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The ternary germanides CeRhGe and CelrGe which crystallize in the orthorhombic TiNiSi-type
structure, absorb hydrogen at 523 K. X-Ray powder diffraction and transmission electron microscopy
indicate that the hydrides CeRhGeH; g and CelrGeH; g adopt the hexagonal ZrBeSi-type structure.
Magnetization, electrical resistivity and thermoelectric power measurements reveal that these hy-
drides are intermediate-valence compounds. An unusual transition from antiferromagnetic to spin
fluctuation behavior occurs upon hydrogenation of CeRhGe, while on the contrary, CelrGeH; g
presents a Kondo temperature of 285 K smaller than that observed for CelrGe (610 K). In order
to explain these opposite valence transitions, the electronic structures of the hydrides have been self-
consistently calculated within the local spin density functional theory (LSDF). The structures are

compared to those reported previously by us for CeRhGe and CelrGe.
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Introduction

The equiatomic ternary germanides CeRhGe and
CelrGe crystallize as isopointal variants of the well
known orthorhombic TiNiSi-type structure. Both com-
pounds have been intensively investigated in recent
years with respect to their peculiar magnetic and elec-
trical properties. An overview on the relevant liter-
ature is given in references [1,2]. Due to different
tilts within the polyanionic [RhGe] and [IrGe] net-
works, CeRhGe and CelrGe exhibit differences in the
Ce—Rh and Ce-Ir bonding, respectively, leading to dif-
ferent magnetic behavior, i. e. CeRhGe orders antifer-
romagnetically at Ty = 9.3 K with an incommensurate
magnetic structure, while CelrGe is an intermediate-
valence system [3 —6].

CeRhGe shows a structural [7] and magnetic phase
transition [6] near 510 K. This first-order transi-

tion is accompanied by a significant hysteresis. Sim-
ilar behavior can be induced by partly substitut-
ing rhodium by iridium. A sample of composition
Ce(Rhg g9lrg 31)Ge shows a first-order valence transi-
tion of cerium in the temperature range 236 —258 K [1]
with essentially trivalent cerium below 200 K and an
intermediate-valent cerium above 300 K. This transi-
tion constitutes the first example of this kind among
cerium intermetallics; the valence of cerium increases
with temperature.

Modification of the physical properties of such in-
termetallic cerium compounds is possible through the
application of high pressure or via hydrogenation. In
the latter case hydrogen acts as a kind of ‘negative’
pressure. To give two recent examples, hydrogena-
tion of CeRhSb, and the solid solution Ce(Rh;_,Ir,)Ga
lead to an antiferromagnetic behavior in the hy-
drides CeRhSbHy, [8] and Ce(Rh;_,Ir,)GaH; g [9].
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Overviews on the structure-property relationships of
various hydrides of CeTX (T = late transition metal;
X = element of the 3" and 4™ main group) inter-
metallics are given in [10] and [11].

In view of the interesting properties of CeRhGe and
CelrGe, we have also tested the hydrogenation behav-
ior of these germanides. Herein we give a detailed re-
port on the structure, physical properties and chemical
bonding of the hydrides CeRhGeH; g and CelrGeH; g.

Experimental Section

Synthesis

Starting materials for the preparation of CeRhGe and
CelrGe were sublimed ingots of cerium (Johnson Matthey),
rhodium and iridium powders (Degussa-Hiils, 200 mesh),
and germanium lumps (Wacker), all with stated purities bet-
ter than 99.9 %. CeRhGe and CelrGe were prepared via arc-
melting [12] of the elements. For both syntheses, the cerium
pieces were first arc-melted to small buttons of about 500 mg.
The argon was purified over titanium sponge (900 K), sil-
ica gel, and molecular sieves. The pre-melting procedure
strongly reduces shattering during the subsequent reactions
with rhodium, iridium and germanium. The cerium buttons
were then mixed with the rhodium or iridium powder (cold-
pressed to pellets of 6 mm diameter) and pieces of the ger-
manium lumps. The mixtures of the three elements were
then reacted and remelted three times to ensure homogeneity.
The total weight losses after the melting procedures were al-
ways smaller than 0.5 %. The resulting polycrystalline sam-
ples were light gray with metallic luster. They are stable in
moist air.

