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PHYSICAL REVIEW B 70, 174408(2004)

Effect of H insertion on the magnetic, electronic, and structural properties of CeCoSi

B. Chevalier and S. F. Matar
Institut de Chimie de la Matiere Condensée de Bordeaux (ICMCB) -CNRS [UPR 9048], Université Bordeaux 1, 87 Avenue du Dr. Albert
Schweitzer, F-33608 Pessac Cedex, France
(Received 9 April 2004; published 9 November 2p04

Contrary to other cerium equiatomic intermetallic systei@sTX with T=transition metalX=p meta)

which become magnetically ordered upon hydrogen insertion, magnetic measurements characterize an antifer-
romagnet for CeCoSi and a spin fluctuation system for its hydride CeCoSiH. The presented results of electrical
and magnetic properties of the silicide CeCoSi demonstrate the existence of an antiferromagnetic transition at
Tn=8.8(2) K. For the purpose of further assessing the experimental findings, the electronic and magnetic
sructures of CeCoSi and CeCoSiH are self-consistently calculated within the local spin density functional
LSDF theory. The analysis of the electronic structures and of the chemical bonding properties lead to suggest
that the chemical effect of hydrogen prevails over the cell expansion effect which would enhance the magne-
tization otherwise. Spin orbit coupling effects on cerium are examined. A potential antiferromagnetic structure
with a propagation along the axis is proposed for CeCoSi ground state.

DOI: 10.1103/PhysRevB.70.174408 PACS nuniber75.50.Ee, 75.30.Cr, 71.26b, 71.70.Ej

I. INTRODUCTION AND OBJECTIVES rium intermetallic systems which reveals the existence of
magnetic excitations due to both conduction electrons at the
Intermetallic systems based on cerium xCeX; (T Fermi level and well localized electrons. Regarding the
=transition metal an=p meta) are known to exhibit a |attice environment, the quantum mixirgybridization of
wide variety of electronic properties such as heavy fermionsthe 4 states with those of the ligand states can have large
valence fluctuation, magnetic ordering, &€The underly-  effects as well. This involves chemical bonding properties,
ing physics of these properties is relevant to the degree afhich are dependent of the crystal lattice propertisuc-
hybridization between thef) states and the conduction elec- ture and interatomic distandes
trons (c). The interaction at each lattice site, between con- Generally compounds based on cerium are magnetically
duction electrons and localized 4lectrons is described by ordered at normal pressure and become nonmagnetic at high
the Kondo model whereby conduction electrons are spin popressures. Insertion of light elements such as hydrogen can
larized due to their exchange interaction with the localizedmimic negative pressures with drastic effects on the mag-
4f electrons. This spin polarization propagates from one latnetic properties of Ce based intermetallics. In CeNiln we
tice site to another. Considering two rare earth lattice sitesdentified a transition from an intermediate valence state to a
they are related by the indirect exchange betwkelectrons  ferromagnetic behavior upon hydrogen inserfio@n the
through ¢ conduction electrongRKKY interaction. The  contrary CeCoGe which orders antiferromagneticallyT gt
magnitude of this coupling.s was assessed for 1D lattice by =5.0(2) K shows an unexpected magnetic behavior upon hy-
Doniactt in a magnetic phase diagram involving a competi-drogen intake. The observation of a broad peak around
tion between the RKKY(Ruderman-Kittel-Kasuya-Yosigla 7(1) K in the temperature dependence of the magnetic sus-
mechanism, which favors the paramagnetic state in theeptibility of the hydride CeCoGeH suggests that it presents
weak-coupling regiorismall J;1), and the Kondo screening, spin fluctuation behavidt.This is somewhat peculiar since
which leads to the formation of tightly bound singlets in thethe expected schematic trend should lead to a contrary one:
strong-coupling regior(large J;r). Between these two re- The expansion of the lattice by hydrogen intake should lead
gimes magnetiqKondo) systems are found with reduced to an enhancement of the localization of tHesfates due to
magnetic moments due to the Kondo effect. less quantum mixing between them on one hand and with the
Although the Ce(4f) band is much narrower than the U valence states of the ligands on the other hand, whence the
(5f) band, the Cé4f) electrons may be regarded as itinerantincrease of the local magnetic moment as we formerly ob-
electronic states in as far as ambient pressure conditions aserved in hydrides of CeNilff and YFg.*! From this the
fulfilled. Being the first element in the series, cerium is con-purpose of the present investigation is to provide a quantum
sidered as a border case where the degree of delocalizati@pproach within the DFT to the description of the electronic
depends on the applied pressure as well as on the crystahd magnetic structures as well as the bonding characteristics
environment. In electronic structure calculations this delicatevithin ternary silicide CeCoSi, isostructural to CeCoGe, and
situation is addressed through various approaches treatirig hydride system. Previous investigation devoted to the
the 4f states either as atomic like core states or as itinerant imagnetic properties of CeCoSi indicates ttiathe cerium is
the framework of the local spin density approximationin a trivalent state andi) no magnetic transition is observed
LSDAS® to the density functional theory DFTThis duality — above 1.6 K2
was experimentally evidenced in a combined analysis of In this paper, we present a reinvestigation of the electrical
#SR (muon spin relaxationand neutron experiments on ce- and magnetic properties of the silicide CeCoSi and demon-
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FIG. 1. X-ray diffraction pattern of CeCoSi. FIG. 2. Projection onto théa), (c) plane of the crystal structure

