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Abstract. The effect of nitrogen insertion on the electronic properties of cerium and iron
in Ce;Fer7 has been studied by means of x-ray absorption spectroscopy (XAS) and magnetic
circular x-ray dichroism (MCXD). The evolution of the electronic structure of cerium upon
nitrogen insertion has been studied. It emerges from this MCXD study at theetlges of
cerium that the cerium atoms bear a 5d magnetic moment of abouyt#.that is coupled
antiferromagnetically to that of iron. The spin polarized EXAFS signal has been observed; an
attempt to evidence the magnetic environment has been made in the light of previous neutron
diffraction results. Comparison of EXAFS and spin polarized EXAFS is revealed to be an
efficient new tool to distinguish between magnetic and non-magnetic atoms in the environment
of the absorber. The analysis of the Fe K edge MCXD spectra shows that insertion of nitrogen
induces a trend to strong ferromagnetism with an almost completely filled majority spin subband.

1. Introduction

Insertion of light interstitial elements such as H, C or N into th&&; system (R= rare

earth) has been found to modify their magnetic properties [1-5]. Spectacular increases
of the magnetic ordering temperatures have been reported as well as changes of the
magnetization behaviour. The most promising compounds are obtained with nitrogen
insertion. From a technological point of view SR 7N, is the best candidate and has
been characterized for its structural and magnetic properties [6,7]. This paper will be
devoted to the effect of nitrogen insertion on the cerium-based compouieeEstudied

by means of x-ray absorption spectroscopy (XAS) and magnetic circular x-ray dichroism
(MCXD). The experiments reported hereafter are part of an ongoing study of,fe/R,

system (R= rare earth, X= H, C or N) by means of XAS and MCXD.

The choice of cerium was first prompted by its ability to hybridize with the conduction
electron, yielding the so-called intermediate valence state. The compounBs;£and
CeFe7N3 have been also characterized by means of neutron diffraction and magnetization
measurements. The drastic changes of the magnetic properties as well as the anomalous
volume increase induced by light interstitial insertion in thef&g; system led us to suspect
that cerium might undergo an electronic transition upon hydrogenation or nitrogenation.

A previous and similar study of the gee7H, [8] system has actually shown that
the valence of cerium is moderately sensitive to the change of transition temperature and
to the iron magnetization. In addition, it is worth noting that powder neutron diffraction
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measurements did not reveal any ordered magnetic moment on cerium in any compound
[2,5]. At this stage, the question of subtle effects on cerium upon interstitial insertion as
well as a study of the local magnetism of iron in this system was addressed.

In this respect XAS and MCXD experiments are particularly well suited.

Magnetic x-ray dichroism (MXD) is the magnetic field-induced polarization dependence
of the absorption coefficient in the x-ray energy range. Depending on the character of
the polarization [9], one distinguishes between linear (MLXD) [10] and magnetic circular
(MCXD) x-ray dichroism. This latter magneto-optical effect has gained interest recently
since it is now possible to obtain polarized light of high intensity over a broad spectral
range in many synchrotron facilities. This technique is very appealing because, in addition
to the element and orbital selectivity of XAS, recent calculations have yielded sum rules
[11] which allow us to extract the orbital or spin contribution to the local moments.

In the phenomenological approach of MCXD, the one-electron model allows us to
understand the physics of the phenomenon. Even though the conduction band which hosts
the excited electron may be rather broad and the probed states are more or less localized, it
is generally admitted that the level which hosts the excited electron is a spin detector and
the MCXD experiments give the difference as a function of energy of the spin up and spin
down occupation in the empty states.

2. Experimental details

The alloy was melted in a high-frequency induction furnace from very pure starting elements
and then annealed at 1000 for about one week. Standard x-ray diffraction experiments
revealed the samples to be single phase; the powder pattern was indexed using the hexagonal
multiple cell. Nitrogenation was performed using the route developed in our laboratory
and described elsewhere [5]. Details on the neutron diffraction experiments are reported
in this reference. The Curie temperatures were determined using a Faraday-type torque
balance. The magnetic measurements were carried out in the range 4.2-300 K using an
axial extraction magnetometer operating in fields e {T [12].