The purity of the CeRhGe and CelrGe samples was
checked through Guinier powder patterns using CuKy; ra-
diation and a-quartz (a = 491.30, ¢ = 540.46 pm) as an in-
ternal standard. The Guinier camera was operated with an
image plate system (Fujifilm, BAS-1800). The experimental
patterns were compared with calculated ones [13] taking the
atomic positions from the structure refinements [1]. In X-ray
powder diffraction studies no parasitic phase was detected,
confirming that these ternary germanides crystallize in the
orthorhombic TiNiSi-type structure with unit cell parameters
in agreement with those reported previously [3].

Hydrogenation experiments

Hydrogen absorption experiments were performed using
the apparatus described previously [14]. An annealed ingot
of CeRhGe or CelrGe was heated under vacuum at 523 K
for 12 h and then exposed for two days to 4 MPa of hydrogen
gas at the same temperature. The amount of inserted H was
determined volumetrically by monitoring pressure changes
in a calibrated volume. Under the experimental conditions

described above, the ternary germanides absorb hydrogen.
The molar amount of hydrogen inserted is 1.8(1) per CeRhGe
or CelrGe formula unit. The hydrides formed are stable in air
and show a metallic aspect. Also, the H-absorption induces a
decrepitation of the pure starting ingot into small grains.

X-Ray powder diffraction with the use of a Philips 1050-
diffractometer (CuKy, radiation) was applied for the char-
acterization of the structural type and for the phase identi-
fication of the hydrides. The unit cell parameters were de-
termined by a least-squares refinement method using silicon
(5N) as an internal standard.

Transmission electron microscopy

The electron diffraction investigation was carried out on
a JEOL 2000FX microscope, operating at 200 kV, equipped
with a double tilt specimen stage. Prior to the investigation,
the hydrides were crushed in an agate mortar under alco-
hol. A drop of the suspension was deposited on a carbon-
supported grid.

Physical property measurements

For transport measurements, the hydrides CeRhGeH g
and CelrGeH; g were compacted at r.t. (compactness =2
80 %) in order to form a polycrystalline pellet (diameter =
6 mm and thickness = 3 mm) and then heated for one week
at 523 K under a pressure (4 MPa) of hydrogen. After this
thermal treatment, which improved the mechanical behav-
ior, the pellet was checked by X-ray diffraction; no structural
change was evident. Thermoelectric power measurements
were performed on this pellet using a dynamic method. De-
tails of the cell used and of the measurement methods were
described previously [15]. For electrical resistivity measure-
ments, a bar of 1.5 x 1.5 x 5 mm? was cut from the pellet. The
measurement was carried out above 4.2 K using the standard
dc four probe method with silver paint contacts and an inten-
sity current of 10 mA. Due to the presence of microcracks
in the samples, the absolute value of p could not be deter-
mined accurately; for this reason, a reduced representation
p/p (270 K) is chosen. Finally, magnetization measurements
were performed on a part of the pellet using a Superconduct-
ing Quantum Interference Device (SQUID) magnetometer
in the temperature range 1.8—350 K and applied fields up
to 4.6 T. Similar measurements were performed on the ini-
tial ternary germanides. In order to compare the electrical
resistivity and the thermoelectric power of CeRhGe, CelrGe
and their hydrides, we have used similar bars (same size) and
similar contact positions. These conditions minimize the dif-
ferences between the geometrical factors.