of CeCoSiH(Ce, Co, Si, and H atoms are, respectively, represented
strate the existence of an antiferromagnetic transitiomat Py white large, black medium, grey medium, and black small
=8.82) K. It is shown that this ternary silicide forms the circles.
stable hydride CeCoSiH when it is exposed to hydrogen at
523 K under a pressure &f(H,)=4 MPa. The investigation terization of the structural type and for the phase identifica-
of magnetic properties of the latter hydride, isostructural totion of the samples. The unit cell parameters were
CeCoGeH, reveals a spin fluctuation behavior belby  determined by a least-squares refinement method using sili-
=1305) K. These results are discussed on the basis of theon (5 N) as an internal standard.
electronic structures of CeCoSi and CeCoSiH using band Magnetization measurements were performed using a Su-
structure calculations for the description of the electronic andPerconducting Quantum Interference Devi&QUID) mag-
magnetic structures as well as the bonding characteristicf€tometer in the temperature range 1.8—-300 K and applied
Also, a similar, calculation for CeGBi, is presented for fields up to 5 T. Electrical resistivity was measured above
comparison; this valence fluctuating system exhibits many.2 K on a polycrystalline sample using standard dc four-
structural characteristics with CeCoSi and its hydfitie. probe measurements.

Il. EXPERIMENTAL DETAILS
B. Structural, electrical, and magnetic properties
A. Synthesis and hydrogen absorption . . .
The investigation of the structural properties of the hy-

A polycrystalline CeCoSi sample was synthesized by argjride CeCoSiHy, using x-ray powder diffraction indicates
melting a stoichiometric mixture of pure elemenfaurity  yna¢ it crystallizes in the tetragonal CeCoGeH-type struéture
above 99.9%in a high-purity argon atmosphere. Then, the space group P4/nmm with a=0.395%2) nm and c

sample was turned and remelted several times to ensure h—b.78613) nm as unit cell parameters. This structure can be
mogeneity. Annealing was done for one month at 1073 K bydescribed by a stacking along thexis of two layers formed

enclosing the sample in an evacuated quartz tube. Its x-r o
powder pattern is fully indexed on the basis of a tetragona y [Ce,Co,] antiprisms and separated by one laye{0&]

unit cell with the CeFeSi-type structu¢gig. 1). No parasitic pseudotetrahedral unitig. 2). The [Ce,Co,] antiprisms

phase is detected. The unit cell parameters deduced from th%mounding the Si atom are also observed in the crystal

investigation a=0.40412) nm and c=0.699G2) nm agree structure of the ternary silicide Ceg3i,.1 The H atoms are

