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Abstract

The change from heavy Fermion to antiferromagnetic behavior of intermetallic system CeRuSi
upon hydrogenation is adressed on bases of lattice expansion and chemical bonding effects within
the density functional theoretical framework using all electrons scalar relativistic augmented spher-
ical wave ASW method. While no magnetic moment develops in the 111 system, from total energy
differences, the hydride is found to be stable as an antiferromagnet in the ground state in agreement
with experiment. The role of anisotropic lattice expansion induced by hydrogen insertion is shown
to be prevailing over the chemical bonding between hydrogen and the metallic species especially

cerium.

PACS numbers: 07.55.Jg, 71.20.-b, 71.23



I. INTRODUCTION AND CONTEXT

Intermetallic systems based on cerium Cey Ty X, (T = transition metal and X = p-metal)
are known to exhibit a wide variety of electronic properties such as heavy Fermions, valence
fluctuation, magnetic ordering, ... [1-3]. The underlying physics of these properties is rele-
vant to the degree of hybridization between the (f) states and the conduction electrons (c).
The interaction at each lattice site, between conduction electrons and localized 4f electrons
is described by the Kondo model whereby conduction electrons are spin polarized due to
their exchange interaction with the localized 4f electrons. This spin polarization propagates
from one lattice site to another. Being the first element in the rare earth series, cerium is
considered as a border case where the degree of delocalization of 4f states depends on the
applied pressure as well as on the crystal environment. In electronic structure calculations
this delicate situation is addressed through various approaches treating the 4f states either
as atomic like core states or as itinerant in the framework of the local spin density approxi-
mation LSDA [4] to the density functional theory DFT [5]. This duality was experimentally
evidenced in a combined analysis of ySR (muon spin relaxation) and neutron experiments
on cerium intermetallic systems which reveals the existence of magnetic excitations due to
both conduction electrons at the Fermi level and well localized f-electrons [6]. Regarding
the lattice environment, the quantum mixing (hybridization) of the 4f states with those of
the ligand states can have large effects as well. This involves chemical bonding properties,
which are dependent of the crystal lattice properties (structure and interatomic distances).
For rare earth elements belonging to the middle of the series the degree of localization of
f states becomes important and the treatment of itinerant as well as localized electrons
within the same theoretical framework imposes the use of self interaction corrections (SIC)
[7] which cancel the erroneous effects of the interaction of an electron with itself as obtained
by the LSDA. That was recently applied to the electronic structures of europium chalco-
genides and pnictides [8]. Generally compounds based on cerium are magnetically ordered
at normal pressure and become non magnetic at high pressures. Insertion of light elements
such as hydrogen can mimic negative pressures with drastic consequences on the magnetic
properties of Ce based intermetallics. Two effects can occur: On one hand, the expansion
of the lattice by hydrogen intake should lead to an enhancement of the localization of the

4f states due to less quantum mixing between them such as in the intermediate valence



CeNiln which transforms into a long-range magnetically ordered ferromagnet with trivalent
Ce in the hydride [9] but on the other hand the chemical bonding between the valence states
of Ru, Si and especially Ce with H ligand could induce a decrease of the magnetization
whence a decrease of the local magnetic moment and, eventually, a loss of magnetization
such as in CeCoSiH [10] and CeCoGeH [11]. Recently Chevalier [12] evidenced that CeRuSi
forms a stable hydride CeRuSiH; y when it is exposed to hydrogen at moderate conditions
of pressure and temperature. A transition from a heavy Fermion state to a magnetically
ordered state with antiferromagnetic behavior upon hydrogen insertion was identified. In
present communication we focus on the theoretical approach within the DFT of the inter-
play between lattice expansion and chemical bonding effects to the electronic and magnetic

structures within CeRuSi and its hydride.