X-ray absorption spectra as well as MCXD spectra were recorded at LURE using a
position 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 set-up are described elsewhere [13, 14].

Table 1. Structural and magnetic data for &7 and CeFe7N3. The transition temperature
(*) of CexFey7 is a Neel temperature.

Compound a (&) c¢(A) VA3 T.(K M, (uplffu)

CeFey7 8.489 12.413 7748 225 297
CeFe7N3  8.739 12.738 8425 728 37.7

3. Structural results

We have shown previously that the hosiH&,; structure is retained upon nitrogen insertion
[5]. Nitrogen atoms are exclusively accommodated in available octahedral holes the
coordination of whichs 2 R atoms and 4 Fe atoms. A schematic representation of the
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Figure 1. A schematic representation of the £Fe;7N3 structure.

Table 2. Distances relevant to cerium coordination in,Ee 7 and CeFe 7Ns.

Atoms CeFe7 CefFe7Ns3

Ce-Fgl) x1 3.085 3.125
Ce-Fé2) x3 3.290 3.365
Ce-Fg3) x6 3.030 3.177
Ce-F¢4) x3 3.184 3.201
Ce-Feg4) x3 3.060 3.183
Ce-Fe¢4) x3 3.222 3.385
Ce—Nx3 2.525

crystal structure is given in figure 1. We here recall the main structural effects of nitrogen
insertion:

(i) an overall and mostly isotropic cell expansion (as can be seen from table 1) and
(ii) an increase of particular Fe—Fe distances (dumbbell sites).

Another important effect regards the cerium coordination number, that is increased going
from 19 in CeFey; to 22 in CeFe7N3. The cerium coordination decomposes as follows:
one Fe(1), three Fe(2), six Fe(3), nine Fe(4) and three additional N atoms in the case of
the nitride (see [2] for the notation). We have reported in table 2 the distances relevant to
the cerium coordination in GEe7 and CeFe7N3. It can be seen that nitrogerl insertion
induces an average increase of the surrounding Ce—Fe distances that is abadut 19.i51
interesting to note that this effect is much more pronounced than for hydrogen insertion.
Considering that the value of 0.Lis close to the difference in the radii pf-Ce andu-Ce
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(1.824 and 1.73 respectively) [15], it is then reasonable to suspect that Ce has undergone
an electronic transition fronk-Ce to y-Ce upon nitrogen insertion. This consideration
prompted the XAS experiments that are reported below.

4. Magnetic results

Nitrogen insertion has drastic effects upon the magnetic properties fMfeizethe most
spectacular being the increase of the transition temperature from 225 to 728 K, which is
accompanied by a change of the magnetization behaviour; in this respect some useful
parameters have been summarized in table 1. The increase of the magnetic ordering
temperature has been already discussed widely in terms of enhancement of the exchange
interaction and correlated with the observed release of the short Fe—Fe distances (so called
dumbbells).

The saturation magnetization of £ke37 and its corresponding nitride are given in
table 1. The starting GEe 7 exhibits a helimagnetic structure below thééll temperature
of 225 K whereas C#e ;N3 exhibits a ferromagnetic-like behaviour below the Curie
temperature of 728 K.

The ferromagnetic structure of €ree ;N3 was refined from neutron powder diffraction
data, which showed that the local iron moments are increased upon nitrogenation. The
relative increase is almost 10% for most sites except on the 6¢ iron atoms (Wyckoff notation)
for which the largest moment is observed with a relative 20% increase. It is also worth
noticing that the neutron diffraction studies did not evidence a moment on the cerium sites.
However this experimental fact does not rule out the eventuality of a weak and not localized
or unordered moment on cerium. In this respect the MCXD experiments are particularly
suitable to clarifying this point.

An additional reason for the MCXD experiments arose from crystal chemistry
considerations which suggest Fe—N bonding to be predominant in jfe-Rnitrides and
likely to modify the local magnetism of iron. This assumption is supported by the fact
that the strength of R—N bonds inIRe;7N3 is weaker than that encountered in binary rare
earth nitrides for a given coordination. It appears, instead, that Fe—N bonds are strong and
comparable to those found in iron nitrides. It was thus suspected that, in this system, the
iron moments might depend on the degree of 3d—2p hybridization with N atoms [16, 17].