with those reported previousH. inserted in th¢ Ce,] pseudotetrahedral sit¢ab)-site (3 ,2,3)
Hydrogen absorption experiments were performed usin%‘"ng interatomic distanceslc=0.23912) nm between
the apparatus formerly describ¥dAn annealed ingot was ©€ and H atoms. _ . _
heated under vacuum at 523 K for 12 h and then exposed to 1he crystal structure of CeCoSi and its hydride adopt the
4 MPa of hydrogen gas at the same temperature. The amouf@Me Space group but the hydrogenation of this ternary sili-
of H absorbed was determined volumetrically by monitoringc'de causes a pronounced anisotropic expansion of the unit
pressure changes in a calibrated volume. Under the expef€lli  the —a-parameter decreases from 0.4l
mental conditions described above, CeCoSi absorbs hydré¥M to 0.39582) nm (-2.1%) whereas thec parameter
gen. The amount of H-atom inserted is (Oper CeCoSi increases strongly from 0.69¢) nm to 0.78613) nm
formula. The hydride formed is stable in air and shows a+12.5%). In other words, the insertion of hydrogen into
metallic aspect. Also, the H-absorption induces a decrepitatceCoSi involves an expansion of the unit cell volume from
ing in small grains of the pure starting ingot. 0.11412) nm?® to 0.123@4) nn? (+7.8%). These structural
X-ray powder diffraction with the use of a Philips 1050- characteristics are comparable to those reported recently dur-
diffractometer(CuKa radiation was applied for the charac- ing the hydrogenation of the ternary germanide CeCdGe.
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FIG. 4. Temperature dependence of the reciprocal magnetic sus-
FIG. 3. Temperature dependence of the reduced electrical resigeptibility X;nl measured with an applied fiejggH=4 T of silicide
tivity for ternary silicide CeCoSiinset for T<20 K). CeCoSi and its hydride. Solid line shows for the hydride, the cor-
rected datay,—NnNC/T)™L. Inset: y,,=f(T) at low temperature for

The hydrogenation of CeCoSi induces important changes if€CoSi.

the values of thedq._ce distances; those located in the

(a,b)-plane decreasf).4041-0.3955 ninwhereas the four ported previously by Weltegt al.'? respectively 2.8ug/mol
other increas€0.3725—-0.3878 nin The pseudotetrahedral and —53 K. The presence of a sharp peakg 8.82) K in

[Cey] unit is less distorted in the hydride CeCoSiH. It is alsothe temperature dependence of the magnetic susceptibility of
worth pointing out that thel._c.distanceg0.3955 nm ex- ~ CeCoSi(inset of Fig. 4, suggests an antiferromagnetic or-
isting in the (a,b)-plane for hydride CeCoSiH are compa- dering of the Ce moments. This behavior agrees with the
rable to those observe@.3958 nm in the ternary silicide €lectrical properties of CeCoSi at low temperatures. It should
CeCoSi,.'* We shall be using these experimental crystalo€ mentioned here that Weltet al*? found no magnetic
data for the calculations of the electronic and magnetic structransition above 4.2 K in CeCoSi while we have been able to
tures of the different systems. detect a magnetic transition using a smaller applied magnetic

Figure 3 disp|ay3, above 4.2 K, the temperature depenﬂEId of 0.05 T(l T in Ref. 13 for the magnetization mea-
dence of the reduced electrical resistivity of CeC¢Bie to ~ Surements. Since our sample is of high quality as revealed by
the presence of microcracks in the polycrystalline sampleX-ray powder diffraction, microprobe analysis and the large
absolute value op could not be determined accurately; for Value of the residual resistivity rati¢p(270 K)/p(4.2 K)
this reason, a reduced representation is chopénthe tem- = 25), we believe the magnetic transition is intrinsic. Other
perature range from 270 to 100 K, the resistiyitghows a  €xperiments such as neutron powder diffraction and specific
slight decrease with decreasing temperature. Then, the curi¥@at measurements are planned in order to confirm this mag-
p(T)/p(270 K)=f(T) exhibits two characteristicgi) a cur-  Netic transition.
vature around 60—70 K an(@) a sharp decrease at &8 K The curvey;=f(T) relative to CeCoSiH shows a differ-
(inset of Fig. 3. The former is likely to be associated with €nt behavioiFig. 4): (i) above 150 K x;, follows a Curie—
the interplay between Kondo and crystalline electric fieldWVeiss law with the parametergen;=2.725) ug/mol and
(CEP effects as found for many intermetallics based on ce#,=—56(1) K (ii) the presence of a broad minimum around
rium such as CeRhGe and CePt8@he latter suggests the 70 K is a characteristic of valence fluctuating systems as
occurrence of a magnetic ordering below (@)8K. The de-  reported earlietS (iii ) the decrease o} below 25 K might
crease op below this temperature could be associated to theriginate from a small amount of free €dons stabilized on
loss of spin disorder scattering of the conduction electrondattice defects or a trace of some paramagnetic impurities, as
owing to the appearance of a magnetic transition. often observed in other valence fluctuating systémac-

