understood
in the light of recent theoretical work.?! ~2* Particularly
from MCXD experiment it is shown that orbital and spin
contribution to the magnetic moment may be separated.?!

In this paper we will focus on the MCXD, which is
simply the difference of the x-ray-absorption cross section
between two experimental situations (the photon helicity
being either parallel or antiparallel to the magnetic mo-
ments of the samples). In the absence of orbital contribu-
tion, it is related to the difference between the spin-up
and spin-down density of unoccupied states and thus may
be related to the magnetic moments. In the case of the
L, ; edges because of the dipolar selection rules, the
probed empty states are the 5d, and the MCXD gives a
fingerprint of the 5d moment. According to the MCXD
studies of 5d impurities in iron? the interpretation of the
dichroic effect is now rather well understood, in the case
of 5d — transition metal, at the L, ; absorption edges.
For instance, MCXD has been successfully used to deter-
mine the 5d moment as well as the magnetic interactions
in several compounds, i.e., Co-Pt.”> The case of rare-
earth L, ; is a little more complex since the MCXD sig-
nal may be also sensitive to the localized magnetism of
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FIG. 8. Example of the branching ratio (—2) followed by the
MCXD normalized signal at 300 K for the Ce L, ; edges of
CezFe17H5.

the 4f shells via 4f-5d exchange coupling. We present in
this section the results obtained on the Ce,Fe,,H, alloys
(x=1,2,3,4,and 5) at both L, and L, edges.

2. Shape of the MCXD signal of the Ce L, ; edges

As in the L, ; absorption edges of Ce in Ce,Fe;H,
(Fig. 6) the MCXD signals exhibit a double-peak struc-
ture for all the concentrations here studied (Fig. 8).
These dichroic features are characteristic of the inter-
mediate valence (IV) state of Ce in intermetallic com-
pound.!” The double structure is attributed, as for the
edge itself, to the two possible screening mechanisms of
the 2p core hole induced by the strong hybridization be-
tween the 4f states and the conduction band.?® This as-
sumption is well confirmed by the fact that the area ratio
of the two MCXD peaks is found to be very close to that
of the two lines observed on the XANES spectra.

3. Amplitude of the MCXD signal of the Ce L, ; edges

The measurements performed at 20 K for the
Ce,Fe;H,, Ce,Fe|;H;, and Ce,Fe;H; at the Ce L,,
edges evidenced that at low temperature the amplitude
and shape of the MCXD dichroic effect is the same for all
compositions which reflects that these alloys remain in a
mixed valent state. Figure 9 shows that the room-
temperature MCXD signal is significantly increased by
the hydrogen absorption, which simply reflects the in-
crease of the Curie temperature of the Ce,Fe,;H, alloys
on the hydrogen content.

The rather low MCXD signal observed at room tem-
perature for Ce,Fe;;H, can thus be explained by the vi-
cinity of its Curie point =300 K. Nevertheless MCXD
signals are observed both at L, and L; edges. When
x =3 hydrogen atoms per formula unit, the MCXD sig-



49

nal seems to reach a saturation and it is only slightly
higher for the cases where x >3. These observations
agree qualitatively well with the shape of a Brillouin
function, since for Ce,Fe;H, and Ce,Fe;H; at room
temperature, Tt /T is about 0.75 and 0.67, respective-
ly. The dichroic signal should thus be almost at its satu-

ration value, as does the  magnetization:
My /Mg 4.2 K=0.74 and Mgy /Mg 4.2 K=0.8, re-
spectively.

Following the conclusion that the L, ; MCXD intensi-
ty in IV Ce compounds has the same origin as for 5d im-
purities in iron we may try to deduce the 54 magnetic
moment from the MCXD experimental spectra of the
Ce,Fe,;H, series. To do so, we have measured the signal
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area of the Ce,Fe ;;H, MCXD spectra and extracted the
5d magnetic moment after scaling with that of CeFe, and
LuFe,. The determinations at room and low temperature
are reported in Tables III and IV, respectively. Whereas
for all the compositions we found the same 5d magnetic
moment at low temperature (=~0.4up), the values at
room temperature are found to increase (up to about
0.5up) with the hydrogen content accordingly with T.
It can be noticed that the intensity of the dichroic effect
at 20 K is lower than that observed at 300 K; this is due
to the fact that at low temperature, for experimental
reasons, the magnetic field used, 0.6 T, is lower than for
high temperature 1 T. The as-deduced 5d moments are
consequently weaker.