Some hints at the magnetic properties of the iron 3d electrons can be found by studying
the effect of pressure on the transition temperature. Using a picture in which nitrogen
insertion may be regarded as a ‘negative chemical pressure’, the magnétieigan
parameter can be derived and its dependence Giptiren yields information on the itinerant
or localized character of the 3d electrons. So far, no clear-cut conclusion could be drawn
from such considerations rending the MCXD study desirable.

5. XAS experiments

As shown in the previous sections, the changes of the physical parameters induced by
nitrogen insertion have a larger magnitude than those due to hydrogen insertion. In view
of these considerations one could expect N insertion to have a larger effect on the cerium
valence than has H insertion.

It is now rather well established [18, 19] that x-ray absorption measurements at the L
edges of rare earth elements give a relevant representation of the electronic configuration
and vyield, especially for cerium compounds, the 4f occupation number. The determination
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of the valence has been performed using a deconvolution technigue from the mixed valent
L3 spectra recorded at room temperature. All absorption spectra were normalized to the
edge jump. The deconvolution process is based on @ tamction which describes 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 lifetime of the 2p core hole. The
equation used is taken fromoRler [18]:

F(E) = Bo+ B1E + S{((AE/Z)Ak > ﬁ)/(E — (Ex —ien)? + (AE/2)?

i=0,9

+<(AE/2)A1 > ﬁ) / (E — (Ei —ie))* + (AE/2)?
i=0,9
Agér [1 1 l((E—(Ek+6))>}

4" |24 Ztam
(Aver+Aie) L2 m (AE/2)

Arey 1 1 ((E-(E1+9))
+<1_ (Aksk+Azsl>> [2+nta” ( (AE/2) )“

where B; and By describe the linear background parametérgs the scale factor; the first
accessible 5d states in"4f and 4f configurations are denoted [ and E; respectively.
The two lines of empty 5d states are represented by 10 values assumed to be equally spaced
in energy; the spacings andeg,; are allowed to be different for the two white lines. Finally
AE is the core hole lifetime and; and A; are factors of the amplitudes.

The non-integral occupation of the 4f shed}, (or the valence = 4—ny) can be easily
deduced using a least-squares fitting procedure. hWF&ge the cerium atoms are known
to be in an intermediate valence state of 3.33. A study of thd&=&eN3 x-ray absorption
near-edge structure (XANES) reveals a two-bump structure associated Witdmdf4f
channels in the final state. The presence of botha#id 4P configurations bears witness
to the persistence of a mixed valence state after nitrogen insertion. The XAS spectra show
that ana-Ce-toy-Ce-like transition does not occur. A slight decrease of the Ce valence
from v = 3.33 in CeFe;7 to v = 3.307 for CeFe 7Nz is nevertheless observed and may
indicate a small reduction of 5d—4f hybridization. As shown in figure 2 the change we
observe in the case of gee /N3 is only 15% of that observed in gee 7Hs. Thus, in spite
of larger effects on the magnetic properties, nitrogen insertion leads to a weaker evolution
of the cerium valence than hydrogen does. In this respect a relevant comparison can be
made between the compounds;E@;H; and CeFe7N3, which are fully isostructural, that
is the interstitial atoms N and H occupy the same sites. This shows that H and N do
not behave in the same way in the J€e ;7 crystal structure. As already discussed, it is
known that Fe—H bonding is much weaker than Fe—N bonding; since N participates more
strongly in bonding with Fe than does H, it can be surmised that R—-H and R—N bonding
will differ. This also stresses the fact that the magnetism of iron seems to be more sensitive
to interstitial insertion that cerium is and, presumably, governs the physical properties of
these compounds as discussed in the previous sections.

