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Abstract

The ternary germanides CeNiGe and CeCuGe absorb hydrogen in the temperature range 393–473K. X-ray powder diffraction

and transmission electron microscopy show that the hydride CeNiGeH1.6(1) adopts the hexagonal ZrBeSi-type whereas

CeCuGeH1.0(1) crystallizes in a superstructure of this type. Magnetization, electrical resistivity and thermopower measurements

reveal that CeNiGeH1.6(1) is an intermediate valence compound having a Kondo temperature D220(10)K smaller than that

observed D600(20)K for CeNiGe. On the contrary, a transition from ferromagnetism to non-magnetic ordering above 1.8K is
evidenced during the hydrogenation of CeCuGe.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, several works devoted to the hydrogenation
of ternary compounds CeMX (M ¼ 3; 4, 5d transition
element and X ¼ p element) crystallizing in the orthor-
hombic TiNiSi-type structure have shown that the
resulting hydride CeMXHY exhibits a hexagonal struc-
ture having AlB2- or ZrBeSi-type [1–5]. In other words,
the absorption of hydrogen by these intermetallics based
on cerium induces a structural transition. Moreover,
neutron powder diffraction performed on isostructural
deuterides as LaNiSnD2 [6], TbNiSiD1.78 [7] and
TbNiGeD1.8 [8] reveals that D atoms occupy the
tetrahedral [La3Ni] or [Tb3Ni] sites of the hexagonal
ZrBeSi-type structure.
The insertion of hydrogen in these equiatomic ternary

compounds CeMX induces the occurrence of interesting
physical properties for the hydrides. The valence of
cerium changes from intermediate valence to trivalent
state during the hydrogenation of CeIrAl [4], CeNiGa
[1] and CeIrGa [5]. We observed the hydride
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CeAuAlH1.4(1) presents an antiferromagnetic transition
at a Néel temperature TN ¼ 8:0ð2ÞK more than twice
greater than that determined for the Kondo antiferro-
magnet CeAuAl (TN ¼ 3:6ð2ÞK) [2]. More recently, the
hydrogenation of the Kondo semiconductor ternary
stannide CeNiSn leads to the hydride CeNiSnH1.8(2) that
can be classified as a Kondo ferromagnet [3]. All these
results indicate that the hydrogenation favors the
localization of the 4f(Ce)-electrons.
It is well known that the physical properties of the

compounds based on cerium are governed by the
strength of the interaction Jcf between the 4f(Ce)
electrons and conduction electrons [9]. The value of Jcf
influences the competition between Kondo interaction
and RKKY interaction. When the compound absorbs
hydrogen, the Jcf value is modified and consequently
this competition changes. The insertion of hydrogen in
the lattice of the intermetallic leads to an expansion of
the unit cell volume inducing a decrease of Jcf and also a
modification of the density of states at the Fermi level.
Hence, the hydrogenation can be considered as equiva-
lent to an application of ‘‘negative’’ pressure on
intermetallic. In this view, it is interesting to perform
hydrogenation on intermediate valence compounds in



ARTICLE IN PRESS
B. Chevalier et al. / Journal of Solid State Chemistry 177 (2004) 752–759 753
order to discover new materials presenting magnetic
ordering influenced by Kondo effect, superconducting
propertiesy
The aim of the present work is to study the response

of CeNiGe exposed to hydrogen. This compound
crystallizes in the orthorhombic TiNiSi-type structure
and is considered as an intermediate valence system
having a high (c300K) Kondo temperature [10–13].
For comparison, the study concerning the hydrogena-
tion of CeCuGe which shows a ferromagnetic transition
at TC ¼ 10:2K is also presented [14]. The new hydrides
CeNiGeH1.6(1) and CeCuGeH1.0(1) have been investi-
gated by X-ray powder diffraction, transmission elec-
tron microscopy (TEM) and magnetization, electrical
resistivity and thermopower measurements.
2. Experimental details