Computational details

The electronic structure calculations were performed
within the density functional theory (DFT) [16, 17] making
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use of the all-electron scalar relativistic augmented spher-
ical wave (ASW) method [18-20]. A local spin density
approximation (LSDA) was used for an account of the ef-
fects of exchange and correlation following the scheme of
Vosko et al. [21]. All valence states, including the 4f(Ce)
orbitals, were treated as band states. In the minimal ASW
basis set, the outermost shells were chosen to represent the
valence states using partial waves up to Ipax + 1 = 4 for
Ce, Imax + 1 = 3 for Rh and Ge, and lyax +1 = 2 for H.
For germanium, the 3d4'0 states were considered as core
states, thus allowing for empty 4d° states to be part of the
trial basis set. The ASW method is equally based on the
atomic sphere approximation (ASA) which optimizes atomic
sphere radii, thus ensuring for minimal overlap within these
spheres. In order to establish /-expansion convergence, i. e.
avoiding an otherwise too large overlap between the ac-
tual atomic spheres, additional augmentation spheres, called
empty spheres (ES: “pseudo atoms” with zero atomic num-
bers), were introduced to represent the interstitial space with-
out loss of crystal symmetry. This was especially applied for
the hydride “CeRhGeH;” due to its less compact structure
as compared to the ternary germanide CeRhGe. ESs receive
charges from neighboring atomic species. The self-consistent
field calculations were run until a convergence of the total
energy (AE = 1078 Ryd) and of the charges (AQ = 10~%)
between two subsequent iterations was reached. For that a
progressive increase of the Brillouin zone (BZ) integration
up to a value of 576 k points, i.e. 16 k points in each di-
rection of the irreducible wedge of the hexagonal BZ, was
used. The crystal structure determined for the hydride based
on rhodium was used for the computation of the electronic
structure. A non-spin polarized (NSP) configuration, mean-
ing that the spin degeneracy is enforced for all atoms, was
assumed to assess the chemical bonding properties. Informa-
tion about the nature of the interactions between the atomic
constituents is obtained here using the so-called ECOV (co-
valent bond energy) criterion [22] which is a slight refine-
ment combining both overlap and Hamiltonian based criteria,
COOP [23] and COHP [24], to calculate quantities indepen-
dent of the choice of the potential zero.

Results and Discussion

Structural properties

The examination of some small crystals of CeRhGe-
H;g and CelrGeH;g by transmission electron mi-
croscopy reveals that the absorption of hydrogen by
the initial ternary germanides modifies their struc-
tural properties. As an example, for CeRhGeH; g,
selected-area electron diffraction patterns along the
zone axis [001], [010] and [110] are shown in Fig. 1.
This study indicates a hexagonal symmetry of the crys-

Fig. 1. Electron diffraction patterns of the hydride
CeRhGeH; g along the [001], [010] [110] directions.

tal structure of the hydride (see the characteristic pat-
tern along the [001] direction). Further, the pattern
along the [110] zone axis indicates a reflection con-
dition hhl with [ = 2n. This agrees with the pres-
ence of a c-type glide plane as for the hexagonal
ZrBeSi-type structure (space group P63/mmc). This
result is confirmed by X-ray powder diffraction per-
formed on the hydrides (Fig. 2). The patterns can be
totally indexed on the basis of a hexagonal unit cell
with the ZrBeSi-type structure. The unit cell param-
eters deduced from this analysis are a = 429.4 and
¢ = 855.8 pm for CeRhGeH; g and a = 434.4 and c =
847.9 pm for CelrGeH; 3. In the sequence CeRhGe
H, g — CelrGeH, 3, the a parameter increases whereas
the ¢ parameter decreases. This is evidenced by the
examination of the patterns presented in Fig. 2; for
the hydride CeRhGeH;, g the two peaks 110 and 004
appear practically at the same 26 angle, but on the
contrary in CelrGeH; g the 110 peak is observed at
a smaller 260 angle whereas the 004 peak is detected
at a higher 20 angle (inset of Fig. 2). This observa-
tion agrees with the evolution of the a and ¢ parame-
ter in the sequence CeRhGeH; g — CelrGeH; 3. Sim-
ilar behavior reported recently during the hydrogena-
tion of the Ce(Rh;_,Ir,)Ga system [9] was explained
as follows: (i) the hexagonal ZrBeSi-type of the hy-
drides can be described as planes perpendicular to the
c axis with the sequence (Rh or Ir, Ga or Ge)-Ce—(Rh
or Ir, Ga or Ge)-Ce (Fig. 3); (ii) the presence of a 2D
(Rh or Ir, Ga or Ge)-substructure perpendicular to the
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Fig. 3. Coordination polyhedra of the cerium atoms in the
ternary germanides CeRhGe and CelrGe and the correspond-
ing hydrides. The cerium, transition metal (7'), and germa-
nium atoms are drawn as medium gray, black filled, and open
circles, respectively. Relevant interatomic distances are given
in units of pm. The hydrogen sites (not determined) are not
shown.

c axis influences the a parameter; as Ir is bigger than
Rh this parameter increases; (iii) consequently, in order

to keep similar Ce—Rh/Ir and Ce—Ge distances in the
hydrides, the ¢ parameter decreases. In CeRhGeH; g
and CelrGeH] g, the distances Ce—Rh = 327.5 pm and
Ce—Ir = 328.4 pm agree with the increase of the cova-
lent radii in the sequence Rh (125 pm) — Ir (126 pm).