In order to investigate this possible magnetic ordering, wecording to this scheme, the magnetic susceptibjityof the
have performed magnetization measurements on CeCoSiydride CeCoSiH can be expressed at low temperatures
Above 70 K, its reciprocal magnetic susceptibility follows a (T<25 K) by xm=xm(0)+nC/T where x,(0) is the mag-
Curie—-Weiss law with the effective magnetic momeng  netic susceptibility aff=0 K, n is the proportion of stable
=2.71(5) ug/mol and the paramagnetic Curie temperatureCe** moments composing the trace of magnetic impurities
6,=-551) K (Fig. 4). These values are close to those re-andC=0.807 emu K/mol is the Curie constant for free’Ce
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ions. The best agreement between experimental and calct®P) which involves the overlap matrix leading to the so-
lated y, values leads tq,(0)=3.858) x 102 emu/mol and called crystal orbital overlap populatigt OOP2° or alter-
n=13.66) X 10°3Ce** ions/mol. Figure 4 presents the cor- natively introducing the Hamiltonian based population crys-
rected] x,,—nC/T]"1=f(T) reciprocal magnetic susceptibility tal orbital Hamiltonian population (COHP.?! Both
versus temperature resulting from this calculation. This curvé@pproaches provide a qualitative description of the chemical
goes through a large minimum near(85K. With the model  interactions between two atomic species by assigning a
offered by Lawrenceet all® we estimateT=1305) K as bpnding, nonbonding or antibonding character. A slight re-
the spin fluctuation temperature resulting from the hybridizafinement of the COHP was recently proposed in form of the
tion between #Ce) and conduction electrons. This analysis “covalent bond energyEcoy which combines both COHP
suggests that the hydrogenation of CeCoSi leads to the tra@d COOP so as to make the resulting quantity independent

sition antiferromagnet- spin fluctuation behavior. of the choice of the zero of potent# The Ecoy parametri-
zation was recently implemented within the ASW metfdd.

Our experience with both COOP aiit}qy, shows that they
give similar general trends although COOP exagerate the
magnitude of antibonding states. We shall be usingBks,

Computations are alib initio and self consistericrystal ~ description of the chemical bond in this work.
data and neutral atoms as inpuiithin the local spin density
approximation to the density functional theory. More specifi- ~ A. Calculations and results of the non-spin-polarized
cally, we use the scalar relativistic implementation of the configurations

augmented spherical waveASW) method based on the  pgeagige CeCoSiand CeCoSiH additional calculations were

