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Abstract

The magnetic properties of the antiferromagnet CeNiSnH and of the ferromagnet CeNiSnH; g
on hydrostatic pressure (0 < P < 10.8 bar) have been determined using a miniature
piston—cylinder CuBe pressure cell. With increasing P, the Néel temperature of CeNiSnH
increases weakly from 4.77 to 5.01 K whereas the Curie temperature of CeNiSnH; g decreases
rapidly from 7.16 to 5.30 K. Similar pressure dependence is also observed in the critical field of
the metamagnetic transition of CeNiSnH and in the coercive field of CeNiSnH; g. Electronic
structure calculations for these hydrides within the density functional theory show agreement
with the experimental findings. Detailed examination of the chemical bonding features point to
the conclusion that the antibonding Ce—Ni states below the Fermi level for CeNiSnH; g could be
responsible for the decrease of its Curie temperature under applied pressure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, it was established that the ternary stannide CeNiSn,
a so-called Kondo semiconductor and classified as a strongly
correlated f-electron system, absorbs hydrogen [1-4]. Exposed
at 523 K to 1 MPa of hydrogen gas, this compound transforms
to the hydride CeNiSnH; g, which decomposes at the same
temperature but under low hydrogen pressure (5 x 10~ MPa)
into another hydride CeNiSnH [1, 3]. The last hydride
crystallizes, as CeNiSn in the orthorhombic e-TiNiSi type [2],
whereas CeNiSnH; g belongs to the hexagonal ZrBeSi-type
structure [1]. H insertion leads to an increase of the unit cell
volume, respectively, of 2.6 and 8.0% per mole with increasing
H content. The crystal structures of CeNiSn, CeNiSnH and
CeNiSnH, g present some similarities [5]. The cerium three-
dimensional network can be described by an intergrowth of
trigonal [Ceg] prisms surrounding alternatively the Ni and
Sn atoms. However, these [Ceg] prisms are distorted in
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CeNiSn and CeNiSnH. Besides, Ni- and Sn atoms form a
hexagonal network, which is respectively buckled in CeNiSn
and CeNiSnH and regular in CeNiSnH;g. Thus, in the
two hydrides, the H atoms are located inside the [Ce;Ni]
tetrahedral sites. In CeNiSnH; g nearly all the tetrahedra that
are identical, are occupied [1]. In contrast, in CeNiSnH two
types of chemically similar but geometrically different [Ce;Ni]
tetrahedra are formed; only the one that has a nearly regular
Ce;s side is occupied by a hydrogen atom [2].

Magnetic ordering is induced by the hydrogenation of
CeNiSn. CeNiSnH is antiferromagnetic below Ty = 4.5 K
whereas CeNiSnH, g exhibits a ferromagnetic behaviour with
Tc = 7.0 K as Curie temperature [1, 2, 6]. It is worth noting
that the variation of volume induced by H insertion promotes
magnetic ordering for the compounds deriving from CeNiSn.
Hydrogenation, which decreases the c—f hybridization between
the 4f(Ce) electrons and the conduction electrons, acts as
application of a ‘negative’ pressure on intermetallics. Similar
results are obtained by substitution of Cu, Pd or Pt for Ni
in CeNiSn; the unit cell volume increases and the non-

© 2009 IOP Publishing Ltd  Printed in the UK
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magnetic ground state is transformed into an antiferromagnetic
state [7-10]. All these behaviours indicate that the physical
properties of CeNiSn are very sensitive to the volume effects.