Finally, the structural transition from the orthorhom-
bic TiNiSi type to the hexagonal ZrBeSi type observed
during the hydrogenation of CeRhGe and CelrGe is
similar to that previously observed by hydrogen in-
sertion into CeNiGe [25], CeNiSn [26], CeRhGa and
CelrGa [9]. This transition induces an increase of the
molar volume V,, which is 15.6 and 18.3 % for the
hydrogenation of CeRhGe and CelrGe, respectively.
We note that Vi, = 0.0591 nm? for CeRhGe is higher
than Vi, = 0.0586 nm? for CelrGe [1] whereas V,, =
0.0683 nm> for CeRhGeH; g is smaller than V,, =
0.0692 nm?> for CelrGeH; g. These steric considera-
tions suggest (i) a strong modification of the strength
of 4 f(Ce)-ligand interactions responsible for the elec-
tronic state of cerium in these ternary germanides, and
(ii) a different influence of the hydrogenation on their
physical properties since during the hydrogen insertion
the volumes V;, change differently.

Magnetic, electric and thermoelectric properties

In Fig. 4 the temperature dependence of the recip-
rocal magnetic susceptibility y, ' of CeRhGe and its
hydride is compared. Above 100 K, the ym ! = f(T)
curve for CeRhGe follows a Curie-Weiss law with the
effective magnetic moment U = 2.23 ug/Ce and the
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Fig. 4. Temperature dependence of the reciprocal magnetic
susceptibility ym ™', measured with an applied field of 4 T,
for the ternary germanide CeRhGe and its hydride. The
dashed line represents the Curie-Weiss law and the solid line

the reciprocal corrected susceptibility [ym —nC/T]™! (see
text).

paramagnetic Curie temperature 8, = —13 K. These
values are close to those reported previously [3]; the
Uesr value agrees with a trivalent state for Ce. The
presence of a minimum around 9—10 K confirms the
antiferromagnetic ordering of CeRhGe [3]. The curve
xm ' = f(T) for CeRhGeH; g shows a different be-
havior: (i) there is no evidence for Curie-Weiss depen-
dence; (ii) the presence of a broad minimum around
90-110 K is a characteristic of valence fluctuating
systems [27] and (iii) the decrease of xm’l below 35—
45 K appears to originate from a small amount of free
Ce3* ions stabilized owing to lattice defects as of-
ten observed in other valence-fluctuating systems [28].
According to this scheme, }y, of the hydride CeRhGe-
H; g can be expressed at low temperatures (< 45 K)
by Xm = Xm(0) +nC/T where )m(0) is the magnetic
susceptibility at 7 = 0 K, n is the proportion of sta-
ble Ce’t moments related to the trace of magnetic
impurities, and C = 0.807 emuKmol ! is the Curie
constant for free Ce>* ions. The best agreement be-
tween experimental and calculated ), values leads to
Am(0) =2.43x 1073 emumol ! and n = 13.4 x 1073
Ce3* ions mol~!. Fig. 4 presents the corrected func-
tion [xm —nC/T]~! = f(T) for reciprocal magnetic
susceptibility versus temperature resulting from this

Temperature (K)

Fig. 5. Temperature dependence of the magnetic susceptibil-
ity ¥m, measured with an applied field of 4 T, for the ternary
germanide CelrGe and its hydride. The open symbols show
the corrected susceptibility [¥m —nC/T] (see text).

calculation. This curve goes through a large minimum
near 95 K; this temperature is almost fully consistent
with the model offered by Lawrence et al. [27] which
predicts that the temperature dependence of the cor-
rected reciprocal susceptibility exhibits a minimum at
T = Ti/2 where Ty = C/2xm(0) = 166 K is the spin
fluctuation temperature resulting from the hybridiza-
tion between 4f(Ce) and conduction electrons. This
analysis suggests that the hydrogenation of CeRhGe
leads to a behavior corresponding to an antiferromag-
net — spin fluctuation transition.