atomic spherg ASA) approximation*'® All valence elec-  yone for CeCesSi, which shows similar structural character-
trons, including 4 (Ce) were treated as band states. In thejgyics with the CeCoSi system and its hydride. Furthermore,
minimal ASW basis set, we chose the outermost shells tg,o cecosi system was examined at the hydride lattice con-
represent the \(alence states and the matrix elements WeLe,nt |n the framework of the ASW method this is made
constructed using partial waves up £Qaxt 1.:4 for Ce, possible by replacing the hydrogen atoms by “empty
Imaxt 1=3 for Co andipa+1=2 for Si. In afirst step the  goneres” je., pseudo atoms with zero atomic number. The
qalculgtlons Were'carrled. out assuming nonmagnetic CO%urpose is to evidence the magnetovolume effect of hydro-
figurations(non-spin-polarized NSPmeaning that spin de-_ %en versus its chemical effete.
generacy was enforced for all species. Such a configuratio
is however not relevant to a paramagnet which would only 1. Density of states DOS
be simulated by a huge supercell entering random spin ori- ) i ) )
entations over the different magnetic sites. Then within spin_ 1 he€ Sité projected DOS for the four systems are given in
polarized calculations spin only moments were accounted fof'9S- 5 and 6. In all panels the Fermi lev&) is taken as
leading to an implicit long range ferromagnetic order. Fur-Z€ro energy. The cerium DOS are seen to prevail through the
ther in order to provide a model for the experimentally ob-large peak aroundte mainly due to(4f) Ce states which
served antiferromagnetic ground state we have envisaged%‘QWﬂ']ar%erdbga"Zattloi'f'ﬂSLW_?r:pHerFf_i”d;S)WOW?{hpefiks \Ié's Fig.
doubling of the unit cell along the axis. In view of non- In the hydride systenwi 19. or withou 19.
available neutron diffraction characterizations this provide$d(P)]. This is concomitant with a larger cell volume whereby
one possible model of a long range AF spin structure whicithe average Ce—Ce separation is higher. But there is a non-
should be validated as a ground state configuration from theegligible contribution from Ce itinerant states beldiy
relative energies of band theoretical calculations. Orbital efl_’Vh'tf?h e”_?rl]”(e: for tgeS_ChteT'Ca' b0n0|||'n9 thft?]uﬁhdthe hyb“d_'t
fects can be large in uranium based systems and to a lesgéplion wi 0 and ol states as well as with hydrogen as |
extent within cerium intermetallic systems. We discussedN”Lbﬁ SDhC%vn beI;)W. lgue to tlhet llarge'tffq'"ngt]h()f theldrstate;, .
these issues in a comparative review foifTASn (A=U, Ce;  coOba are founa completely within the valence band.
t=Ni, Pd) systemd in which the effects of spin-orbit cou- They show similar shape at the low energy part of the VB,
pling and orbital polarization were investigated using differ-!-€.,
ent scheme&Last, in order to represent the correct shape of—6,-2 €V] which is a feature pointing to a mixing between
thedcrystal potential in the hlydroge; free CC?dCOSiHI which weCo, SDibaSnd Ce. V\{[i_';hih ;flhe hyl(gri?edszs'feéﬁig- 5((jb)] thydlro- I
study to assess magnetovolume effects, additional augment@en were artficially muitiplied by o In oraer to clearly
tion )s/pheres called Ei;mpty sphel&sS, zero atomic num%)ar exhibit their contribution within the VB. They can be seen to
were inserted at H positions. have a similar skyline to other states between -5 and -4 eV,
The results obtained from DFT based calculations providdiowever a significant intensity just above -4 eV points to a
accurate indications to quantities regarding the magnitude®ixing with Ce itinerant state¢see chemical bonding sec-
orf the magnetri]c moments, tLle nature Iandlenhergy posgion dBf(:)_f;)- eT(E)Ei ggzetf;](;el ::gzr ?n(?azn"': t;ee &?fg%egggeafgféOSi
the states with respect to the Fermi level, the ground state-19. 1t
configuration from relative energies, however one needs &ermileveln(Eg), are features which differentiate it from the
more elaborate tool of information about the nature of thehydride DOS. The lower energy lying regions of if#) Ce
interaction between atomic constituents. Such informatiorDOS are crossed biyg, with a larger magnitude for CeCoSi
can be provided in the framework of the overlap populationas well as the “hydrogen free CeCoSiH” than for the hydride

Ill. THEORETICAL FRAMEWORK
AND COMPUTATIONAL RESULTS
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FIG. 5. Nonmagnetic site projected DOS(aj CeCoSi andb) FIG. 6. Nonmagnetic site projected DOS @ CeCqSi, and
CeCoSiH. (b) CeCoSES

and CeCeSi, Fig. 6(a); this will have consequences on the peratu_re(ground stat)apne can express the total energy of
magnetic properties of the relevant systems as it will be ana@ spin system resulting from the exchange and k'”_“-‘t'c en-
lyzed in the next paragraph. Silicium states contribute to th&rgies counted from a non-magnetic state as follows:

bonding essentially with cobalt such as in Cg8ig silicide
and do not show significant differences between the studied _= m’ [1-1n(Ep)]
compounds. A more reliable determination of the two body 2| n(Ep) i

interactions can be obtained from chemical bonding criteria

within the covalent bond enerdyoy framework described Herel i.s the Stpner exchange-cqrrelation intggral WhiCh
above. This is carried out in subsequent sections of thi§ an atqmlc quantlty.that' can be derived from spln_—polarlzed
work calculations(nonrelativistic, scalar, and fully relativisi®

andn(Eg) is the DOS afEg in the nonmagnetic state. From
this expression the produttn(Eg) provides a criterion for
the stability of the spin system. A nhonmagnetic configuration