II. ELECTRONIC STRUCTURE CALCULATIONS
A. Crystal structure

The investigation of the structural properties of CeRuSi and of its hydride CeRuSiH; j
using X-ray powder diffraction [12] indicates that they both crystallize in the tetragonal
CeCoGeH-type structure (space group P4/nmm N° 129) [11]. This structure shown in
fig. 1 can be described by a stacking along the c-axis of two layers formed by [CesRuy]
antiprisms and separated by one layer of [Ce,] pseudo-tetrahedral units. The insertion of
H-atoms within the [Ce4] pseudo-tetrahedral sites gives an interatomic distance dee—py =
2.444 A between Ce and H atoms which is somehow larger than its magnitude within the
isostructural CeCoSiH system [13] so that less bonding is expected between the two atomic
species. We can also note that the hydrogenation of the ternary silicide causes a pronounced
anisotropic expansion of the unit cell; the a-parameter increases with 0.4 % whereas the
c-parameter increases strongly from 6.894 A to 7.514 A (~9 %). In other words, the
insertion of hydrogen into CeRuSi involves an expansion of the unit cell volume from 121.43
A3 t0 131.24 A%, The ~ 8.1 % volume expansion is slightly larger than within CeCoSi (~

7.8 %) which equally undergoes an anisotropic lattice expansion [13].



B. Methodology

For the band structure calculations we used the augmented spherical wave (ASW) method
in its scalar-relativistic implementation [14, 15] with Vosko, Wilk and Nusair implementa-
tion for the LSDA scheme [16]. In the ASW method, the wave function is expanded in
atom-centered augmented spherical waves, which are Hankel functions and numerical solu-
tions of Schrodinger’s equation, respectively, outside and inside the so-called augmentation
spheres. The choice of the augmentation radii were automatically determined using the
sphere-geometry optimization algorithm [17]. The Brillouin zone integrations were per-
formed using the linear tetrahedron method with up to 126 k-points within the irreducible
wedge. Here we use a new version of the ASW code, which takes the non-spherical contri-
butions to the charge density inside the atomic spheres into account. All valence electrons,
including 4f (Ce) were treated as band states. In the minimal ASW basis set, we chose the
outermost shells to represent the valence states and the matrix elements were constructed
using partial waves up to [y +1 = 4 for Ce, [0 +1 = 3 for Ru, ly,4..+1 = 2 for Si and
lmaz.+1 = 1 for H. The completeness of the valence basis set -without calling for semi core
states- was checked at all volumes for charge convergence with 1,,,,,.+1 occupation less than
0.1 electron. Regarding the angular momentum expansions, they are in principle carried
to infinity. For details on the ASW method the reader is referred to recent comprehensive
work [18]. The self-consistent field calculations are run to a convergence of AQ=10"* Ryd
and the the accuracy of the method is in the range of about 0.1 to 1 meV regarding energy
differences.

In a first step the calculations were carried out assuming non-magnetic configurations
(non spin polarized NSP), meaning that spin degeneracy was enforced for all species. Such
a configuration is not relevant to a paramagnet which could be simulated by a huge supercell
entering random spin orientations over the different magnetic sites. However disordered local
moment approach based on coherent potential CPA approximation [19] or LDA+DMFT
approach [20] can be used for this purpose.

Then spin polarized calculations leading to an implicit long range ferromagnetic order were
carried out; spin orbit coupling effects were accounted for as well within subsequent fully
relativisting calculations using the Dirac equation [21]. In order to provide a model for

the experimentally observed antiferromagnetic ground state of the hydride system we have



constructed a double unit cell along the c-axis. In view of non available neutron diffraction
characterizations this provides one possible model of a long range AF spin structure which
should be validated as a ground state configuration from the relative energies of the band
theoretical calculations.

To extract more information about the nature of the interactions between the atomic
constituents from electronic structure calculations, the crystal orbital overlap population
(COOP) [22] or the crystal orbital Hamiltonian population (COHP) [23] may be employed.
Both approaches provide a qualitative description of the bonding, nonbonding and anti-
bonding interactions between two atoms although COOP description, when defined within
plane-wave basis sets, exagerates the magnitude of antibonding states. A slight refinement
was recently proposed in form of the ”energy of covalent bond” (ECOV), which combines
COHP and COOP to calculate quantities independent of the choice of the zero of potential
[24]. In the present work the ECOV criterion was used for the chemical bonding analy-
sis. In the plots, negative, positive and zero ECOV magnitudes are relevant to bonding,

antibonding and nonbonding interactions respectively.