6. MCXD experiments

MCXD on delocalized systems was first observed by Schaital [20] on Fe K edge,

although predicted 21 years ago by Erskine and Stern [21]. The understanding of this
phenomenon is being nowadays improved because of the large amount of theoretical as well
as experimental work in this new spectroscopic area. In the case of delocalized systems,
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Figure 2. Evolution of the cerium valence upon interstitial insertion as a function of interstitial
concentration. The data for gfee7H, are taken from [8].

as mentioned above the approach is rather phenomenological [20]. Jo and Imada [22] have
developed a model which takes into account the inter-band interaction, whereas according
to Harmonet al [23, 24], in the description of the MCXD at the L edges of rare earths, the
overlapping of the radial part of the wave function of the core hole (2p) and that of the
5d electrons depends on the 5d spin and cannot be neglected. More MCXD experimental
results are needed to refine the validity of these models. It is one of the purposes of this
study to contribute to a quantitative description of the MCXD signal and to improve the
understanding of the electronic structure of cerium in highly correlated systems. What is
important for our purpose here is to remember that indklee compound MCXD signals

at the L, 3 absorption edges of the rare earth can be interpreted as those of a 5d system
without a 4f electron (e.g. Lukg Finally, work has recently been carried out to probe the
possibility of quadrupole transitions [24—26].

7. MCXD at the Ce L, and L3 edges

Because of the high Curie temperature ohbE®,N; (728 K), room-temperature MCXD
measurements yield the total saturated mome&mtr{ ~ 0.4). Some measurements made
at low temperature confirm this point. The difference My between 4.2 K and room
temperature is 4%; this should not significantly affect the signal.

We use exactly the same procedure as described in [8] to analyse the shape, amplitude
and sign of the MCXD signal at the Ce k edges. Because of the electric dipole selection
rules the probed states are the 5d ones, and the MCXD signal gives a fingerprint of the 5d
moment on Ce. The fact that we observed the double structure in the MCXD is characteristic
of a mixed valence state since two possible screening mechanisms of the 2p core hole are
induced by the strong hybridization between the 4f state and the conduction band.

We have made an estimation of the magnitude of this 5d moment by scaling the
normalized area of the dichroic signal to that of previously well characterized compounds
such as Cekeor LuFe, compounds where the 5d moment has been determined
independently by band structure calculation and polarized neutron diffraction experiments.
The estimated value from the observed intensity of the MCXD signalGgl ., which
lies very close to that estimated for the hydrogenated compounds [8]. The error bar can
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Figure 3. The room-temperature MCXD signal at the Cgsledges for CgFe;7Ns.

be estimated as 0.05-40u 3. Furthermore this value is very close to that predicted by
band structure calculations for the;fe;7N3 compound [27,28]. As shown in figure 3,

the branching ratio between the dichroic signal atdnd L; edges is exactly-2. In

other words, it has been shown that the difference of the integrated absorption intensity for
circularly polarized light parallel/(") and antiparallel {~) to the magnetization direction is
proportional to the ground state expectation value of the orbital motigehter hole. The
MCXD spectra recorded at the,b edges and normalized by the edge of the unpolarized
absorption edge have been plotted in figure 3. The use of the first sum rule leads to a
zero value for(L,) since the integrated intensity of the MCXD signal at theddge is
opposite to that of the 4 edge. This clearly shows that the 5d magnetic moment is only
from spin origin in the ground state. Finally it should be noticed that for a fully trivalent
state of cerium this branching ratio has been shown to significantly depart-fmrhe
observance of this-2 branching ratio is thus a clear evidence that the 4f electrons are
strongly hybridized with the 5d—3d conduction electrons.

As can be seen in figure 4, comparison of the EXAFS signal with the spin polarized
EXAFS (SPEXAFS) reveals a significant difference between the magnetic and non-magnetic
environments. Owing to the crystal structure determination from neutron diffraction
experiment, we can describe the first peak of the EXAFS signal Fourier transform as being
due to the contribution of both the three nitrogen atoms at*2ffom cerium and the 13
iron atoms at about 3.2; an additional shell of six iron neighbours is present at about
3.4 A. Whereas the Fourier transform of the EXAFS signal exhibits the contribution of
the two kinds of neighbour, the SPEXAFS signal shows the contribution of the iron atoms
only. The lack of a complete theoretical description of the SPEXAFS signal prevents us
from a further quantitative analysis of the distances and of the number of magnetic and
non-magnetic species.
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Figure 4. Fourier transforms (FTs) of the EXAFS and SPEXAFS signals at thedge of
cerium in arbitrary units. The dotted line refers to the SPEXAFS signal magnified by 100, and
the solid line represents the EXAFS Fourier transform.

