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ABSTRACT: The quaternary hydride CeZnSnH, s was synthesized
from a CeZnSn precursor upon hydrogenation at 553 Kand 4 MPa H,
pressure. Single-crystal X-ray diffraction data reveal that the metal
atoms adopt an YPtAs-type structure: P63/mmc, a = 449.34(9) and ¢ =
1731.3(4) pm, wR2 = 0.0493, 218 F* values, and 12 variables. The
hydrogen atoms fill three crystallographically independent ZnCe;
tetrahedral sites, leading to the composition CeZnSnH; s. Hydroge-
nation anisotropically modifies the unit cell parameters, i.e., 456.7 —
449.34 pm (—1.6%) for a and 1673.8 — 1731.3 pm (+3.4%) for c.
This leads to a drastic flattening of the two-dimensional [ZnSn] layers
and a decrease of the Zn—Sn distances from 271 to 260 pm.
Hydrogenation increases the Curie temperature from 4.8 K for
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CeZnSn to 7.3 K for CeZnSnH, s.

CeZnSn

a=456.7(3) pm; ¢ = 1673.8(5) pm

CeZnSnHq 5
a=449.34(9) pm; ¢ = 1731.3(4) pm

KEYWORDS: hydride, crystal chemistry, CeZnSnH; 5, magnetic properties, electronic structure

B INTRODUCTION

The equiatomic intermetallic cerium compounds CeTX (T
= late transition metal; X = element of the third, fourth, or fifth
main group) show a variety of highly interesting physical
properties such as antiferro- or ferromagnetic ordering, spin-
fluctuation behavior, static or dynamic intermediate cerium
valence, Kondo behavior, or superconductivity. Overviews on
the literature are given in refs 1 and 2. The magnetic and trans-
port properties of these intermetallics strongly depend on the
hybridization between the 4f(Ce) electrons and those of the
conduction band.

The crystal structures of many of these CeTX compounds can
effectively be modified upon hydrogenation by filling tetrahedral
voids. To give some examples, orthorhombic TiNiSi type CeRhGe
transforms to hexagonal CeRhGeH,” with a filled ZrBeSi type
structure. Hydrogenation of CeRuGe with CeFeSi type leads to
the filled version CeRuGeH” with ZrCuSiAs type. Furthermore,
the La,Sb type silicides and germanides REScSi and REScGe (RE
= La, Ce) can be hydrogenated to REScSiH and REScGeH (RE =
La, Ce)® with SrZnBi, type structure (filled La,Sb variant). Only
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partial filling of the tetrahedral sites is observed for CeRhSnHy ¢
and CelrSnH, ® with a ZrNiAl- and CeRhSbH,,” with a TiNiSi
type metal substructure.

In all cases, the structural change is accompanied by drastic
changes in the physical properties. For instance, hydrogen inser-
tion leads to a transition from intermediate valence in CeNiln to
ferromagnetic ordering in CeNilnH, 4,° or one can observe an
increase of the Néel temperature (1.65 — 3.0 K) in the sequence
CePdIn (Kondo antiferromagnet) — CePdInH.” In these sys-
tems, hydrogenation increases the unit cell volume and leads to a
reduction in the coupling constant J between the 4f(Ce) and
conduction electrons. ] governs the competition between the
indirect magnetic RKKY temperature Tryxy proportional to ]sz
and the Kondo temperature Tk which exhibits an exponential
dependence on ] This competition is described by the Doniach
phase diagram which shows that the reduction of J ¢ favors CeTX
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compounds strongly influenced by the Kondo effect, the occur-
rence or the increase of magnetic ordering for cerium.’

Recently, we have studied the tetrelides CeZnX (X = Ge, Sn,
Pb)'%"* with YPtAs" type structure, space group P63/mmic, a
superstructure variant of Ale These structures are built up
from puckered [ZnsX;]° hexagons, which are separated and
charge balanced by the cerium atoms. The [Zn3X3] hexa-
gons show a stacking sequence ABB'A’. CeZnX (X = Ge, Sn, Pb) show
stable trivalent cerium and magnetic ordering at low temperature
at Tc = 4.6 (Ge) and 5.2 K (Sn), respectively TN 38K (Pb)
This leads to electron precise formulations Ce**Zn**X*™ -
leaving one surplus electron in metal centered bands, Wthh
account for the metallic conductivity of these materials.

The surplus electron is an excellent prerequisite for reduction
of the CeZnX compounds upon hydrogenation. We have started
hydrogenation experiments of CeZnSn and readily observed
hydrogen incorporation. Herein we report on the structure,
magnetic, and electric properties and chemical bonding of the
new hydride CeZnSnH, 5

B EXPERIMENTAL AND THEORETICAL METHODOLOGY

Syntheses. Starting materials for the preparation of CeZnSn were a
cerium ingot (Johnson-Matthey), zinc (Merck), and tin granules
(Merck); all with stated purities better than 99.9%. The sample was
synthesized by induction melting of the elements in a sealed tantalum
ampule as described previously.'® The purity of the CeZnSn precursor
was checked by X-ray powder diffraction.