C. Non spin polarized configuration

NSP calculations provide a description of the system as a function of energy positions of
the site projected density of states DOS as well as an assessment of the chemical bonding.
This is related to the fact that the spin polarized bands, to a large degree, result from
the NSP bands by a rigid energy shift. Hence it is well justified to discuss the chemical
bonding already from the NSP results. At self consistency little charge transfer could be
observed between atomic species thus pointing to the covalent (metallic character) of the
studied systems. The site projected DOS provide a better description of the quantum
mixing between valence states. This is provided for CeRuSi and CeRuSiH;, in fig. 2 a
and b. In both panels the Fermi level (Ep) is taken as zero energy. The cerium DOS
are seen to prevail through the large peak around Ep mainly due to (4f) Ce states which
show larger localization (sharper and narrower peaks) in the hydride system despite similar
magnitude of DOS at the Fermi level of ~ 3 eV ~! for both systems. This is concomitant
with a larger cell volume whereby the average Ce-Ce separation is higher. But there is a

non negligible contribution from Ce itinerant states below Er which ensure for the chemical



bonding through the hybridization with Ru and Si states as well as with hydrogen as it will be
shown below. Due to the large filling of their d-states, Ru DOS are found completely within
the valence band. They show similar shape at the low energy part of the valence band (VB),
which is a feature pointing to a mixing between Ru, Si and Ce. Silicium states contribute
to the bonding essentially with ruthenium. Within the hydride system hydrogen partial
DOS (PDOS) were artificially multiplied by 10 in order to clearly exhibit their contribution
within the VB where Ce states are prevailing. They can be seen to have a similar skyline
to other states between -6 and -4 eV with significant mixing with Ce itinerant states.

This is stressed by the band structure plotted along the main lines of the simple tetragonal
Brillouin zone in 3 (a, b). From fig. 3 a, there is a large dispersion of the bands at the bottom
of the VB signaling s, p like states due to hydrogen as well as Si while localized states around
the Fermi level are due to Ce 4f states; in between, i.e. in the energy range -4, 0 eV the
transition metal bands are present. The H contribution is shown in fig.3 b by the fat bands
(full lines are stressed by dotted lines) which are found mainly with a large dispersion at the
bottom of the VB as suggested above, whence the preserved s character of hydrogen, and
around the Fermi level where Ce bands are found which points to their mixing. However
there is a better account of the hybridization features from chemical bonding criteria.

Two-body interactions between atomic species are described by covalent bond energy
ECOV criterion in fig. 4 a-c. Negative, positive and zero values along the y-axis are
relative to bonding, antibonding and non-bonding states respectively. Because of their
little involvement with the bonding (4f) Ce orbitals were discarded from the analysis. In
fig. 4 a and b we make explicit the ECOV for Ce-Ru, Ce-Si and Ru-Si pair interactions
which determine the nature of the bonding within the pristine and hydrided ternary systems
respectively. The major part of the VB is bonding with antibonding interactions starting
to appear in the neighborhood of Ex especially for Ru-Si. The difference appears as well for
the Ce-Ru and Ru-Si bonding which show larger overall magnitudes in CeRuSiH; ; than in
CeRuSi. This is opposite to the formerly studied isostructural CeCoSi and its hydride [10].
While the shorter Ru-Si spacing between Ru and Si within the hydride (2.36 A versus 2.41
A in pristine CeRuSi) could explain the enforced Ru-Si bonding, the distance criterion for the
Ce-Ru does not stand for explaining the enforcement of the Ce-Ru bond within the hydride.
The strengthening of the Ce-Ru bonding within the hydride is probably in line with the