An appreciable increase in the Yy, value of the hy-
dride CelrGeH; g is observed relative to that of CelrGe
(Fig. 5). Above 50 K, ym of CelrGe decreases up
to 250 K, and then increases slowly with tempera-
ture (the upturn below 50 K is attributed to the pres-
ence of traces of a magnetic impurity). This behav-
ior characterizes a nearly Pauli paramagnet indicating
that the 4 f(Ce) electrons are strongly hybridized with
those of the conduction band [29, 30]. Using the model
described by Lawrence et al. [27], we estimate a Ty
of 610 K. The curve yy = f(T) concerning the hy-
dride CelrGeH; g shows a broad maximum centered
around 180—-200 K, characteristic of an intermediate-
valence system [27]. The analysis of these data as re-
ported above gives xm(0) = 1.49 x 1073 emumol !,
n=28.7x10"% Ce*" ionsmol ™! and Tyy = 285 K, a
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Fig. 6. Temperature dependence of the reduced electrical re-
sistivity for the hydrides CeRhGeH; g and CelrGeH g.

spin fluctuation temperature higher than that observed
for CeRhGeH; g (Ts = 166 K). From this Ty = 285 K
value, it is expected that the )}, = f(T') curve possesses
a broad maximum near Ty /2 = 142 K which is compa-
rable with the experimental value of 180—200 K. It can
be concluded that the hydrogen insertion into CelrGe
induces a decrease of the mixing between the states of
the 4 f(Ce) and of the conduction electrons, but the re-
sulting hydride may be considered as a valence-fluctu-
ating compound. A similar result was reported for the
product of the hydrogenation of the ternary germanide
CeNiGe [25].

The temperature dependence of the reduced elec-
trical resistivity of CeRhGeH; g and CelrGeH; g ex-
hibits some characteristics of Kondo systems (Fig. 6).
Starting from 290 K, p for CeRhGeH; g first in-
creases slightly with decreasing temperature, then goes
through a broad maximum around 145 K, and then ex-
hibits a minimum at about 45 K followed by a small
increase down to 4.2 K. The variation above 45 K is
very similar to that observed in many intermediate-
valence systems [30,31]. It is noted that the temper-
ature (145 K) at which p goes through a maximum
is close (166 K) to that of the minimum in ¥y, ' =
f(T) (Fig. 4). This agrees with the interpretation that
the resistivity peak is due to a spin-scattering mecha-
nism in the intermediate-valence regime [32]. Finally,
the increase observed below 45 K could be explained
by the Kondo effect on the magnetic impurity de-
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Fig. 7. Temperature dependence of the thermoelectric power
S for CeRhGe, CelrGe and their hydrides.

tected by magnetization measurements. The curve p =
f(T) concerning the other intermediate-valence hy-
dride CelrGeH, g presents the same characteristics: a
broad maximum near 150 K and a pronounced increase
below 50 K.

Fig. 7 compares the temperature dependence of
the thermopower of CeRhGe, CelrGe and their hy-
drides. No data concerning the ternary germanides
are available in the literature. The curve S = f(T)
for CeRhGe is mainly characterized by the exis-
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tence of three extremes: a positive maximum of about
9 uVK~! near 155 K, a slightly negative value of
—0.5 uVK~! around 45 K and a pronounced positive
value of 9 uVK™! at 9 K associated with the occur-
rence of antiferromagnetic ordering. There is also a
change in sign at 55 K. A similar change in sign has
been observed for nearly trivalent cerium-based com-
pounds such as CeCu,Siy, CeAl, and CeAl; [32]. In
other words, the S = f(T') curve for CeRhGe, which is
comparable to that reported for CePdGe [25], agrees
with the trivalent state of cerium in this ternary ger-
manide.