Hydrogen absorption experiments were performed using the appa-
ratus described previously."> Small pieces of the annealed CeZnSn sam-
ple were heated under vacuum at 553 K for 4 h and then exposed to 4
MPa of hydrogen gas (99.999% as purity) at the same temperature for
two days. The hydrogenation induces a decrepitation of the starting
material. The amount of hydrogen absorbed was determined volume-
trically by monitoring pressure changes in a calibrated volume. Under
these conditions, the new hydride CeZnSnH, 4(;) was obtained. The
latter is stable in ambient conditions.

X-ray Powder Diffraction. The hydride sample was character-
ized through a Guinier powder pattern (Cu Ka, radiation, 0.-quartz: a =
491.30 and ¢ = 540.46 pm as internal standard). The Guinier camera was
equipped with an imaging plate technique (Fujifilm, BAS-READER
1800). The hexagonal lattice parameters (Table 1) were obtained through a
least-squares routine. The correct indexing was ensured through com-
parison of the experimental pattern with a calculated one.'® The powder
pattern of CeZnSnH, s showed much weaker superstructure reflections
than the initial stannide [10], e.g. 4.2 vs 13.9% for 013 and 2.0 vs 12.2%
for 017. In agreement with the strong enlargement of the c-axis, this was
already a hint for much weaker puckering of the Zn;Sn; networks.

Single Crystal X-ray Data. Small irregularly shaped crystal frag-
ments were isolated from the crushed hydrogenated CeZnSnH,
sample and mounted on quartz fibers using bees wax. The crystals were
investigated on a Buerger precession camera (white Mo radiation, Fuji-
film imaging plate) in order to check the quality for intensity data
collection. The data set was collected at room temperature by use of an
IPDS II diffractometer (graphite monochromatized Mo Ka radiation;
oscillation mode). A numerical absorption correction was applied to the
data set. Details on the crystallographic data are given in Table 1.

Electron Diffraction. Electron diffraction experiments were per-
formed with a JEOL 2000FX microscope equipped with a double tilt
specimen holder. The microscope was used at an accelerating voltage of
200 kV. The powder was ground in ethanol and a droplet of this sus-
pension was then deposited on a holey carbon grid. Electron diffraction
experiments were carried out on many crystallites of the hydride and
very reproducible results were observed.

Table 1. Crystal Data and Structure Refinement of
CeZnSnH, 5 (Space Group P63/mmc, Z = 4)

empirical formula CeZnSnH, ¢
formula weight, gmol_1 3252

unit cell dimensions (Guinier data)
a, pm 449.34(9)
¢, pm 1731.3(4)
V, nm® 0.3027
calculated density, g cm > 7.11
crystal size, um® 10 x 50 x 60
transm. ratio (max/min) 2.13
absorption coefficient, mm ™" 30.5
F(000), e 552
0 range for data collection, deg 2—31
range in hkl +6; +6; 24
total no. reflections 2957
independent reflections/R;p; 218/0.0473
reflections with I = 20(I)/Ro 157/0.0207
data/parameters 218/12
goodness-of-fit on F 1.093
final R1/wR2 indices [I = 20(I)] 0.0323/0.0434
final R1/wR2 indices (all data) 0.0623/0.0493
extinction coefficient 0.0015(3)
largest diff peak/hole, e A3 1.56/—0.86

Physical Property Measurements. For physical properties
measurements, the hydride CeZnSnH; s was compacted at room tem-
perature (compactness ~280%) in order to form a polycrystalline pellet
(diameter =6 mm and thickness =3 mm) and then heated for 2 days at
553 K under a pressure (4 MPa) of hydrogen. After this thermal treat-
ment, which improved the mechanical behavior, the pellet was checked
by X-ray diffraction; no structural change was evident. For electrical
resistivity measurements, 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 intensity current
of 10 mA. Due to the presence of microcracks in the pellet, the absolute value
of p(T) could not be determined accurately; for this reason, a reduced
representation p(T)/p(270 K) is chosen.

Magnetization measurements were performed on a part of the pellet
using a Superconducting Quantum Interference Device (SQUID)
magnetometer in the temperature range 1.8—300 K and applied fields
up to 46 kG. Corrections for both diamagnetic and conduction electron
contributions as well as demagnetization effects have not been applied.