Investigation of the hydrides CeNiSnH, by electrical
resistivity and specific heat measurements reveals a marked
influence of the Kondo interactions [6]. For instance, the
electrical resistivity p of CeNiSnH; g increases in a Kondo-
like manner when the temperature decreases from 270 to about
25 K [1, 6]. This behaviour is characteristic of incoherent
Kondo scattering with a p = —AlogT (A = constant)
dependence. The influence of the Kondo effect is less marked
on the electrical resistivity of the other hydride CeNiSnH; its
curve p = f(T) exhibits only a curvature between 25 and
300 K [6]. Also, the analysis of the specific heat data C),
in the paramagnetic range up to 20 K using the C,/T =
f (T plot yields for CeNiSnH; g an electronic coefficient y =
184 mJ K—2 mol~! larger than that corresponding to CeNiSnH
(y = 39 mJ K2 mol~") [6]. Moreover, the magnetic entropy
associated with the magnetic ordering of the two hydrides
reaches only 0.54 R Ln 2, which is substantially reduced from
RLn2 = 5.76 Jmol~' K~!, the value expected for a doublet
ground state of the Ce*" ion. This reduction of the magnetic
entropy is interpreted as due to the Kondo interactions [11].

In this context, it was useful to perform magnetization
measurements under pressure on the hydrides CeNiSnH and
CeNiSnH; g in order to determine the evolution of their
magnetic ordering temperature. It is well known that the
physical properties of the magnetic Kondo lattices described
by Doniach’s phase diagram are strongly influenced by the
pressure [12]. In some cases, as for CePdSb or CeAg,
the ferromagnetic properties can be completely destroyed
by the application of pressure [13]. In this paper, we
present and discuss the pressure dependence of the 7y and
Tc temperatures respectively of the hydrides CeNiSnH and
CeNiSnH, g. The different evolutions detected (7Ty increases
whereas T¢ decreases with increasing pressure) are discussed
in connection with a theoretical study by first principles
calculations on the electronic structure of CeNiSnH, hydrides.

2. Experimental and computational details

CeNiSnH and CeNiSnH; g samples used for this study were
synthesized and characterized by x-ray powder diffraction as
described previously in [1, 3]. The hydrides are stable in air
and their H content is not affected by exposure under vacuum
for temperature smaller than 300 K.

A miniature piston—cylinder CuBe pressure cell has
been used for magnetization measurements in a commercial
(Quantum Design) SQUID magnetometer. The pressure was
determined at low temperatures using the known pressure
dependence of the critical temperature of the superconducting
state of a Sn sensor placed inside the cell. The empty
pressure cell was measured separately and the signal corrected
accordingly. The magnetization versus temperature, M =
f(T), and magnetic field, M = f(H), have been measured
under hydrostatic pressures up to 10.8 kbar value (at ~3.5 K)
in the temperature range 2—12 K and in magnetic fields up to
50 kOe.