The behavior of the other S = f(T) curves ob-
served for CelrGe and the two hydrides are different.
At r.t., CelrGe presents a much larger thermopower
(24 uVK™1) than a normal metal. This behavior, ob-
served also for CeNiGe [28,34], is connected with
the intermediate-valence state of cerium in this com-
pound (very high Kondo temperature). Below 300 K,
S for CelrGe is always positive implying that the dom-
inant carriers are holes. Between 300 and 30 K, S de-
creases from 24 to 1 uV K~!, then increases and ex-
hibits a maximum around 10 K. The S = f(T) curve
of CelrGe resembles that observed for CePds which is
well known as a canonical intermediate-valence com-
pound [33,35]. S for the hydride CelrGeH; g is mainly
characterized by the existence of two positive maxima:
one of about 20 uVK~! near 175 K and the second
more narrow one at 3 uV K~! around 15 K, followed
by a decrease. Between them, S passes through a broad
minimum close to 35 K. This behavior can be quali-
tatively understood in terms of the Cogblin—Schrieffer
model (CSM) which ascribes the dynamics of conduc-
tion electrons to the exchange and potential scatter-
ing on incoherent 4 f(Ce) states [36,37]. This model
uses the crystalline electric field (CEF) (A as energy
separation between ground and excited levels) and the
number of 4f(Ce) electrons (ns < 1 for cerium). The
curve S = f(T) for CelrGeH, g is obtained for the
CSM model with large CEF splitting and ¢ < 1 (strong
Kondo temperature T as in intermediate-valence com-
pounds). This assumption agrees with the existence of
a large maximum around 150 K for the temperature
dependence of the electrical resistivity of CelrGeH; g
(Fig. 6); this behaviour is due to a spin scattering mech-
anism in the intermediate-valence regime [38].

Finally, S for CeRhGeH; g is always positive, pre-
senting a maximum (24 uV K1) near 120 K and
a shoulder around 20-30 K. These data resemble

those reported for the intermediate-valence compound
CeNiGe [28, 34] and confirm that the hydrogenation of
CeRhGe induces a valence transition for cerium from
a trivalent state to an intermediate-valence state. The
two curves S = f(T) observed for CeRhGe and its hy-
dride, can be compared to those described recently by
Link et al. [39], who have applied isostatic pressure on
the ternary silicide CePd,Si;. Without pressure, S of
this compound exhibits at low temperature a negative
peak followed by a broad positive contribution with in-
creasing temperature. On the contrary, under a pres-
sure of 5.6 GPa the curve S = f(T') is always positive
showing a shoulder at low temperature and a clear peak
at high temperature. The transition between these two
behaviors is explained by the sequence nearly trivalent
cerium — intermediate-valent cerium induced by pres-
sure. A similar sequence has been detected here by in-
sertion of H atoms into CeRhGe. This result shows that
this hydrogenation can be considered equivalent to an
application of pressure on the ternary germanide.

Density of states and chemical bonding

Projected Density of States — PDOS

The site projected DOS, accounting for site mul-
tiplicity within the hexagonal structure of CeRhGe
H, (the calculation was performed on the basis of
a full occupation of the sites devoted for hydrogen),
is given in Fig. 8; for the sake of clear presenta-
tion, the H partial PDOS are multiplied by 5. In this
panel as well as in following ones, the zero energy
is at the Fermi level (Ef). Just like in the pristine
ternary germanide systems [2], the cerium PDOS are
seen to prevail through a large peak around Er mainly
due to 4f(Ce) states which show larger localization
(sharper and narrower peaks) around Er. The compu-
tations for both CeRhGe and the hydride CeRhGeH,
give DOS values for 4f(Ce) states at Er levels such
as 3.047 and 2.242 eV !, respectively. Subsequently,
the cerium PDOS peak near Ep is weaker in intensity
for the hydride with respect to the pristine ternary ger-
manide. The transition metal 4d(Rh) states are found
in the energy range from —5 to —1 eV with very small
contributions to Eg. Their centering at a low energy
of —3 eV is the result of the filling of the 4d(Rh) states
with 7 electrons. The larger broadening of 4d states is
further enhanced by the mixing with the valence states
of neighboring atoms. Theoretical calculations have
presented a (E—Ef) value of —1.613 eV, higher than
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the computed value of —2.044 eV for CeRhGe. This
is pertinent to the greater value for the Hankel energy
of 7.783 eV determined for the hydride with respect to
the value of 6.842 eV for the ternary germanide, thus
confirming the hybridization between 4d(Rh) states
and the valence states of other atoms. Around —7 eV,
the itinerant Ce, Rh and H PDOS show similar skylines
which are an indication of quantum mixing between
these atomic species. These peaks owe their presence
to hydrogen because they are not found in the DOS
plot for CeRhGe [2]. It becomes relevant to discuss
the changes of the interatomic distances within the
metal substructure upon hydrogenating the CeRhGe
system, which are drp—ge = 258/248 pm and dce—grh =
305/328 pm. These changes of magnitudes should have
consequences on the chemical bonding the features of
which are addressed in the next paragraph.