Heat capacity measurements on the hydride CeZnSnH, 5 were per-
formed by a relaxation method with a Quantum Design PPMS system
and using a two-tau model analysis. Data were taken in the 2—50 K tem-
perature range. For these latter measurements, the sample was a plate of
weight 27.3 mg obtained from the same pellet used for the other physical
characterization.

A Ca'"® ™Sn0; source was available for the **Sn investigations and a
palladium foil of 0.05 mm thickness was used to reduce the tin K X-rays
concurrently emitted by this source. The measurements were performed
in the usual transmission geometry in commercial helium bath and flow
cryostats. The temperature of the absorber could be varied from 4.2 to
300 K. The source was kept at room temperature in all experiments. The
sample was placed within a thin-walled PVC container at a thickness
corresponding to about 10 mg Sn/ cm’.

Computational Details. Two computational methods were used
in the framework of density functional theory (DFT)."” A pseudo poten-
tial approach within the Vienna ab initio simulation package (VASP)

1097 dx.doi.org/10.1021/cm 1016504 |Chem. Mater. 2011, 23, 1096-1104



Chemistry of Materials

Table 2. Atomic Coordinates and Anisotropic Displacement
Parameters (pm?) for CeZnSnH, s

atom wyck «x y % U =Uyxp Uss Ueq
Cel 20 0 0 98(6) 100(S)  98(4)
Ce2 260 0 1/4 105(6) 104(5)  105(4)

Zn 4 1/3 2/3 01260(2)  107(5)  388(16) 201(6)
Sn 4 1/3 2/3 0.6200(1)  75(3) 167(4)  105(3)

“ U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.
The anisotropic displacement factor exponent takes the following form:
—2%[(ha*)2Uy; + ... + 2hka*b*Uy,). Ups = Uys = 0; Uy, = 172U,

code'® was first called for to optimize the hydrogen positions and to
obtain the equation of states (EOS) for CeZnSn and its hydride as well
as a charge density analysis with the Bader atoms in molecules and crys-
tals approach.'®® For this, we use projector augmented wave (PAW)
potentials*® which account for 4f(Ce) states, built within the generalized
gradient approximation (GGA) scheme.*' The calculations were con-
verged at an energy cutoff of 300 eV for the plane-wave basis set with
respect to the k-point integration with a starting mesh of 4 X 4 X 4 up
to 8 X 8 x 8 for best convergence and relaxation to zero strains. The
Brillouin-zone integrals were approximated using a special k-point
sampling.

The all-electron calculations are based on the DFT and GGA func-
tional.>! They were performed using the full potential scalar-relativistic
augmented spherical wave (ASW) method (see refs 22 and 23 and refs
therein). In the ASW method, the wave function is expanded in atom-
centered augmented spherical waves, which are Hankel functions and
numerical solutions of Schrodinger’s equation, respectively, outside and
inside the so-called augmentation spheres. 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 [, + 1 =4
for Ce, i.e., 4f(Ce) were considered within the basis set, /..., + 1 = 3 for
Zn and Sn and finally I,,,, + 1 = 2 for H. Self-consistency was achieved
by a highly efficient algorithm for convergence acceleration.”* The
Brillouin zone integrations were performed using the linear tetrahedron
method with up to 1088 k-points within the irreducible wedge.l%’23 The
efficiency of this method in treating magnetism and chemical bonding
properties in transition metal, lanthanide, and actinide compounds has
been well demonstrated in recent years.”>>°

The relative magnitude of the chemical bonding is obtained based on
the overlap population analysis: S;, i and j being two chemical species.
The crystal orbital overlap population (COOP) criterion is used.”” For
the purpose of establishing trends of chemical bonding strength, we
show the integrated COOP (iCOOP): the larger the area below the cur-
ves the larger the bonding is. In the plots positive, negative, and zero
iCOOP magnitudes indicate bonding, antibonding, and nonbonding
interactions, respectively.

B RESULTS AND DISCUSSION

Structural Refinement. Analyses of the diffractometer data
set of a crystal from the hydrogenated sample revealed the pro-
nounced AlB, subcell, but weaker reflections enforced a 4-fold
cell along the c-axis, similar to the parent stannide.'® The syste-
matic extinctions led to space group P63/mmc. The atomic
parameters of CeZnSn'® were then taken as starting values and
the structure was refined using SHELXL-97 (full-matrix least-
squares on F*)** with anisotropic atomic displacement parame-
ters for all atoms. Refinement of the occupancy parameters
showed full occupancy within two standard deviations. The final
difference electron-density synthesis was flat. Determination

Table 3. Interatomic Distances (pm) Calculated with the
Powder Lattice Parameters of CeZnSn and CeZnSnH, <’