For a detailed description of the electronic band structure
of the ternary stannide CeNiSn and its hydrides, we use all
electron calculations based on the density functional theory
(DFT) framework [14, 15] as built within the scalar relativistic
augmented spherical wave (ASW) method [16]. Effects of
exchange and interactions were accounted for with a local
density approximation (LDA) scheme [17]. In order to check
for the limitations of the LDA, we have performed full-
potential ASW LDA + U calculations for CeNiSnH, hydrides
using values of U = 6.7 ¢V and J = 0.7 eV acting
on 4f(Ce) states. As a result, the changes are rather small
especially for the magnitudes of the magnetic moments and
result in an upshift of the 4f(Ce) states within the conduction
band. This gives sufficient confidence for our use of an
LDA scheme in the present study and to consider 4f(Ce)
states within the valence basis set. In recent years, we
have shown that this framework is well adapted to determine
the electronic and magnetic structures of the hydrides based
on cerium [18-21].  The wavefunction is expanded in
atom-centred augmented spherical waves, which are Hankel
functions and numerical solutions of Schrodinger’s equation,
respectively, outside and inside the so-called augmentation
spheres. In order to optimize the basis set, additional
augmented spherical waves within IS (interstitial spheres)
were placed at carefully selected interstitial sites with s, p,
and d symmetry. The choice of these sites as well as the
augmentation radii was automatically determined using the
sphere-geometry optimization algorithm [22]. 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 [nx + 1 = 4 for
Ce, ljax + 1 = 3 for Ni, [pox + 1 = 2 for Sn and
Imax + 1 = 1 for H. The completeness of the valence basis
set—without calling for semicore states—was checked at all
volumes for charge convergence with /.x + 1 occupation
less than 0.1 electrons. Regarding the angular momentum
expansions, they are in principle carried to infinity. The self-
consistent field calculations are run to a charge convergence
of AQ ~ 107% and the accuracy of the method is in the
range of about 0.1-1 meV regarding energy differences. A
sufficiently large number of k points was used to sample
the irreducible wedge of the Brillouin zone, i.e., respectively
1024 and 576 irreducible k points generated from 4096 points
(16 x 16 x 16) for the orthorhombic (CeNiSnH) and hexagonal
(CeNiSnH; g) structures under study. All calculations were
firstly carried out assuming neutral atomic species in a non-
magnetic configuration (non-spin-polarized, NSP), meaning
that spin degeneracy was enforced for all species. Note that
such a configuration does not refer to a paramagnet, which
would only be simulated by large super-cells entering random
spin orientations over the different magnetic sites. 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. These
are derived here based on the overlap populations (S;;) within
the COOP (crystal orbital overlap population) criterion [23].
This is related to the fact that the spin polarized bands result
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Figure 1. Temperature dependence of magnetization, measured with
an applied field H = 2 kOe and under various external pressures, for
CeNiSnH.

from the NSP bands by a rigid energy shift. While this is
the case of the ternary stannide CeNiSn and the hydrides
under consideration (cf figure 8), it needs to be noted that
some magnetic systems characterized by so-called ‘covalent
magnetism’ [24, 25] do not show the same weight of majority
spin (1) and minority spin (| ) density of states (DOS). For
such systems, it can be expected that the chemical bonding is
spin dependent. Then subsequent spin polarized calculations
check for the actual ground state of the two hydrides.

3. Results and discussion

3.1. Magnetization versus pressure

Figure 1 presents, at low temperatures, the influence of
pressure P on the magnetization M of the hydride CeNiSnH.
For P = 0 kbar, the curve M = f(T) exhibits a maximum
near 4.77 K; this behaviour agrees with the occurrence of an
antiferromagnetic ordering for this hydride [3, 6, 26]. With
increasing P, the maximum shifts to higher temperatures. For
P = 10.8 bar, the Néel temperature is estimated at 5.01 K. The
pressure also influences the metamagnetic transition evidenced
previously for CeNiSnH (figure 2) [3]. The critical field H,,
where this transition appears increases linearly with P, as
indicated in the inset of figure 2, H. varying between 13.8
and 15.5 kOe when P increases from ambient pressure to
10.8 bar. This investigation indicates that the antiferromagnetic
behaviour of CeNiSnH is reinforced by the external pressure.
Figure 3 shows the thermal dependence of the magneti-
zation M of CeNiSnH; g measured under various pressures P
and an applied field H of 2 kOe. All these curves M = f(T)
present a strong increase of M characterizing the occurrence
of a ferromagnetic ordering. At P = 0 kbar, the Curie
temperature 7¢, determined from the inflection point of the
curve M = f(T), equals 7.16 K; a value comparable to that
reported previously [1]. The T¢ temperature is dependent on
P; T¢ varies between 7.16 and 5.30 K when P increases from
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Figure 2. Field dependence at 2 K and under various external
pressures of the magnetization of CeNiSnH. The inset presents the
pressure dependence of the critical field H,, characterizing the
metamagnetic transition.
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Figure 3. Temperature dependence of magnetization, measured with
an applied field H = 2 kOe and under various external pressures, for
CeNiSnH] 8-

0 to 10.7 kbar. The isothermal magnetization measurements
performed at 2 K (figure 4) confirm this ordering, but (i)
the magnetization at 50 kOe (figure 4(a)) and the remanence
(figure 4(b)) decrease with increasing P; for instance, this
remanence takes the values 0.27 and 0.19 pup mol~' when
P increases from O to 10.7 kbar; and (ii) the coercive field
H, also decreases with increasing P; moreover, H, varies
linearly with P (inset of figure 4(b)). In other words,
the ferromagnetic character of the hydride CeNiSnH;g is
diminished by application of the external pressure.