In as far as(4f) Ce and(3d) Co states were treated as (equal occupation of the two spin state®wards spin-
band states in the framework of our calculations the Stonepolarization(unequal spin occupatigmvill be unfavorable if
theory of band ferromagnetigfhcan be applied to address |.n(Eg) >1. The system then stabilizes through a gain of
the spin polarization. Formulating the problem at zero tem-energy due to exchange.

2. Analysis of the NSP-DOS within Stoner theory
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Among the four studied systems, cerium shows a large 10 T T T
n(Eg) for CeCoSi and for the hydrogen free hydride system,
while there is a minimum for the hydride and CeSg. To
analyze these results we use the Stoner integral for Ce fron 5
former scalar relativistic calculatiofs (Ce 4)~0.26 eV
and|(Co 3d)~0.49 from the original work of JanaR.For ~
Co the Stoner product is obtained larger than 1 only within 2
CeCoSi. For Ce, the corresponding Stoner produatéEy) > 0
for 4f are, respectively, 1.7, 0.20, 0.54, and 2.19 within 3
CeCoSi, CeCoSiH, CeG8i,, and the hydrogen-free
CeCoSiH. The Stoner criterion is obeyed only for those mag- 5
nitudes larger than one; this leads to propose that Ce as we
as Co should carry a magnetic moment in CeCoSi while only
Ce should polarize within the expanded cell of CeCoSi at the
hydride volume. These qualitative conclusions agree with the ~ -10 —
experimental observations of a magnetically ordered state -6 4 -2 0 2 4
only within the CeCoSi system among the studied series. The (E - Ep) (eV)
unexepected result for the expanded CeCoSi lattice as witt (a)
respect to the actual hydride introduces significant implica- 10 T T r
tions involving that the chemical bonding of H with its sur-
rounding atoms annihilates the magnetovolume effect Ce-Co
brought by the lattice expansion which should have en- Do T
hanced the onset of an ordered moment on Ce.

3. Covalent bond energy: Ev

eV)

From the results of NSP calculations the chemical bond-=
ing can be addressed. This is related to the fact that the spio
polarized bands, to a large degree, result from the NSP band3
by a rigid energy shift. Hence it is well justified to discuss
the chemical bonding already from the NSP results. Becaus: -5
of their little involvement with the bondin@4f) Ce orbitals
were discarded from the analysis. Negative, positive, and

zero covalent bond energies along thexis are relative to 10 L Ll L

bonding, antibonding and nonbonding states, respectively. Ir -6 -4 2 0 2 4
Figs. 1a) and Tb) we make explicit theE-q, for Ce—Co, (E- Ep) (eV)

Ce-Si, and Co-Si pair interactions which determine the na- (b)

ture of the bonding within the pristine and hydrided ternary
systems. The plots for Ceg®i, and the hydrogen free ex-
panded system show similar features and they will not be
shown here. Co-Si interaction is observed to be prevailing
with respect to Ce—Co then to Ce—Si which is weakest. The g5
major part of the VB is bonding with antibonding interac-
tions starting to appear in the neighborhood=gfespecially &

for Co-Si. The difference appears as well for the Ce—Co %

interaction which shows a larger overall magnitude in Ce—g 0 X
Q
53]

CoSi than in CeCoSiH for which antibonding Ce—Co inter- !
actions are observed at—-2 eV. The minimunEcqy at Eg in
Fig. 7(b) is concomitant with a minimum DOS in Fig(l5. 005 - ]

The small differences between tligo, in Figs. 1a) and

7(b) show that both systems are similar from the chemical
point of view so that the relevant differences brought by the
insertion of hydrogen can be discussed based on its interac  -0.1 L L .