Polycrystalline CeNiGe and CeCuGe samples were
synthesized by arc-melting a stoichiometric mixture of
pure elements (purity above 99.9%) in a high-purity
argon atmosphere. Then, the samples were turned and
remelted several times to ensure homogeneity. An
annealing treatment was performed in evacuated quartz
tube for 1 month at 1073 and 973K, respectively, for
CeNiGe and CeCuGe.
Hydrogen absorption experiments were performed

using the apparatus described previously [15]. An ingot
(mass of around 1 g) of an annealed sample was heated
under vacuum at 473K for 12 h and then exposed to
5MPa of hydrogen gas at the same temperature. The
amount of H absorbed was determined volumetrically
by monitoring pressure changes in a calibrated volume.
The hydrogen absorption and desorption kinetics of
CeNiGe and CeCuGe were measured using an auto-
mated Sievert’s-type apparatus (HERA) with sample of
about 500mg.
X-ray powder diffraction with the use of a Philips

1050-diffractometer (Bragg–Brentano geometry, CuKa
radiation, diffracted-beam graphite monochromator)
was applied for the characterization of the structural
type and for the phase identification of the samples
before and after hydrogenation. The crystal structures
of CeNiGe and CeCuGe and their hydrides were refined
by the Rietveld profile method by the Fullprof program
[16]. For electron microscopy experiments (JEOL
2000FX), parts of the hydride sample were crushed in
ethanol in an agate mortar and the small fragments were
placed on a copper grid covered with an amorphous
holey carbon film.
Magnetization measurements were performed using a

Superconducting Quantum Interference Device magnet-
ometer in the temperature range 1.8–300K and applied
fields up to 5T : Electrical resistivity was carried out
above 4.2K on a polycrystalline sample using standard
dc four probe measurements. For this investigation, the
hydride was compacted at room temperature (compact-
ness D80%) in order to form a pellet (diameter=6mm
and thickness=3mm) and then heated for 2 days at
473K under hydrogen pressure (5MPa). Thermoelectric
power measurements were performed on the same
pellet using a dynamic method. Details of the cell
used and measurement methods have been described
previously [17].
3. Results and discussion

Under the experimental conditions described above
(T ¼ 473K and P(H2)=5MPa), CeNiGe and CeCuGe
absorb hydrogen. The amount of H atom inserted is
1.6(1) and 1.0(1) per CeNiGe and CeCuGe formula,
respectively. The hydrides formed are stable in air and
show a metallic aspect. Also, the H absorption induces a
decrepitating in small grains of the pure starting ingots.
Fig. 1 presents selected first hydrogen absorption

performed at various P(H2) pressure on these two
compounds. At low pressure (0.2MPa), the kinetic of
the hydrogen absorption is very slow; for instance the
hydride CeNiGeH1.6(1) is obtained after 13 h of exposure
(Fig. 1(a)). On the contrary, an increase of
P(H2)=2MPa induces a rapid absorption. CeCu
GeH1.0(1) is prepared after 4min of exposure. We note
also that CeNiGe absorbs more hydrogen than Ce
CuGe. This result agrees with those reported previously
on LaNi5�xCux system [18,19] showing a decrease of the
hydrogen solubility with increasing copper content.

3.1. Structural properties

3.1.1. CeNiGe and CeNiGeH1.6(1)

X-ray powder diffraction performed on CeNiGe
confirms that this ternary germanide crystallizes in the
orthorhombic TiNiSi-type structure (space group Pnma;
No 62). The refined unit cell parameters, given in
Table 1, are in agreement with those determined
previously [10]. In this structure, Ce, Ni and Ge
occupy the sites 4c (�0.004(1) 1

4
0.2084(4)), 4c (0.202(1)

1
4
0.581(1)) and 4c (0.803(1) 1

4
0.5955(9)). (Standard devia-

tions in the data of the least-significant digits are given
in brackets throughout the paper.)
The hydrogenation of CeNiGe induces a structural

transition (Fig. 2) (the crystallization state of this
hydride is not so good because the hydrogenation
induces a reconstruction of the crystal structure). X-ray
powder pattern of CeNiGeH1.6(1) is indexed on the basis
of the hexagonal ZrBeSi-type structure (space group
P63=mmc; No 194) (Table 1): Ce atoms occupying
the 2a site (000) whereas Ni and Ge atoms are
located, respectively, on the 2c site (1

3
2
3
1
4
) and 2d site

(1
3
2
3
3
4
) (reliability factors: RF ¼ 0:063; Rp ¼ 0:121 and
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Rwp ¼ 0:160). Similar structural transition orthorhom-
bic TiNiSi-type-hexagonal ZrBeSi-type was observed
previously during the hydrogenation of the ternary
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Fig. 1. First hydrogen absorption at 393K for (a) CeNiGe

(P(H2)=0.2MPa), and (b) CeCuGe (P(H2)=2MPa).