Figure 5 compares the pressure dependence of the
magnetic ordering temperatures of the hydrides CeNiSnH
and CeNiSnH,;g. Between P = 0 and 10.8 kbar, Ty of
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Figure 4. Field dependence at 2 K of the magnetization of
CeNiSnH, g, measured under various external pressures and for
magnetic field (a) 0 kOe < H < 50 kOe and

(b) =1 kOe < H < 1 kOe. The inset of (b) shows the pressure
dependence of the coercive field H..

CeNiSnH increases weakly (4.77 — 5.01 K) whereas T¢
of CeNiSnH; g decreases more strongly (7.16 — 5.3 K).
These opposite evolutions can be discussed on the basis of
Doniach’s phase diagram describing the competition between
Trkky (indirect magnetic RKKY interaction) and 7x (Kondo
effect) temperatures depending on the coupling constant Jy
between 4f(Ce) and conduction electrons [13, 27]. Considering
that the increase of P leads to an enlargement of J, the
dependence of Ty and T¢ on P suggests that (i) CeNiSnH
is a magnetic RKKY metal (the left part of Doniach’s phase
diagram) whereas (ii) CeNiSnH, g is a magnetic Kondo system
(middle part of the diagram). The influence of P on the
Kondo effect can also be evaluated considering the direct
relation between Tk and the paramagnetic Curie temperature
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Figure 5. Pressure dependence of 7y and 7¢ ordering temperatures
respectively for the hydrides CeNiSnH and CeNiSnH; g.

Op (Tx ~ |6p|) [11]. In this sense, the analysis of the reciprocal
magnetic susceptibility x,' = f(T) above 100 K shows a
slight increase, from |0p|] = 19 K (P = 0) to |6p| = 23 K
(P = 10.8 kbar), for CeNiSnH. However, in the other hydride,
CeNiSnH; g, |fp| not only is higher, but also exhibits a stronger
pressure dependence, changing from |[fp] = 106 K (P =
0 kbar) to |6p] = 134 K (P = 10.7 kbar). Considering all
these facts, the influence of the Kondo effect on the magnetic
properties is higher in the CeNiSnH; g hydride. In this view,
it is interesting to investigate the electronic structures of these
two hydrides deriving from CeNiSn.

3.2. Density of states and chemical bonding

At self-consistent convergence charge transfer is found from
the atomic species toward the IS with a redistribution of
the electrons over the valence states due to quantum mixing
between them. The site projected DOS for the two hydrides
CeNiSnH and CeNiSnH, (full occupancy by H atom of the
4 f site in the P63/mmec space group [5]) are shown in figure 6.
In this plot as well as in the following ones, the zero energy
is with respect to the Fermi level Er. The nearly twice as
large DOS magnitude for CeNiSnH is due to the twice as large
number of formula units per cell in its orthorhombic cell with
respect to the two formula units in the hexagonal CeNiSnH;
hydride. At Er the major feature is the crossing at a relatively
large intensity of the 4f(Ce) states. The 4f band is mainly
found and centred within the conduction band due to the low
filling of the 4f(Ce) states already in the atomic state but is
found here to be close to one, 1.1 for CeNiSnH and 1.38 for
CeNiSnH,, thus pointing to Ce** character. This agrees with a
former investigation on these hydrides by Aburto er al [28].
The corresponding density of states at Eg, n(Eg), amounts
to 49 Ryd~! and 81 Ryd™! for CeNiSnH and CeNiSnH,
respectively. In this context the corresponding value for the
pristine CeNiSn stannide is ~28 Ryd~!. The increase of n(Eg)
from CeNiSnH to CeNiSnH; is in agreement with that of the
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Figure 6. Site projected density of states for the hydrides CeNiSnH
(top) and CeNiSnH, (bottom).

electronic coefficient ¥ (39 — 184 mJ K2 mol™!) evidenced
by specific heat measurement [6] however one cannot expect an
agreement for the magnitudes as the calculations provide the
electronic part only while in experiment the electron phonon
interaction is additionally accounted for.