Chemical bonding from the ECOV criterion

The chemical bonding properties are analyzed here
with the covalent bond energy ECOV criterion. In
the unit-less plots, negative, zero and positive ECOV
magnitudes (along the y axis) point to bonding, non-
bonding and anti-bonding interactions respectively.
Figs. 9(a) and (b) provide the ECOV for the atom-
to-atom interactions within CeRhGeH, for the metal
substructure and for the metal-hydrogen bonding, re-
spectively. In Fig. 9(a), the major interaction is found
between Rh and Ge which is of a bonding character
between —5 and —2 eV in the VB. This follows from

within CeRhGeH,. The H PDOS is artifi-
cially multiplied by 5 for sake of presen-
tation.

the reduction of dry_ge from 258 to 248 pm upon hy-
drogenation. However, the largely bonding contribu-
tion around —4 eV is compensated by the anti-bonding
peaks around the Fermi level. The second type of in-
teractions arises for Ce—Rh with similar trends re-
garding the bond character as that shown for Rh—-Ge
throughout the VB up to Ep. Moreover, the Rh—Ge
and Ce—Rh interactions are largely anti-bonding above
Er. Furthermore, a little contribution can be seen for
the Ce—Ge bonding; contrary to former types of bond,
these interactions are bonding throughout the VB and
above Ef, so that their contribution stabilizes the sys-
tem. A former study for the CeRhGe system (inset
of Fig. 9(a)) [2] showed that the strongest bonding
interaction throughout the VB is Ce—Rh followed by
Ce—Ge, while above EF the interactions are found to be
largely anti-bonding with the main contribution aris-
ing from Ce—Rh and Ce-Ge. In order to compare these
results with the computed results for the hydride, the
inner panel in Fig. 9(a), which represents the ECOV
interactions plotted considering the 4 f(Ce) states, is
addressed. It can be seen that the atom-to-atom inter-
actions have the same tendencies, while they are of a
stronger character within CeRhGeH.

The analysis of the chemical bonding of hydrogen
with the different atomic species is shown in Fig. 9(b).
The Rh—H as well as Ce—H interactions are dominant
throughout the VB and up to Eg. This is concomi-
tant with the Ce—H and Rh—H bond lengths which are
254 and 160 pm, respectively. While the Rh—H bond
should be favored with respect to the Ce—H bond, the
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Fig. 9. Chemical bonding for atom-
to-atom interactions within CeRhGeHj:
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similar magnitudes of the ECOV are partly due to the
change of the structure from orthorhombic to hexag-
onal, whereby there is a reinforcement of the Rh—Ge
interaction within the hydride, thus leaving less states
for Rh to engage with H.

Conclusion

Hydrogenation of the ternary germanides CeRhGe
and CelrGe has been reported for the first time. The
hydrogen insertion into these compounds induces a
structural transition from the orthorhombic TiNiSi to
the hexagonal ZrBeSi type. The hydrogenation modi-
fies also the valence states of cerium: a transition from

(a) the metal substructure (inset for
CeRhGe [2]) and (b) the metal-H sub-
structure.

an antiferromagnetic to an intermediate-valence com-
pound is evidenced by magnetization, electrical resis-
tivity and thermoelectric power measurements, for the
sequence CeRhGe — CeRhGeH; g, whereas the in-
fluence of the Kondo effect is decreased by H inser-
tion into CelrGe. The magnetic transition observed for
the rhodium-based compounds results from the Ce—Rh
interactions; below EFf, this interaction is bonding in
CeRhGe, but anti-bonding around Ef in the hydride
CeRhGeH; g. On the other hand, theoretical calcula-
tions provided an explanation for the valence behav-
ior of Ce upon hydrogenation, relevant to the bonding
character of the Ce—H interaction.
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