Table 1

Crystallographic data relative to the ternary germanides CeNiGe and CeCu

Compound Symmetry Type structure Unit ce

a (Å)

CeNiGe Orthorhombic TiNiSi 7.2418(

CeNiGe Orthorhombic TiNiSi 7.2469(

CeNiGeH1.6(1) Hexagonal ZrBeSi 4.190(1

CeCuGe Hexagonal ZrBeSi 4.311

CeCuGe Hexagonal AlB2 4.308(2

CeCuGe Hexagonal ZrBeSi 4.302(1

CeCuGeH1.0(1)
b Hexagonal ZrBeSi 4.244(1

aThis work.
bAverage crystal structure.
germanide TbNiGe [8]. In both structures types, Ni- and
Ge atoms form a hexagonal network, which are close
packed, and regular in CeNiGe and CeNiGeH1.6(1) [20].
To confirm the crystal symmetry of CeNiGeH1.6(1),

transmission electron microscopy has been performed.
Selected-area electron diffraction patterns along the
zone directions [0�10] and [1�10] are shown in Figs.
3(a) and (b). Comparison of these two patterns indicates
that for (hhl) reflections a condition for extinction exists:
h h l with l ¼ 2n þ 1: This agrees with the presence of a
c-type glide plane as for the ZrBeSi-type structure (space
group P63=mmc).
The formation of CeNiGeH1.6(1) hydride is accom-

panied by a large increase (D11.6%) of the unit cell
volume per mol (Table 1). Also, the interatomic
distances dCe�NiorGe existing in the hydride are greater
than those observed in CeNiGe (Table 2). These steric
considerations suggest that the valence state of the
cerium could be modified during the hydrogenation.

3.1.2. CeCuGe and CeCuGeH1.0(1)

Controversy exists concerning the structural proper-
ties of the ternary germanide CeCuGe. Yang et al. [14]
Ge and their hydrides. (Vm represents the unit cell volume per mol)

ll parameters Reference

b (Å) c (Å) Vm (Å)
3

3) 4.3078(2) 7.2408(4) 56.47(4) [10]

5) 4.3083(3) 7.2379(6) 56.50(5) a

) 8.293(2) 63.04(2) a

7.933 63.84 [14]

) 3.966(2) 63.74 [21]

) 7.919(2) 63.46(2) a

) 8.311(2) 64.82(2) a
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Fig. 2. X-ray powder diffraction pattern (CuKa radiation) of

CeNiGe and its hydride CeNiGeH1.6(1).
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Fig. 3. Selected-area electron diffraction patterns of CeNiGeH1.6(1)
and CeCuGeH1.0(1) along the [0�10] (a,c), and [1�10] (b,d) directions.

Table 2

Selected interatomic distances (Å) in CeNiGe and CeNiGeH1.6(1)

CeNiGe CeNiGeH1.6(1)

Ce-2Ce 3.673 Ce-6Ce 4.190

Ce-2Ce 3.707 Ce-2Ce 4.147

Ce-2Ce 4.308

Ce-2Ce 4.739

Ce-Ni 2.988 Ce-12 (Ni,Ge) 3.186

Ce-2Ni 3.004

Ce-Ni 3.082

Ce-2Ni 3.206

Ce-2Ge 2.963

Ce-Ge 3.129

Ce-Ge 3.132

Ce-2Ge 3.163
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Fig. 4. X-ray powder diffraction pattern (CuKa radiation) of CeCuGe
and its hydride CeCuGeH1.0(1).
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indicate that this compound adopts the hexagonal
ZrBeSi-type whereas Iandelli [21] points out a hexagonal
AlB2-type. The present investigation by X-ray powder
diffraction confirms the results of Yang et al. (Table 1).
The occurrence of an ordered Cu, Ge-network (ZrBeSi-
type) is strongly dependent on the temperature and
duration of the annealing treatment.
For CeCuGeH1.0(1), the typical electron diffraction

patterns obtained for the [0�10] and [1�10] zone axis
are quite different from those observed for CeNi
GeH1.6(1) (Figs. 3(c) and (d)). Weak superstructure
reflections appear along 0 0 l direction of its reciprocal
lattice which cannot be indexed in the primitive
hexagonal ZrBeSi cell. This investigation reveals that
the [001] direction periodicity in CeCuGeH1.0(1)
hydride is three times that of the ZrBeSi cell. The
existence of this superstructure can be explained by the
presence of an order in the partial occupancy of the
crystallographic site (1