FIG. 9. MCXD normalized spectra at the
L, (a) and L; (b) edges for the Ce,Fe;H,

series at room temperature. Normalized ab-
sorption unit=1%.
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TABLE III. Relevant parameters of the dichroic signal
recorded at room temperature at the Ce L, ; edges.

Al A2 w1 w2 ,u'exde AE‘MCXD AEedges

Units (%) (%) (V) eV) (ug,ce) (V) (eV)
Ce,Fe,;H, —028 —0.15 64 42 0 9.55
L,
Ce,Fe;;H, 008 0 8.9
L,
Ce,Fe,H, —10 —0.52 58 48 10
L,

Ce,Fe;H, 028 016 64 42 022 106 8.8
L,

Ce,Fe;;H; —1.50 —0.90 5.8 4.2 9.5
é;Fe”m 065 035 64 47 05 10 8.7
éézFel7H4 075 035 64 42 05 106 9.0
éézFe”Hs —1.70 —1.0 53 42 9.5

L,

Ce,Fe,;H;, 075 035 58 42 0.5 10.6 8.9

A careful analysis of the area of the MCXD signal at
the L, and L, edges evidences that the branching ratio
(—2) expected by theoretical approaches based on the
Erskine-Stern model?’ is observed whatever x in the
Ce,Fe;H, series (Fig. 9). In the framework of this mod-
el, since the branching ratio ( —2) is observed for all the
Ce,Fe;H, compounds, we may safely conclude that no
orbital contribution to the Ce 5d magnetic moment is
present.?! It has been shown that in presence of pure lo-
calized Ce-4f states (as observed in (Ce;Al;; or
CeRu,Ge,), this branching ratio deviates strongly from
—2. Such results fully confirm that hydrogenation does
not localize the Ce-4f states in the Ce,Fe;H, series, un-
like that observed in CeFe,H,.

4. Sign of the MCXD signal of the Ce L, ; edges

The MCXD signals obtained at both L, and L; edges,
witness the existence of an ordered 5d magnetic moment
on the Ce site in these compounds. The multiple scatter-
ing theory of MCXD,?® shows that right circularly polar-
ized light induces preferential transitions towards unoc-
cupied spin-up states (which are aligned in the direction
of the photon wave vector, i.e., +0z) at the L, edge and
spin-down states (i.e., along Oz) at the L; edge. Thus, a
negative sign of the MCXD signal at the L, means that
the 5d unoccupied state are mainly of spin-down charac-
ter. As a consequence, the occupied states must be of
spin-up character, that is to say the 5d magnetic moment
is aligned along —Oz when the magnetic field B (M) is
applied along Oz.

Since in Ce,Fe;; compounds the Fe contribution to the
magnetism is larger than that of the Ce one, the Fe-3d
moments are along the Oz axis (along the magnetic field):
The spin S5, is along —Oz. Furthermore, the interaction
between S3; and S5, being always antiferromagnetic, the
Ce-5d moment is expected to be along —Oz. For the
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TABLE IV. Relevant parameters of the dichroic signal
recorded at low temperature at the Ce L, ; edges. AEycxp: en-
ergy splitting of the two contributions in the MCXD signal;
AE 4 energy splitting of the two lines in L,; edges; 41
(A2): amplitudes of the low- (high-) energy (MCXD structures;
W1 (W2): widths at half height of low- (high-) energy MCXD
lines; Hexpsqa: 5d moment extracted from MCXD experiments
under 1 T at room temperature and 0.6 T at low temperature.