0.1 T T T

Rl Y il T T i
F; PRI

tion with the three species from the CeCoSi lattice is built. -6 -4 2 0 2 4
Figure 7c) gives the metal-hydrogen contribution to the (E-Ep) (eV)
bonding. Here the prevailing bonding is for the Ce—H inter- (c)

action which is bonding throughout the whole energy range,

from —4 eV up into the CB. On the contrary there is a strong  FIG. 7. Ecgy for Ce—Co, Ce—Si interactions {@) CeCoSi and
antibonding contribution for Co—H around -2 eV. Both (b) CeCoSiH and Ce—H, Co-H, and Si—H interactions(a)
Ce—H and Co-H interactions show similar shapes aroun@€eCoSiH.
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-3 and -1 eV on both sides of the antibonding region. Albeittion of magnetic moments in narrow band systems such as
small in their magnitudes sudf.oy changes brought by hy- those based onf4and 5 elements. This is of particular im-
drogen should be at the origin of the different behaviors ofportance in the latter where the size of the SOC splitting is of
CeCoSi and CeCoSiH, i.e., in their prevailence over the volthe order of magnitude of thef and width. In contrast to
ume effect. 3d transition elements the localized character of theave
function also leads to the formation of orbital moments. Vari-
ous attempts have been made in order to include these nar-
1. Energies and magnitudes of the spin only moments row band correlations int@b initio calculational schemes.
Spin_po|arized calculations for the magnetic StructuresThe Computation of the orbital moment from scalar relativ-
were carried out by |n|t|a||y a_||owing for two Spin occupa- istic scheme built within the LSDA can provide the correct
tions and then self-consistently carry out convergence for th&ign of the orbital momentersusspin moment in agreement
charges and the magnetic moments. We assume a ferromagith Hund’s rule (opposite sign for less than half filleaif
netic F configuration with no constraint on spins then anti- subshell and same sign for more than half-filled subgbel
ferromagneticAF computations are carried out for the ex- the magnitude of the moment is not sufficient enough to
perimentally evidencedAF ground state of CeCoSi. The reproduce the experimentally observed ordered moments.
results confirm the trends of the Stoner mean field analysis abtronger correlations leading to obeying the Hund’s second
the NSP results by the onset of magnetization only within thgule for localized electronic states can be accounted for
nonhydrided material as well as within the expanded CeCoShrough the orbital fielfOR) scheme introduced by Brooks
system with a stabilization of the spin polarized configura-and Sandratskii and Kiiblé?. Using this scheme we cor-
tion by AE~0.04 eV per unit cell. The.spm—only moments rectly computedl the spin orbit coupling within G&£d,Sn
areM(Ce)=0.84 ug, M(C0)=-0.25ug with a total magne-  gystem leading to a good approach of the experimental re-
tization of 1.18ug per unit cell (2 fu). For the expanded gyits. As a matter of fact, in this intermetallic system as well
CeCosSi simulating the volume effect of hydrogen, the resultsyg i other ones investigated by us, a general trend is that the
areM(Ce)=0.93 ug, M(C0)=-0.009 g with a total magne-  magnitude of the orbital momert) is close to that of the

“fa“"” of 3'84/‘8 b unit dc‘é”(z. fu). .Tr(‘f a”.”parfa”e' _S%i” pin-only (S.0) moment(Ce,PdSn: S.0.L=0.78/-0.93.
alignment between Ce and Co Is an indication of an induceg, ., opposite sign agrees with Hund’s rule. The orbital mo-

moment on the latter due to the quantum mixing of its state§n . .
. L : ent of cerium stems from a 4Ce) occupation of about 1.3
with those of Ce within the VB. The change of magnitude ]Jectrons(which is equally found in presently studied sys-

between the calculated moments is due to the increase ? h bital nt~2.5 | o th
dce_cofrom 0.306 to 0.325 nm. From these results the ma{cm9 whose orbital mome -5 ug) comes close to the

jor effect is in the enhancement of the spin moment on C&Ne of an atomic orbital, namely 3; as expected from
due to the lattice expansion. This gives hydrogen a maj0|:|unds second rule. This reflegts the atomic like character of
chemical effect in changing the magnetically ordered Ceth€ 4 (Ce shell. For CeCoSi an ordered LS moment of
CoSi into a spin fluctuation behavior system. These result§€"UM of ~1.7 ug is found for the ferromagnetic configu-
are opposed to those of spin fluctuation hexagonal CeNilf@tion while a larger magnitude~2.1 ug) arising from the

system for which the hydride CeNilnH is found magneti- Smaller spin only moment within the AF configuration is
cally orderec:1° ' obtained. The computed values should be confronted with