3
2
3
D0.4365 in the ZrBeSi-type)

[6,7]. If this site is fully occupied, the resulting hydride
would contain two H atoms per formula unit but in
the present study only 1.0(1) H atoms are inserted in the
CeCuGe cell. In other words, the occurrence of the
superstructure of CeCuGeH1.0(1) results from an order-
ing of the hydrogen occupation. The investigation of
this hydride (deuteride) by neutron powder diffraction is
considered in order to determine its crystal structure. In
the following, the structural properties of CeCu
GeH1.0(1) on the basis of its average crystal structure
(ZrBeSi-type) as determined by X-ray powder diffrac-
tion is discussed (Fig. 4). In this case, the hydride
exhibits a good crystallization state.
The hydrogenation of CeCuGe causes a drastic

anisotropic expansion of the unit cell (Table 1): the
a-parameter decreases weakly (�1.3%) whereas the
c-parameter increases strongly (+5.0%). This last
increase is probably connected to the insertion of H
atoms in the 4f site (1

3
2
3
D0.4365), which influences the

expansion of the c-parameter [6,7]. The unit cell volume
per mol Vm increases (D2.1%) weakly during the
hydrogenation so that, the valence state of Ce atoms
should not be influenced by this treatment.
It is interesting to compare the unit cell parameters

determined for CeNiGeH1.6(1) and CeCuGeH1.0(1)
(Table 1). As the metallic radius of copper (1.278 Å) is
greater than that of nickel (1.246 Å), the a- and
c-parameters of CeCuGeH1.0(1) are much higher. This
fact is confirmed by the evolution of the dCe�ðNiorCuÞ;Ge
interatomic distances given in Tables 2 and 3.
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Table 3

Selected interatomic distances (Å) in CeCuGe and CeCuGeH1.0(1)

CeCuGe CeCuGeH1.0(1)

Ce-6Ce 4.302 Ce-6Ce 4.244

Ce-2Ce 3.960 Ce-2Ce 4.156

Ce-12 (Cu,Ge) 3.176 Ce-12 (Cu,Ge) 3.213
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Fig. 5. Temperature dependence of the magnetic susceptibility wm;
measured with an applied field m0H ¼ 4T, of germanide CeNiGe and
its hydride CeNiGeH1.6(1). Solid lines show the fit to calculated wm;
using wm ¼ wmð0Þ þ nC=T (see text).

10 100

0.2

0.4

0.6

0.8

1.0

CeNiGe
CeNiGeH1.6(1)

ρ(
T

)/
ρ(

27
0 

K
)

Temperature (K)

Fig. 6. Reduced electrical resistivity as a function of logT for CeNiGe

and its hydride CeNiGeH1.6(1).

B. Chevalier et al. / Journal of Solid State Chemistry 177 (2004) 752–759756
3.2. Magnetic and electrical properties

3.2.1. CeNiGe and CeNiGeH1.6(1)

Fig. 5 presents the temperature dependence of the
magnetic susceptibility wm of CeNiGe and its hydride.
An appreciable increase in the wm value of the hydride is
observed relative to that of CeNiGe.
Above 60K, wm of CeNiGe increases slowly with the

temperature (the upturn below 60K is probably
attributed to the presence of traces (D0.1% in weight)
of magnetic impurity phases as Ce2O3). This behavior
characterizes a nearly Pauli-paramagnet indicating that
the 4f(Ce)-electrons are strongly hybridized with those
of the conduction band [11,12]. The curve wm ¼ f ðTÞ
concerning the hydride CeNiGeH1.6(1) shows a broad
maximum centered around 130(5)K. Such a behavior is
commonly observed in intermediate valence systems
[22]. The experimental temperature dependence of wm
can be expressed in terms of a characteristic temperature
TK related to Kondo-type fluctuations. In this scheme
relative to valence-fluctuating compounds, TK is de-
fined, below the broad maximum, as TK ¼ C=2wm(0)
where C ¼ 0:807 emuK/mol is the Curie constant for
free Ce3+ ions and wm(0) is the magnetic susceptibility at
T ¼ 0K. (This model, offered by Lawrence et al. [22],
forecasts that the wm ¼ f ðTÞ curve exhibits a maximum
around T ¼ TK=2:) wm(0) is obtained by fitting of wm at
low temperatures according to: wm ¼ wmð0Þ þ nC=T