larger itinerant population of Ce within CeRuSiH as observed from the calculations through



the increase of both 5d and 4f occupations and which is equally exhibited by the stronger
localization of the Ce(4f) DOS within the hydride (fig. 2b). Turning to the bonding with
hydrogen, fig. 4 c gives the different contributions. Here the prevailing interaction is for Ce-
H which follows from the shortest distance within the lattice: dee_g= 2.444 A; while dg;_p
=3.359 A and dp, p= 3.756 A, on one hand and from the tetrahedral Ce environment of
H on the other hand. Ce-H interaction is bonding throughout the VB and above Er. On
the contrary there are antibonding contributions for Ru-H around -2 eV and Si-H bonding

is expectdely negligible from distance criteria.

D. Spin polarized configurations

Beside calculations of CeRuSi and CeRuSiH; y at experimental volumes, additional cal-
culations were done for the equiatomic alloy system at the hydride volume and vice versa

in order to assess the volume versus chemical effects due to H insertion.

1. Energies and magnetovolume effects

Calculations for the magnetic structures were carried out by initially allowing for two spin
occupations, then self-consistently converge the charges and the magnetic moments. Firstly
we assumed a ferromagnetic SP-F" configuration with no constraint on spins. For CeRuSiH;
further antiferromagnetic AF computations were carried out for checking whether the ex-
perimentally evidenced AF' ground state would actually be found from energy differences
with respect to the SP-F' hypothesis.

Self consistent SP calculations of the alloy system CeRuSi provide zero magnetization
with no spin polarization of any of the valence bands; this coincides with the heavy Fermion
behavior but should be considered as fortuitous in the framework of the LSDA approxima-
tion. The energy difference between the NSP and SP configuration is nil because there is
no gain of energy due to exchange. Expanding the alloy lattice to the hydride volume in
a progressive way did not lead to the development of magnetization upon successive self
consistent computations, i.e. up to 7.5% volume increase. At a volume increase of ~ 8%
i.e., at the hydride volume, there is an onset of magnetization such that M(Ce)=0.34 pp,
M(Ru)= -0.013 pup which is of induced nature due to Ce moment and vanishingly small Si



moment. This underlines the magnetovolume effects induced by hydrogen. For the hydride
system, the SP-F' configuration provides an energy stabilization of AE = -3.264 meV and
the development of ordered atomic magnetic moments such that: M(Ce)=0.58 pp, M(Ru)=
0.004 pp, M(Si)=0.0036 pp and M(H)= -0.0013 pp. The negative value of the induced mo-
ment on H arises from the quantum mixing of its valence states with nearest neighboring Ce.
The different magnitudes of Ce moments at the same volume between the two calculations
with an enhanced M(Ce) in the hydride, point both to the anisotropic effect of the lattice
expansion and to the fact that H does not reduce the magnitude of the magnetization due
the chemical bonding effects (cf. fig. 4-c).

Further calculations including spin orbit coupling effects were carried out. This is because
the localized character of the 4f wave function leads to the formation of orbital moments.
We used the orbital field (OR) scheme introduced by Brooks [1]and Sandratskii and Kiibler
[25] which helped to account for the experimental moments within formerly studied Ce
intermetallic systems [3]. The trend is that the magnitude of the orbital moment (L) is
close to that of the spin-only (S.0.) moment but with opposite signs in agreement with
Hund’s 37 rule. The L. moment of cerium stems from a 4f (Ce) occupation of about 1.3
electrons whose orbital moment (~2.5 pp) comes close to the one of an atomic orbital,

274 ryle. This reflects the atomic like character of

namely 3 pup as expected from Hund’s
the 4f (Ce) shell. A resulting ordered LS moment of cerium of ~1.78 pp was found for the
ferromagnetic configuration while a larger magnitude (~1.9 up) arising from the smaller
spin only moment within the AF configuration is obtained. The computed values should be
confronted with experimental magnetizations from neutron diffraction when they are made
available. In order to complete the discussion on the magnetovolume effects, we have also
calculated CeRuSiH; y with and without H at the 111-alloy volume. The resulting moments
are respectively M(Ce)=0.22 up and M(Ce)= 0.37 up. The global decrease as with respect
to the actual hydride system is mainly due to the reduced volume. But one can also suggest

when H is present that the smaller Ce-H distance should induce large chemical bonding

effects between Ce and H whereby the Ce moment is decreased furthermore.