CeZnSn CeZnSnH, ¢
Cel 6 Sn 3284 3324
6 Zn 368.3 3389
2 Ce2 418.5 432.8
6 Cel 456.7 449.3
Ce2 6 Zn 309.1 336.8
6 Sn 3452 3434
2 Cel 418.5 432.8
6 Ce2 456.7 449.3
Zn 3 Sn 270.8 259.6
3 Ce2 309.1 336.8
3 Cel 322.6 338.9
Sn 3 Zn 270.8 259.6
3 Cel 3284 3324
3 Ce2 3452 3434

“Standard deviations are all equal or smaller than 0.2 pm. All distances
within the first coordination spheres are listed.

of possible hydrogen sites was not possible on the basis of the
present X-ray data. The results of the structure refinement are
summarized in Table 1. The atomic coordinates and the intera-
tomic distances are listed in Tables 2 and 3. Further information
on the structure refinement is available from: Fachinformations-
zentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany),
by quoting the Registry No. CSD-421872.

Electron Diffraction Studies. Electron diffraction data are
fully consistent with the analysis of the X-ray diffraction data dis-
cussed above. The [100] zone axis pattern (Figure 1) obviously
reveals the AIB, subcell (intense reflections) and a 4-fold super-
structure along the ¢* direction. The [110] zone axis pattern
clearly shows the existence of the reflection condition: hhl = 2n.
This observation and the absence of reflection condition in the
[100] zone axis pattern indicate that the extinction symbol cor-
responding to the material is P--c which is consistent with the
proposed P63/ mmc space group. Note that, in the [ 100] zone axis
pattern, all the reflections appear along ¢* due to a double diffrac-
tion phenomenon.

A very careful observation of the patterns shows the presence
of a hardly visible modulation around the main spots. This means
that a long-range ordering exists in the material. Nevertheless, as
it has not been observed during the X-ray diffraction experi-
ments; its origin will remain unknown.

Crystal Chemistry. The new hydride CeZnSnH, s is the first
hydride of a ternary intermetallic compound with YPtAs type'*
structure. The cerium, zinc, and tin positions have unambigu-
ously been determined and refined from single crystal diffract-
ometer data and the unit cell of the hydride was confirmed by
electron diffraction.

Hydrogenation has a drastic effect on the lattice parameters. The
unit cell shows a small, but anisotropic expansion, ie. 456.7 —
449.34 pm for the a and 1673.8 — 1731.3 pm for the ¢ parameter.
The strong increase of ¢ along with the hydrogen insertion leads
to a drastic flattening of the [Zn3Sn;] networks (Figure 2) which
now have pronounced two-dimensional character. All interlayer
Zn—7Zn, Zn—Sn, and Sn—Sn contacts can safely be considered as
nonbonding. The anisotropic cell expansion leads to a drastic
decrease of the Zn—Sn intralayer distance from 271 pm in
CeZnSn to 260 pm in CeZnSnH, 5. The latter are even shorter
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Figure 1. Electron diffraction patterns of CeZnSnH;s The inset
underlines the presence of very weak modulation reflections.

CeZnSn CeZnSnHq 5

a=456.7(3) pm; c = 1673.8(5) pm  a = 449.34(9) pm; ¢ = 1731.3(4) pm

Figure 2. Cutout of the CeZnSn (YPtAs type) and CeZnSnH, 5 type
structures. Cerium, zinc, and tin atoms are drawn as light gray, black
filled, and open circles, respectively. The puckered Zn;Sn; hexagons in
CeZnSn and the almost planar Zn;Sn; hexagons in CeZnSnH, s,
relevant interatomic distances, and the crystallographically independent
cerium sites are indicated. The hydrogen sites could not be refined from
the single crystal X-ray data.

than the sum of the covalent radii*® of 265 pm, indicating subs-
tantial Zn—Sn bonding within the layers, i.e., an increased Zn—
Sn bond strength in the hydride.

Similar geometrical behavior has been observed for the series
CeRhGe — CeRhGeH, g and CelrGe — CelrGeH, g.° The stro-
ngly puckered [Rh3Ge;] and [Ir;Ges] networks in the orthor-
hombic TiNiSi type germanides become planar in the hexagonal
ZrBeSi type hydrides CeRhGeH, g and CelrGeH] g.

Also the Ce—Ce distances are affected by the hydrogenation.
The most pronounced change concerns the Cel—Ce2 distance
between the layers which increases from 419 (CeZnSn) to 433
pm (CeZnSnH, 5), while the Cel—Cel and Ce2—Ce2 distances
within the layers (corresponding to the lattice parameter a)
slightly decrease from 457 (CeZnSn) to 449 pm (CeZnSnH, ;).
Nevertheless, all Ce—Ce distances are well above the Hill limit™°
of 340 pm for 4f electron localization.