(Fig. 5) where n is the proportion of stable Ce3+

moments composing the traces of magnetic impurities.
For the hydride CeNiGeH1.6(1), we obtain the follow-
ing values: n ¼ 6:5ð5Þ10�3 Ce3+ ions/mol, wmð0Þ ¼
1:83ð5Þ10�3 emu/mol and TK ¼ 220ð10ÞK. From this
TK value, it is expected that wm ¼ f ðTÞ possesses a
broad maximum near TK=2 ¼ 110ð10ÞK which is
comparable with the experimental value of 130(5)K. A
similar calculation performed on CeNiGe gives
TK ¼ 600ð20ÞK. It can be concluded that the insertion
of a H atom into CeNiGe induces a decrease of the
mixing between 4f(Ce) and conduction electrons but the
resulting hydride may be considered as a valence-
fluctuating compound.
This assumption is confirmed by the temperature

dependence of the reduced electrical resistivity of
CeNiGe and CeNiGeH1.6(1) (Fig. 6). For CeNiGe, the
resistivity decreases practically linearly with the tem-
perature between 270 and 50K and then takes a
constant value below 15K. This behavior characterizes
a non-magnetic metal indicating that the 4f(Ce)-
electrons are practically delocalized in CeNiGe. A
different feature appears for CeNiGeH1.6(1). In this
case, the curve rðTÞ=rð270KÞ ¼ f ðTÞ shows a large
maximum around 120(5)K, associated with a steep
decrease below this temperature and a smoother one
above. This variation is very similar to that observed in
Ce(Pt1�xNix)Si (0:5pxp1) and CeNi2(Ge1�xSix)2
(0:1pxp1) intermediate valence systems [23,24]. It is
noted that the temperature (120(5)K) where the
rðTÞ=rð270KÞ ¼ f ðTÞ curve goes through a maximum
is close (130(5)K) to that of the wm ¼ f ðTÞ exhibits also
a maximum. This agrees with the interpretation that the
resistivity peak is due to a spin-scattering mechanism in
the intermediate valence regime [23].
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Among the ternary germanides CeMGe withM ¼ Ni;
Pd and Pt, CeNiGe is known to have a much larger
thermopower S at room temperature (47 mV/K) than a
normal metal [13]. This behavior is connected to the
intermediate valence state of the cerium in this
compound (very high Kondo temperature). Fig. 7
compares the temperature dependence of the thermo-
power of CeNiGe and its hydride. Below 300K, S for
CeNiGe is always positive implying that the dominant
carriers are holes. Between 300 and 150K, S increases
very slowly from 34(2) to 36(2) mV/K then decreases and
exhibits a shoulder around 50–60K. These data agree
with those previously reported [13], although the
reported maximum S value is 47 mV/K. This difference
is certainly due to the difference in the sample
preparation (as-cast or annealed). The S ¼ f ðTÞ curve
of CeNiGe resembles that observed for CePd3 which is
-

well known as a canonical intermediate valence com-
pound [25,26]. The curve S ¼ f ðTÞ relative to the
hydride CeNiGeH1.6(1) shows a clear different behavior.
It is mainly characterized by the existence of two
extremes: a positive maximum of about 38(2) mV/K
near 125(5)K and a weakly pronounced negative �5 mV/
K around 15(2)K. There is also a change in sign at
T ¼ 28ð2ÞK. Similar change of sign has been observed
for nearly trivalent cerium-based compounds as CeCu2
Si2, CeAl2 and CeAl3 [25]. On such compounds, a
positive maximum appears in the S ¼ f ðTÞ curve at
around T ¼ TK=2 ¼ 110ð10ÞK (close to the experimen-
tal value of 125(5)K (Fig. 7)) due to the scattering of
conduction electrons by the Kondo resonance state
which is located just above the Fermi level [25].
The two curves S ¼ f ðTÞ observed presently for