2. Antiferromagnetic configuration

First antiferromagnetic AF computations within one cell of CeRuSiH; o with one formula
unit polarized as up-spin (1) the other as down-spin () could not lead to a stable configu-
ration, i.e. atomic magnetic moments vanished. This led to build the AF cell by doubling
tetragonal CeRuSiH; y along the c-axis. The whole unit cell was then set to develop spin 1
atoms for one subcell and spin | atoms for the other subcell, i.e. with a magnetic vector
q: [0, 0,% 27” along Oz. At self consistency AE = -1.3 meV in favor of antiferromagnetic
ordering was obtained thus pointing to SP-AF' ground state in agreement with experiment.
The total magnetization is zero with Mgypeen = + 1.153 pp and M(Ce) = + 0.56 pp, i.e.,
slightly smaller than in the SP-F configuration which is likely due to the decrease of sym-

metry.

3. Analysis of the density of states

The effects of spin polarization for the CeRuSiH;  are illustrated for the site and spin
projected DOS given in fig. 5. In as far as these effects are not present for CeRuSi its SP
DOS are not shown. The site projected DOS show an energy shift between the electron
populations for the majority (1) and minority () spin populations mainly for Ce which
carries a magnetic moment. The induced nature of Co moment in formerly studied CeCoSi
[10] is no more observed here and Ru which carries a vanishingly small moment can be seen
to have nearly equal DOS weights between (1) and (J.) PDOS. This is likely due to the nature
of d states involved, i.e. 3d versus 4d states, whereby Co(3d) are closer to the Fermi level
and hence mix further with the Ce states carrying the magnetic moment. Hydrogen PDOS,
artificially multiplied by 10, are shown to have larger contribution in the lower part of the
VB as expected from the available valence states. However due to the relatively strong Ce-H
bond (cf. fig. 3c) small intensity PDOS can be observed around the Fermi level, i.e. around

Ce(4f) states, whence the induced character of the H moment.

III. CONCLUSION

In this work we have undertaken a theoretical analysis of the hydrogen insertion effects on

the magnetic behavior of CeRuSi equatomic system. Contrary to formerly studied CeCoSi



and its hydride (transformation from AF — spin fluctuating system), the heavy Fermion
behavior of CeRuSi changes to an antiferromagnet upon hydrogen absorption. In order to
further address this peculiar feature we have undertaken ab initio computations within the
local spin density functional theory for CeRuSi for the hydride CeRuSiH at experimental
volumes. Analyses of the electronic structures and of the chemical bonding properties using
the covalent bond energy lead to suggest that the chemical effect of hydrogen does not
prevail over cell expansion which enhances the magnetization. A possible antiferromagnetic
structure with a propagation along the c axis was proposed for CeRuSiH ground state which

is experimentally evidenced in this work from magnetic measurements.
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FIG. 1: Sketch of the crystal structure of CeRuSiH. Ce, Ru, Si and H-atoms are represented by

white large, black medium, grey medium and black small circles, respectively.
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FIG. 2: Non magnetic site projected DOS of CeRuSi (a) and CeRuSiH (b).
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FIG. 3: Band structure of non magnetic CeRuSiH; ¢ a); H orbital weight are stressed in b).
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FIG. 4: Chemical bonding from covalent bond energy criterion (ECOV) for pair interactions within
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FIG. 5: Site and spin projected DOS of CeRuSiH; j in the ferromagnetic configuration. Hydrogen

PDOS intensity was multiplied by 10 in order to explicit their position.
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