Since the crystal chemistry and chemical bonding of the
ternary YPtAs related materials has already been discussed in
detail, ™ "**" herein we refer only to the crystal chemical peculiari-
ties of the quaternary hydride. Similar to the hydrides CeRhGeH, g

Figure 3. Noncentrosymmetric model (space group P63mc) for the
hydrogen sites in CeZnSnH, 5. Cerium, zinc, and tin atoms are drawn as
light gray, black filled, and open circles, respectively. The hydrogen
centered Ce;Zn tetrahedra are emphasized. Asterisks mark tetrahedra
that cannot be occupied for steric reasons.

and CelrGeH, g, also the hydrogen atoms in CeZnSnH, ; fill
ZnCej tetrahedral voids. Keeping the centrosymmetric model
for the metal substructure of CeZnSnH, 5 in mind, two crystal-
lographically different voids can be filled. One type of them, how-
ever, concerns face-sharing tetrahedra and full hydrogen occu-
pancy is not possible due to steric hindrance (much too short
interatomic distances). Since only one of the face-sharing tetra-
hedral voids can be occupied, a noncentrosymmetric model in
space group P6smc (translationengleiche subgroup of P63/mmc)
has been developed (Figure 3; empty tetrahedra are marked with
asterisks). In that model, 1.5 hydrogen atoms per formula unit
can be placed in ZnCe; tetrahedra, in good agreement with the
volumetrically determined hydrogen amount. Filling of the
remaining tetrahedral voids would only be possible by a drastic
increase of the ¢ parameter. This would significantly weaken the
interlayer chemical bonding. The situation in these YPtAs related
hydrides is thus different from the hydrides derived from the
ZrNiAl type.**** Since on the basis of X-ray diffraction it is not
possible to locate hydrogen besides strongly scattering cerium,
zing, and tin, we refined the metal substructure with the centro-
symmetric model.

Finally we turn back to the electron counting. The suscept-
ibility measurements'" clearly point to stable trivalent cerium in
CeZnSn. Since the structure contains isolated tin atoms, an elec-
tron precise formulation Ce**Zn**Sn4™ -e™ results, which lea-
ves one surplus electron in metal centered bands. Consequently
only one hydrogen atom per formula unit would be sufficient
for reduction. The stannide, however, incorporates 1.5 hydrogen
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Figure 4. Temperature dependence of the magnetization M measured
in an applied field of 1 kG for CeZnSn and its hydride. The inset shows
the temperature dependence of the reciprocal magnetic susceptibility
Ym | for CeZnSnH, s.

atoms per formula unit. This circumstance is addressed in more
detail below in Electronic Structure and Chemical Bonding
Analyses.

Recently a number of structurally related quaternary hydrides
MAISiH (M = Ca, Sr, Ba),*® BaInGeH,*® SrGaGeH, BaGaSiH,
BaGaGeH, and BaGaSnH>” have been reported. The triel and
tetrel atoms form similar ordered [Al;Si;], etc., networks, how-
ever, in a stacking sequence A A. In these hydrides, the hydrogen
atoms bond to the triel atoms and the latter have distorted tetra-
hedral coordination. In contrast to metallic CeZnSnH, g, the
alkaline earth metal based hydrides have electron precise com-
positions and are semiconducting, e.g. Ba>*Ga” Ge"H .

Physical Properties. Figure 4 exhibits the variation of the
atomic magnetic dipole moment ¢, vs T (2 < T < 16 K) for
CeZnSn and its hydride. For both compounds, the strong in-
crease of u, with increasing T characterizes the inset of ferro-
magnetic ordering. The Curie temperature T, determined from
the inflection point of the u, = f(T) curve is 4.8 and 7.3 K for
CeZnSn and its hydride, respectively. In other words, the hydro-
genation induces an increase of the Curie temperature. A similar
behavior was reported during the hydrogenation of the Kondo
ferromagnet CePtAL*® Below T, the hysteresis curves for
CeZnSnH, s (Figure S) agree with the behavior of a polycrystal-
line ferromagnet. The loops exhibit at 2 K a very small coercive
field of 0.6 kG and u, = 0.42 ug; U, is not saturated at 46 kG,
reaching a value of 0.95 up. This value of ¢t,, notably smaller than
that expected for a Ce’" magnetic moment (2.14 ug /Ce),
results from both the average powder of the sample and the
influence of the crystal field effects as described previously for the
hydride CeNiSnH, ¢.*

Figure 6 presents the paramagnetic region (10 < T < 300 K)
of CeZnSnH, 5 as variation U.g Vs T and, in the inset, as varia-
tion ) ' vs T (CGS-emu units). The solid lines display the
result of fitting procedures carried out with a model that consi-
ders spin—orbit coupling (Hso), the crystal field (CF) effect
(Hcg), exchange interactions between the cerium atoms (H,y),
and the influence of the applied magnetic field (Hmag; B =30
kG).""** Hyo splits the 14-fold degenerate 4f' ground state into