CeNiGe and its hydride, are characteristic of many
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compounds based on cerium. These thermopower
behaviors can be compared to those described recently
by Link et al. [27], which have applied isostatic pressure
on the ternary silicide CePd2Si2. Without pressure, S of
this last compound exhibits at low temperature a
negative peak followed by a broad positive contribution
with increasing temperature. On the contrary, under a
pressure of 5.6GPa the curve S ¼ f ðTÞ 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 valence cerium induced
by the pressure. An opposite sequence is detected here
by insertion of H atom into CeNiGe. This result
confirms that in this case, the hydrogenation can be
considered as an application of ‘‘negative’’ pressure on
compounds based on cerium.
3.2.2. CeCuGe and CeCuGeH1.0(1)

In the paramagnetic range, the magnetic susceptibility
of these compounds follows a Curie–Weiss law w�1m ¼
ðT � ypÞ=Cm (Fig. 8). The effective magnetic moment
meff ¼ ð8CmÞ1=2 and the Curie paramagnetic temperature
yp are, respectively, equal to 2.56(5) mB/Ce-mol and
2(1)K for the ternary germanide CeCuGe and
2.50(5) mB/Ce-mol and –14(1)K for the hydride. The
meff values are in agreement with that calculated for a
free Ce3+ ion (2.54 mB/Ce-mol). We note that the yp
temperature changes in sign after insertion of Hatom in
CeCuGe. This suggests that the magnetic ordering
appearing for CeCuGe is modified after hydrogenation.
Fig. 9(a) presents the temperature dependence of the

magnetization of CeCuGe cooled in an applied magnetic
field m0H ¼ 0:025T. The strong increase of the magne-
tization versus temperature characterizes the occurrence
of ferromagnetic ordering. The transition temperature
TC; determined from the inflection point of the
magnetization curve M ¼ f ðTÞ equals to 10.0(2)K.
This value agrees with that determined previously
(10.2K) using specific heat measurements [14]. On the
contrary, no magnetic ordering can be clearly detected
above 1.8K from the curve wm ¼ f ðTÞ giving the
temperature dependence of the magnetic susceptibility
of the hydride CeCuGeH1.0(1) (Fig. 9(b)). In the
temperature range 1.8–12K, wm of this hydride can be
fitted by a Curie–Weiss law having as parameters
meff ¼ 1:98ð5Þ mB/Ce-mol and yp ¼ 1:5ð5ÞK.
The absence of magnetic ordering for CeCuGeH1.0(1)

is evidenced by electrical resistivity measurements
(Fig. 10). The temperature dependence of electrical
resistivity of CeCuGe shows a sharp decrease at
10.5(5)K. The last behavior is attributed to the
ferromagnetic ordering observed at TC ¼ 10:0ð2ÞK by
magnetization measurements. The curve rðTÞ=rð270KÞ
¼ f ðTÞ relative to CeCuGeH1.0(1) hydride exhibits a
different feature. Starting from 270K, r first increases
with decreasing temperature and is almost linear in log
T between 270 and 100K (this behavior characterizes
the influence of CEF effect [28]). Then, a shoulder
appears around 60K and finally r increases slightly
below 15K. At low temperature, no anomaly ascribed
to the occurrence of a magnetic ordering can be
detected. The lack of coherence observed below 15K
(increase of r) may be explained by possible random
magnetic interactions induced by the distribution
between Hatom and vacancies in this hydride.
4. Conclusion

The hydrogenation process of the ternary germanides
CeNiGe and CeCuGe is reported for the first time. The
hydrogen insertion into the CeNiGe lattice induces both
a structural transition from orthorhombic TiNiSi-type
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to hexagonal ZrBeSi-type and a decrease of the Kondo
temperature from 600(20) to 220(10)K. The expansion
of the unit cell volume per mol (D11.6%) smaller than
that observed during the hydrogenation of CeNiAl
(D24%) [29] or CeNiGa (D16–20%) [1] is not sufficient
to drive the valence of the Ce atom toward the trivalent
state. In contrast, the hydride CeCuGeH1.0(1) presents a
derivative structure of the ZrBeSi-type. In this case, the
hydrogenation suppresses the magnetic ordering.
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