In order to provide a model for the experimentally ob- €Xperimental magnetizations from neutron diffraction when

served antiferromagnetic ground state we envisaged one sHl€y are made available.

lution of doubling the unit cell along the axis. In view of

the nonexistence of precise neutron diffraction characteriza- 3. Density of states of the magnetic configurations

tions, (these works are underwpyhis provides one possible ) o _

model of a long range AF spin structure. The total energy The effects. of spln_polarlzat|0n for thg CeCoSi gnd fo_r the
results show a slight energy difference ME~0.02 eV per expanded lattice are illustrated for the site and spin projected
CeCoSi cell in favor of the AF configuration. Although Co DOS given in Fig. 8; in as far as these are negligible for
moment keeps an antiparallel alignment with respect to c€€CoSiH and CeG&i, their SP DOS are not shown here.
moment, the magnitude of the latter strongly decreases dowhhe Site projected DOS show an energy shift between the
to 0.41ug. We note here that we use the energy difference&lectron populations for the majorityf) and minority (1)
from calculations carried out in similar conditioriex. of ~ SPin populations mainly for Ce which carries a magnetic
Brillouin zonek-points samplingto evaluate relative stabili- Moment. The induced nature of cobalt moment can be seen
ties. These energies are not related to temperatures; nof@rough the slight negative shift as opposed to the Ce partial
that 1 eV=11604.45K would lead to absolute values:POS between the up- and downspin populations K&g.8
AEnspconrers- 0.04 eV=464 K and  AErerocoHAr This is no Ipnger obsgrved for the expande.d lattice Co-DOS
~0.02 eV=232 K, which would translate temperature mag-8(°) for which the spin moment on cobalt is very small as
nitudes beyond any magnetic transitions observed for oufiscussed above. There is a stronger localizatiot4bf Ce

B. Results of the spin polarized configurations

systems. states in the gxpanded CeCoSi Iat.t[ct‘ég. S(b)]_due toa
) . . larger separation between the Ce sites which is concomitant
2. Spin orbit coupling effects with the larger moment of Ce.

It is well known that relativistic effects like spin orbit For sake of completeness Fig. 9 gives the total DOS for
coupling (SOQ have considerable influence on the forma-the AF ground state configuration. They can be seen to have
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(a) CeCoSi FIG. 9. Antiferromagnetic DOS for Cé and | spin and total

30 : : DOS of CeCoSi in the ground state.

the antiferromagnetic behavior of CeCoSi changes to spin
fluctuation upon hydrogen absorption. In order to further ad-
dress this peculiar feature we have undertaddeinitio com-
putations within the local spin density functional theory for
CeCoSi, for the hydride CeCoSiH as well as for the ex-
panded CeCoSi system at the hydride volume. The analysis
of the electronic structures and of the chemical bonding
properties using the covalent bond energy lead to suggest
that the chemical effect of hydrogen prevails over cell expan-
sion which would enhance the magnetization otherwise. A
possible antiferromagnetic structure with a propagation
along the c axis was proposed for CeCoSi ground state
which is experimentally evidenced in this work from mag-
netic measurements.

(E-Ep) (V) Further ongoing experimental and theoretical works re-
(b) CeCoSiESy porting on cerium hydride systems prepared and investigated

in our Institute, such as the series:TC&H’ (T=3d, 4d, 5d
FIG. 8. Spin polarized site projected DOS of CeCoSi(@t transition metal and&=p-metal isochemical to In, such as

experimental angb) expanded lattice of hydride. Al) should allow to draw out systematics on the magnetic
behavior of the cerium equiatomic systems.

20 F Si cereeeeees

DOS (1/eV)
(=)

-10

similar weights{ and | for all species. This is exemplified
for partial Ce DOS plotted under the total DOS curve. ACKNOWLEDGMENTS
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