1.00

0.75

0.00

H, (Hg)

-0.25 CeZnSnH,,

—0—6.5K

-0.50 o 2K -

-0.75

-1.00

Figure 5. Field dependence at 2 and 6.5 K of the magnetization M of
CeZnSnH, ;.
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Figure 6. CeZnSn, s: Variation teq vs T and Ym | vs T (CGS-emu
units). The solid lines result from fitting procedures to the experimental
data on the basis of the model described in the text.

the ground multiplet *Fs , and the excited multiplet *F/, where
AEgo A 2200 cm™ . With regard to Hcp, a model that reflects
the individual CF parameters of the structurally different cerium
atoms in the space group P6;/mmc (Cel: point symmetry Ds,,
six CF parameters. Ce2: Dy, four CF parameters) is unfeasible
on account of too many CF parameters. However, in CeZn-
SnH, s, the coordination polyhedra around both atoms Cel and
Ce2 approximate a uniform polyhedron of pseudo symmetry
Dy, conditioned (i) by the flattening of the two-dimensional
[Zn3Sn;] networks—accompanied by a trend to unify corre-
sponding intermetallic separations—and (ii) by similar electro-
negativities of Zn (1.6) and Sn (1.8) with the consequence that
the CF contributions to Hcp are resembling.

The CF operator for Dg;, symmetry, acting on the multiplets
*Fs/, and *F;, of Ce""" is composed of both CF parameters qu
and spherical tensors qu, the latter related to the spherical
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Table 4. CeZnSnH, 5: Magnetically Relevant Parameters s,
qu, Amg and B for the paramagnetic region and CF splitting
energies

g —1
parameters n cm

CF splitting in cm ™' /E (Zm))

B/kG 30 *Fsn E (+1/2) 519
Cat 625° E (£3/2) 150
By” 929 E (£5/2) 0
B, 885

Apg/mol cm ™3 5.55

6/K" 2.82

SQ/%° 0.28

“Free ion value. ” Corresponding to a Curie—Weiss straight line in the
temperature range 10—17 K. “ Def.: SQ = (FQ)I/2 X 100 where FQ =

S ([Xops (i) = Xea(D) 1 Xoped) .

harmonics qu (qu = [4t/(2k + 1)] 1/quk):%’M
Her(De) = Bo*Co® + Bo*Co* + Bo®Co® + Bs®(Cs® + C - 4°)

The Zeeman effect of the external magnetic field with flux
density B in direction O is represented by Hipag - To incorporate
exchange interactions between the cerium atoms, the suscept-
ibility equation is extended by the molecular field parameter A,,¢

HCF(Dmh) = Xm_l(C;qu)B) _lmf

where y,, = ()Em’” + 2, 1)/3; Ams produces a parallel shift of the
Xm_l (Cap By, B)--T curve.** Fitting procedures proved that the
axial CF parameters B,? and B,* are the dominating ones, and
finally, it turned out that the CF effect is adaquately described by

Hcp(Dep) = Bo>Co® + Bo*Co*

acting solely on the *Fs, basis functions (goodness of the fit:
SQ = 0.3%; see footnote c in Table 4). Regarding the influence of
the hydride ions within the ZnCe; voids, the energetic order of
the three doublets |:|:m]> (where my=1 /2,3/2,5/ 2), resulting
from the *Fs, ground multiplet under the action of Hep (Do),
is of interest (cf. Table 4 and Figure 6). The doublet |£5/2) is
the ground state, followed by |:|:3/2> at 150 cm™ ! and |:l:1/2> at
519 cm™ ', This energy sequence of doublets is explainable by
negatively charged ions arranged on the main axis with a short
distance to the cerium atoms, that is, by the hydride ions occu-
pying the tetrahedral holes of the CeZn; units: The 4f functions |
+1/2) of cerium are highest in energy because they have maxima
of electron density in direction of the main axis, while corre-
sponding maxima for |£5/2) are in the plane perpendicular to
the main axis and for |4-3/2) between both orientations (refs 42
page 304 and 45).

Inspection of the variation y,, * vs T revealed Curie—Weiss
behavior in the temperature range 10 < T < 17 K with t.g=2.23
and 0 = +-2.8 K, confirming the ground state |:l:5/ 2) as well as
the ferromagnetic behavior at lower temperature.