The n(Er) values can be analysed within the Stoner mean
field theory of band ferromagnetism [29], which is a mean
field treatment. For a coexistent Kondo state and magnetic
ordering, a mean field approach was equally used by Irkhin
et al [30]. Despite the ‘localized’ nature of the Kondo lattice
one can still deal with the alloy systems in the framework
of an itinerant model of magnetism so that the mean field
treatment within the Stoner model can be valid at least to
establish trends. This model predicts the system to be unstable
in a non-magnetic state if it is characterized by a large n(Er)
resolved for a given atomic constituent, here mainly 4f(Ce).
This is expressed by the unit-less Stoner product: [ - n(Ep),
which can be either larger or smaller than one depending
on whether the system will be unstable in a spin-degenerate,
non-magnetic configuration or not, respectively. [ is the
Stoner integral obtained from spin polarized calculation of the
relevant constituent, here cerium. From a former investigation
devoted to the magnetic ordered intermetallic systems based
on cerium [31], /(Ce) = 0.02 Ryd. The resulting Stoner
products are then 0.98 and 1.6 for CeNiSnH and CeNiSnH,,
respectively, while a value of 0.56 is found for the pristine
CeNiSn compound. Thus one may expect CeNiSnH to be

on the verge of magnetic instability while CeNiSnH; should
polarize magnetically with a finite magnetic moment. Such a
feature was indeed observed by Aburto et al [28], who found
CeNiSnH to behave as a weakly magnetic system with a small
4f(Ce) moment (0.28 up) while CeNiSnH, had a much larger
moment of 0.85 ug, respectively. However, these authors find
a magnetic moment in CeNiSn, in contrast to experimental
observations and present mean field theory results. It is
interesting to note that the increase of the Stoner product in
the sequence CeNiSnH — CeNiSnH, explains the higher
magnetic ordering temperature of CeNiSnH, (7c = 7.16 K)
than that observed for CeNiSnH (7Ty = 4.77 K); however, care
should be taken as such a statement may not be generalized.
In fact, according to the extended Stoner theory a sharp peak
at Ep will give a high Stoner parameter but low moments and
magnetic energy corresponding to low 7¢, but if the same peak
is broadened e.g. by structural changes the Stoner parameter
will be lower but the moment and 7¢ will be higher.

Within the valence band (VB) there is a non-negligible
contribution from cerium itinerant states below Eg, which is
responsible for the chemical bonding with other constituents.
Due to the large filling of their d states, Ni DOS are found
completely within the VB around —2 eV. Low magnitude Sn
s and p-like states are observed throughout the VB; they show
similar peak shapes not only with Ni, but with Ce as well. This
points to the hybridization between them through the chemical
bonding. When H is introduced, the VB has extra states that are
added through the redistribution of H s states over the available
valence basis sets of neighbouring atoms. Their quantum
mixing is better illustrated from the COOP below.