Al A2 w1 w2 Hexpsa
Units (%) (%) (eV) (eV) (g ce)

Ce,Fe,;H, 0.48 0.33 5.8 3.8 0.37
L,
Ce,Fe,;H, 0.5 0.34 5.8 4.0 0.4
L,
Ce,Fe;H; 0.52 0.35 5.8 43 0.4
L,

compounds under study, the MCXD signal is negative
(positive) at the L, (L;) edges, confirming that the 5d
magnetic moment is aligned along —Oz. Similar results
have already been obtained in the CeCos. CeFe, and
Ce,Co,; system.” The schematic representation of the in-
teractions between the magnetic moments deduced from
the MCXD experiments for the Ce,Fe;H, system, can
be given as following:

Ce Fe

You Ty oM T

\L T 3d__.5d
Msa Tsa L B s

(=

C. MCXD study at the Fe K edge

1. Sign of the MCXD signal at the Fe K edge

The MCXD signal can be described as a two sharp-
peak structure of opposite sign. The first peak is ob-

MXD Absorption (%)

L 1 1 1 N L 1 L 1 2 1 1

100 120 140 160 180 200 220 240
E-Eqo (eV)
FIG. 10. MCXD normalized spectra of the K edge in the

Ce,Fe,sH, compounds at room temperature. Normalized ab-
sorption unit=1%.

0 200 40 60 80
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MXD Absorption (%)

0 20 40 60 80 100 120 140 160 180 200 220 240

E-E¢ (eV)
FIG. 11. MCXD normalized spectra of the K edge in the ele-
mental a iron at room temperature. Normalized absorption
unit=1%.

served around E, (at the K-edge energy) is found to be
positive for both the Ce,Fe;H, and the elemental iron
(see Figs. 10 and 11). On the other hand, the peak ob-
served at higher energy is negative for the iron as well as
for the Ce,Fe ;H, series. Since the sign of the MCXD
signal is related to the direction of the magnetism, it can
be deduced that in the Ce,Fe;H, compounds the Fe mo-
ments are aligned parallel to the external magnetic field
(along Oz), confirming the expectation.

2. Shape of the MCXD signal at the Fe K edge

Brouder and Hikam?® have shown that, unlike for R
L, ; edges, the relation of the dichroic signal and the
magnetic properties is not straightforward. Since there is
no spin-orbit in the initial state (K edge) and because
spin-orbit coupling interacts directly with the photoelec-
tron, the mechanisms involved in the K edge dichroism
are more complex than that of R L, ;.

It is to be noticed that the Fe-K edge dichroism ob-

TABLE V. Fe-K MCXD absolute amplitude 41 ( 42) of the
low- (high-) energy peak. Full width at half maximum W1
(W2) of the low- (high-) energy contribution to the MCXD sig-
nal.

Area of the
(A1) A2 w1 W2  second lines
Units (%) (%) eV) (eV) (eV)

a-Fe 0.13 —0.13 3 6 —34 E-3
Ce,Fe;H, 0.02 3 —2.1 E-3
Ce,Fe,;H, 0.02 —0.04 3 7.6 —3.7 E-3
Ce,Fe;H, 005 —0053 3 7.6  —3.7 E3
Ce,Fe;;H, 0.05 —0.06 3 8 —4.5 E-3
Ce,Fe;Hs 003 —0.09 3 76  —60E3
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served in these Ce,Fe,;H, compounds is very similar to
that of the elemental iron (Fig. 11).

3. Amplitude of the MCXD signal at the Fe K edge

It is seen (Fig. 10) that the amplitude of the dichroic
signal at the K edge is an order of magnitude smaller
than that observed at the L, or L; edges, leading to
smaller signal to noise ratio. The MCXD signal is ob-
served in about 28-30 eV around the K-edge energy in
the Ce,Fe ;H, compounds, whereas in the pure iron the
signal is significantly sharper. Since the photoelectron
goes to the 4p final states, the dichroic effect should be re-
lated to the magnetism on the 4p unoccupied states (due
to intershell polarization and hybridization) that might
be reached from the K-edge dichroism.