The temperature dependence of the reduced resistivity p(T)/
p(270 K) of the hydride CeZnSnH,  reveals several character-
istics (Figure 7): (i) A downward curvature around 100—150 K.
Such behavior, which is similar with that reported previously for
CeNiSnH,* is expected for Kondo-type interactions in the
presence of crystal field effects.*” (i) A small decrease around
12—8 K and then a higher decrease below 8—7 K (inset of
Figure 7). This behavior of p(T)/p(270 K) below this last tem-
perature range could be associated with the loss of spin disorder

1 0 T T T T T M T T
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Figure 7. Temperature dependence of the reduced electrical resistivity
p(T)/p(270 K) for CeZnSnH, 5. The inset presents the low tempera-
ture part of this dependence.
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Figure 8. Temperature dependence of the specific heat C, for
CeZnSnH, 5. The inset presents the C,/T versus T curve.

scattering of the conduction electrons owing to the occurrence of
a ferromagnetic transition.

The specific heat C, of CeZnSnH) 5 has been measured at zero
magnetic field between 1.8 and 30 K. As presented in Figure 8§,
the temperature dependence of C, divided by temperature exhi-
bits a peak at about 6.8(2) K. This temperature agrees with the
Curie temperature reported above by magnetization measure-
ments (Figure 4) and confirms the ferromagnetic behavior of the
hydride. Valuable information can be obtained from the entropy
associated with the ferromagnetic ordering, which is estimated
from the magnetic contribution to the specific heat in the low-
temperature range as Cpmag = C, — (yT + BT?). Between 13 and
23 K, the fitting of C,/T = yT + T (inset of Fi§ure 8) yields to
an electronic coefficient y = 237 mJ mol ' K™~ and a phonon
constant 8 = 5.4 x 10 *J mol™" K™% At T¢, the magnetic
entropy reaches S, = 5.372 J/(mol K) or 0.93 R In 2, which is
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Figure 9. Experimental and simulated ''*Sn M&ssbauer spectra of
CeZnSnH, 5 at 77 and 4.2 K. The temperature evolution of the field
distribution functions, P(By), obtained from computer fits of the 4.2 K
data is presented at the right-hand part of the spectra.

Table 5. Fitting Parameters of ''°Sn Méssbauer Spectro-
scopic Measurements of CeZnSnH, s*

T (K) 0 (mms ') I' (mms ') AEq (mms ') By (T)
77 1.87(1) 122(2) 0.17(6)
42 2.17(3) 1.00* 0.26(2) 27

“ Numbers in parentheses represent the statistical errors in the last digit:
(0), isomer shift; (I), experimental line width, (AE), electric quadru-
pole interaction; By, averaged magnetic hyperfine field. Values marked
with an asterisk were kept fixed during the fitting procedure.

close to RIn 2 = 5.76 J mol ' K, the value expected for a
doublet ground state of Ce>*. This result suggests the small influ-
ence of the Kondo effect on the physical properties of the hydride
CeZnSnH, .

1195 Mossbauer Spectroscopy. The ''“Sn Méssbauer
spectra of the CeZnSnH; 5 sample were recorded at 77 and 4.2 K,
well above and slightly below the Curie temperature. The spectra
are presented in Figure 9 together with transmission integral fits.
The corresponding fitting parameters are listed in Table S. An
electric quadrupole interaction of AEq = 0.17(6) respectively
0.26(2) mm/s observed at 77 respectively 4.2 K is caused by the
noncubic local symmetry at the tin sites. The isomer shift of 0 =
1.87(1) mm/s indicates a slightly lower electron density at the tin
nucleus as expected because of the additional electron of the
inserted hydrogen compared to the value for the non-hydrogena-
ted compound CeZnSn (1.967(4) mm/s). These parameters
compare well with the recently reported data for CeZnSn'® and
other equiatomic stannides such as PrRhSn** and HoRhSn.*’

As illustrated in Figure 9, the low temperature spectrum has
amore complicated shape due to magnetic splitting of the main
doublet. However, the spectra could be effectively fitted
assuming a distribution of hyperfine magnetic fields (multi-
component analysis), an approach similar to the Wivel and
Morup method.>® The probability distribution curve P(By) as
a function of temperature is shown in Figure 9 beside the
spectrum of 4.2 K. The averaged transferred hyperfine field is
about 2.7 T, much larger than the one determined for CeZnSn
(0.87 T).'° A reason for the distribution of the hyperfine field is
that the hydrogen content may not be exactly the same in all
regions which leads to different domains having a slightly
different electronic situation.

Table 6. Initially Calculated (from the P63/mmc Model)
Positions (with z ,;.) for the Ordered P6;mc Model and
Theoretically Calculated ones with zy,,"

atom wyck x y Zaale Ztheo
Cel 2a 0 0 0 0
Ce2 2a 0 0 1/4 1/4
Znl 2b 1/3 2/3 0.1262 0.118
Zn2 2b 1/3 2/3 0.3738 0.383
Snl 2b 1/3 2/3 0.6198 0.636
Sn2 2b 1/3 2/3 0.8802 0.860
H1 2b 1/3 2/3 0.0150 0.011
H2 2b 1/3 2/3 0.2340 0.245
H3 2b 1/3 2/3 0.4850 0.484

“For details, see the text.