8. MCXD at the Fe edge

By studying several 3d—3d and 3d-4f systems at the K edge of the 3d elené&mné&r St al

[29] have demonstrated that there is no proportionality between the calculated p or d orbital
moment on Fe and the area of the MCXD signal. Nevertheless, the analysis of the shape
of the MCXD signal at the K edge of iron is of great interest. A two-sharp-peak structure
is observed for both compounds, f£e;; and CgFe7N3. As in a previous study we have
been interested in correlating the evolution of the intensity of the low-energy peak with the
filling of the majority 3d band [8]. This relation is based on the fact that elemental iron
exhibits a two-peak structure whereas well known strong ferromagnetic materials such as Ni
or Co display a single-peak structure [30]. We rely on recent studies of Co—Fe multilayers
which show a weakening of the intensity of the low-energy peak when the Co concentration
increases accordingly [28,31,32]. According to these studies the shape and amplitude
of the dichroic signal at the K edge of iron reflect the filling scheme of the 3d subbands.
Considering this experimental fact, we ascribe the slight decrease of this first peak to a trend
to strong ferromagnetism. This assumption is supported by band structure calculations that
were made on the isotypical,¥e ;N3 compound [27, 28, 33]. These calculations predict a
filling of the majority 3d band upon nitrogen insertion. As mentioned earlier, we think that
in CeFe7N3 a strong Fe(3d)-N(2p) hybridization is present and that it gives way to charge
transfers. It is seen from figure 5 that ££e;7N3 and CeFe7Hs exhibit similar MCXD
spectra despite their very different interstitial concentrations. One can conclude that the
influence of nitrogen insertion upon the Fe 3d band structure is found to be much stronger
than that of hydrogen. A narrowing of the iron 3d band cannot be excluded since studies
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Figure 5. A comparison of the MCXD signals at the Fe K edge fopB&7Hs and CeFe;7Ns.

of volume effects in RFe7C, compounds have shown, for the iron magnetism, a gradual
transition from an itinerant behaviour ibRej7 to a rather localized one inJRe 7C, [34].

A comparison of the MCXD signals at the Ced.and Fe K edges reveals that, in
CeFe 7Nz, the Ce 5d magnetic moment is coupled antiparallel to the Fe 3d magnetic
moment. Such a coupling is in agreement with previous results on £&QxFe and
CeFe7H, compounds [14,18].

Finally, a careful look at figure 5 shows that both,EesN3; and CegFe 7Hs exhibit a
positive peak at about 60 eV after the Fe absorption K edge. Such a phenomenon has been
observed previously in pure-iron and has been ascribed to multielectronic excitation [35].
Despite the small MCXD signal at the iron K edge, the observance of the even weaker
multielectron excitation bears witness to the quality of the spectra.

9. Conclusion

This spectroscopy study has mainly shown that the valence of ceriumjReGéds less
affected upon nitrogen insertion than hydrogen insertion. An interesting result is that
the contribution to magnetism of cerium atoms is of 5d character (spin only). Another
remarkable feature is that the magnetism of these compounds is governed by the changes
of the iron magnetism. We have no evidence for a localized contribution to magnetism of
4f origin. There is still an open question regarding the origin of the persistence of a mixed
valent state in cerium upon interstitial insertion. We recall that in GeWwbere interstitial
insertion leads to a localization of the 4f states of cerium, an amorphization takes place
upon hydrogen insertion and then the local environment of cerium is no longer preserved.
In addition, considering that similar effects seem to take place &g and CeFe4B
systems where the rare earth coordinations are comparable{9 in CeFe 4B and

CN =19 in CeFey7) and iron rich, we think that steric considerations could be part of the
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answer. The 5d moment that has been evidenced by MCXD however is roughly of the
same magnitude whatever the inserted element. This means that interstitial insertion does
not induce significant charge transfers towards the 5d band of cerium. We have shown that
the local magnetism of iron is affected upon nitrogen insertion, and we have observed a
qualitative evidence for a strong ferromagnetic-like behaviour of iron in this system.
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