It is worth noting that in the pure iron, the amplitude
of the MCXD peaks is approximately the same, but the
full width at half maximum (FWHM) is twice larger for
the higher-energy structure than for the lower one. See
Table V. The FWHM is found to be the same (about 3
eV) for the first peak in the Ce,Fe;;H, compounds. The
width of the negative peak is significantly broadened up
to about 8 instead of 6 eV as observed in the elemental
iron. Furthermore, in the Ce,Fe;;H, compounds, the
amplitude of the first peak is always smaller than that of
the higher-energy peak. We have recorded low-
temperature MCXD spectra as illustrated on Fig. 12 the
amplitude of the signal is the same whatever the hydro-
gen concentration. At low temperature the magnetic
field used (0.3 T) was too low to reach saturation of the
studied compounds. We will consequently discuss the
room-temperature experiments in which the magnetic
field was instead high enough (1 T) to saturate the com-

MXD Absorption (%)

E-E¢ (eV)

FIG. 12. MCXD normalized spectra of the K edge in the
Ce,Fe;H, compounds at 4.2 K. Normalized absorption
unit=1%.
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pounds. At 300 K, the evolution of the MCXD signal as
function of the hydrogen content may be understood in
two steps: (i) from Ce,Fe,;;H, up to Ce,Fe,;H; the di-
chroism observed at room temperature increases because
of the higher-ordering temperature and (ii) from
Ce,Fe ;H; up to Ce,Fe ;H;, the amplitude of the nega-
tive peak keeps on increasing, whereas that of the lower-
energy peak does not change from 3 to 5 H atoms per for-
mula unit.

It has been suggested recently that the low-energy
structure (positive peak) of the K-edge dichroism could
give information about the nature of the ferromagnetic
state (either weak or strong ferromagnetism) thus giving
information on the filling of the 3d majority band. This
assumption was supported by the fact that whereas ele-
mental iron exhibits a two-peak MCXD effect, only one
peak is observed for the well known “‘strong ferromagnet-
ic metals” as Ni or Co. Pizzini et al.” have confirmed
this experimental trend. By studying Co-Fe multilayers,
where a weakening of the first peak (positive one) is ob-
served upon increasing Co concentration and following
this interpretation, a decrease of the amplitude of the first
MCXD peak in the Ce,Fe;;H, system could express a
progressive filling of the majority 3d band,** upon hydro-
gen insertion and then an evolution of the magnetic order
from weak ferromagnetic toward stronger ferromagnet.
A similar evolution of the MCXD Fe-K-edge spectra has
been recently confirmed on other compounds such as
Gd,Fe;H;s or Nd,Fe ;H;, where the shape of the MCXD
signal is found to be significantly changed compared to
that of pure a-Fe.
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V. CONCLUSION

It has been shown that the spectacular change of the
physical properties observed upon hydrogenation cannot
be related exclusively to a change of the Ce valence. The
cell increase is not due to an increase of the Ce radius,
since the Ce atoms keep an IV character. The increase of
the magnetization induced by hydrogen insertion is nei-
ther due to a significant Ce 4f contribution to the magne-
tism, since the mixed valent state (¥ =3.3) has been evi-
denced both by x-ray spectroscopy and MCXD study. It
appears that although the hydrogen insertion is due to
the H-Ce interatomic chemical attraction, the effect on
the physical properties is rather due to a change of the Fe
sublattice. The magnetism on the iron sites is enhanced
by H insertion, even if the hydrogen is not attracted by
the Fe atoms. The large cell increase may be partly due
to an evolution of the Ce valence, nevertheless the main
contribution is a relaxation of the stressed (very short)
Fe-Fe interatomic distances.

Using the new MCXD technique, we have studied the
electronic structure of the Ce,Fe;H, series. We have
shown that the magnetic moment carried by the Ce
atoms in these compounds is essentially of 5d character.
This Ce-5d moment originates from a strong 3d-TM
(transition metal) polarization. The L, ; edges spectros-
copy has shown a delocalized state, which prevents from
a localized 4f contribution to the magnetism. The
MCXD signal is consistent with a complete 4/ delocal-
ized band and confirms that the itinerant character of the
Ce 4f states in Ce,Fe,; is retained in these Ce,Fe;H,
compounds.
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