Using the overlap integral S;; between two species i and j,
we illustrate the chemical bonding properties. Besides volume
expansion simulating a negative pressure, changes brought by
hydrogen uptake within CeNiSn are likely to bring changes
of the interactions between the lattice constituents. Figure 7
illustrates these bonding characteristics based on the COOP
introduced above. Along the y-axis, positive, negative and zero
COOP correspond to bonding, antibonding and non-bonding
interactions, respectively. A lowering of the bonding from
CeNiSnH to CeNiSnH, can be observed for Ce—Ni as well as
for Ni-Sn interactions. This is due to the expansion of the
unit cell due to H uptake leading to larger separations between
the constituents. For both hydrides, the major part of VB is
found to be bonding for Ce-Sn due to the small filling of
4f(Ce) states, i.e. extra electrons go into bonding states, in
contrast to Ni-Sn, where the large filling of Ni d states leads
to the occurrence of antibonding states below Ep for both
hydrides. The main difference between the two hydrides is
in the character of the Ce—Ni interaction, which is bonding
over the VB in CeNiSnH and starts to have an antibonding
character in the close neighbourhood of Eg. This is somehow
opposite to the CeNiSnH, hydride, where Ce—Ni is bonding
in the —4, —2 eV energy range but antibonding up to Eg. In
fact, due to the electron brought by one extra H, Ef is ‘pushed’
up in energy and antibonding Ce-Ni states are found. This
is likely to be destabilizing for the system, especially when
external pressure is applied, i.e. Er will cross antibonding
states over a wide energy range in the CeNiSnH, hydride.
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Figure 7. Atom-to-atom chemical bonding with COOP criterion for
Ce-Ni, Ce—Sn and Ni-Sn interactions in CeNiSnH (top) and
CeNiSnH, (bottom).

We propose this feature to address the large changes of its
ferromagnetic behaviour, especially for the weakening of the
magnetic interactions, opposite to the CeNiSnH hydride, as
presented in figure 5.

Lastly, spin polarized calculations were carried out to
check the validity of the Stoner mean field analysis. This is
done by allowing for two spin populations for both hydrides
starting from converged NSP configurations above. Using the
same self-consistent convergence criteria, the results show a
total zero magnetization for CeNiSnH and a magnetization of
1.02 pp per unit cell for CeNiSnH,. These results comply
with the Stoner theory analysis above. In CeNiSnH,, the cell
magnetization is further decomposed unto the atomic moments
(spin only): mce = 0.46 up, myni = 0.04 up, msy, = 0.01 up
and my = —0.001 ug. However, one can expect the actual
magnetization to arise mainly from Ce, i.e. the moments of
the other constituents are consequent to the quantum mixing,
which results in larger moment for Ni, which is a d element
than for Sn (p element) or H (s element). The corresponding
site and spin projected DOS are shown in figure 8. While for
CeNiSnH there is no energy shift between (1) and ({) spin
populations, an energy shift characterizes CeNiSnH,. This
is mainly observed for Ce DOS, where the energy difference
between the band middles of (1) and (| ) spins comes close to
0.5 eV and corresponds to magnetic exchange.
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Figure 8. Spin polarized ferromagnetic configuration: site and spin
projected density of states for the hydrides CeNiSnH (top) and
CeNiSnH, (bottom).

4. Conclusion

The magnetic properties of the hydrides deriving from the
ternary stannide CeNiSn are differently influenced by the
applied pressure P. With increasing P, the Néel temperature
of CeNiSnH increases weakly whereas the Curie temperature
of CeNiSnH,;g decreases significantly. In the same way,
the critical field of the metamagnetic transition increases in
CeNiSnH whereas the coercive field in CeNiSnH; g decreases.
Electronic structure calculations for hydrides CeNiSnH,
within the density functional theory (DFT) explain their
magnetic properties: (i) the density of states n(Eg) at the
Fermi level increases in the sequence CeNiSn — CeNiSnH
— CeNiSnH; 3 (or CeNiSnH,) leading toward a transition
from a Kondo semiconducting behaviour to a magnetically
ordered hydride; (ii) the Stoner product I - n(EFp) is higher
for the hydride CeNiSnH; g (or CeNiSnH,) showing the higher
magnetic ordering temperature and (iii) finally the occurrence
of antibonding Ce-Ni states below the Fermi level Ef for this
last hydride could be responsible for the decrease of its Curie
temperature under applied pressure.
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