B ELECTRONIC STRUCTURE AND CHEMICAL BONDING
ANALYSES

Geometry Optimization and Equation of State. The hy-
drogen uptake within CeZnSn, resulting in the hydride causes a
large increase of the ¢ unit cell parameter and a slight contraction
of the a parameter. From Figure 3 filling all the tetrahedral sites
would result in too short H—H distances so that a model in the
noncentrosymmetric space group P63mc is used, where hydrogen
atoms can be inserted to provide the experimental composition
CeZnSnH, 5 and reasonable H—H distances.

Full geometry optimization provides a calculated volume of
0.306 nm®, in fair agreement with the experiment (0.3027 nm?);
the difference being expected within the approximations of the
computational methodology. Regarding the hydrogen positions,
the steric-based positioning of the atoms is confirmed from the
calculations as it can be observed in Table 6 with only small
deviations between the initial and final z coordinates. Never-
theless we have tested the hypothesis of positioning hydrogen
within Ce;Sn tertrahedra versus the choice of Ce;Zn. For the
purpose of establishing energy trends, the equation of state
(EOS) is needed. This is because the calculated total energy
pertains to the cohesive energy within the crystal, since the solu-
tion of the Kohn—Sham equations yield the energy with respect
to infinitely separated electrons and nuclei. In as far as the zero of
energy depends on the choice of the pseudopotentials, somehow
it becomes arbitrary; i.e. it is shifted, not scaled. However, the
energy derivatives as well as the equations of state remain
unaltered. For this reason, one needs to establish the EOS and
extract the fit parameters for an assessment of the equilibrium
values. The energy versus volume, E(V), curves are plotted aro-
und the experimental volume. In general they present a quadratic
variation and they can be fitted with a Birch EOS to the third-order:

-]

3
9 / Vo) 23
Z BB —4)Vo|(—~] -1
16 B )Ol(v)

where E, V;, By, and B’ are the equilibrium energy, the volume,
the bulk modulus, and its pressure derivative, respectively. The
corresponding curves for the two hydrogen positions within
CeZnSn are given in Figure 10. The hydride system is found

9
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Figure 10. Equation-of-state: Energy versus volume in the nonmag-
netic regime for CeZnSn hydride in two hypotheses.
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Figure 12. Crystal orbital overlap population plot for CeZnSnH; 5.
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Figure 11. Site and spin projected density of states for CeZnSnH, g
regrouping Zn, Sn, and H curves.

stabilized when H atoms are positioned with Ce;Zn tetrahedra,
i.e, versus the hypothesis of Ce;Sn, by 1.24 eV with a better
agreement with experiment for the volume. The magnitudes of
By are 63 and 74 GPa for CeZnSn and CeZnSnHj s, respectively.
They are within range of other Ce intermetallics®' but the larger
magnitude observed for the hydride is likely due to a hardening of
the system due to metal—hydrogen bonding, mainly of Zn and
Sn with H. B’ values are close to 4, a value usually encountered in
EOS computations.”'

With respect to CeZnSn calculated in the same conditions, we
get Ey = —49.67 eV. Then for hypothesis H@Ce;Zn (Figure 10),
AE [CeZnSnH, s — CeZnSn] = —21.5 eV for 4 formula units
(fu), i.e. —5.375 eV for 1 fu CeZnSnH, 5. Then the stabilization
energy of H within CeZnSn is obtained from subtracting the
energy per H taken alone:

Ey = E(CeZnSnH, 5) — E(CeZnSn) — 3/4E(H,). E(H,) is
the energy of the hydrogen molecule which is computed by con-
sidering a cubic super cell; its value is —6.5 eV. The obtained Eyy
magnitude is then —0.5 eV. This value is of smaller magnitude
than in NdCoSiH where it amounts to —0.92 eV.** For assessing
this result, we analyze the charge density output with the Bader
“atoms in molecules and crystal concept”.'*® The result is that H
does not fully ionize with H1, H2, and H3 charges amounting
to —0.50, —0.57, and —0.50, respectively. This average value
of H % clearly indicates covalently bonded hydrogen in the

intermetallic matrix. Note that the Bader analysis of MgH,
calculated with the same method, gives Mg2+ and H, ie, an
ionic hydride. This could explain why the hydrogen uptake with
CeZnSn can be larger than 1.

All-Electron Calculations. Scalar relativistic spin only ASW
calculations with the GGA functional show a magnetic polariza-
tion on both Ce sites with negligible magnetic moments on Zn
and Sn. With respect to a spin degenerate configuration there is
an energy gain of ~3 eV per fu leading to confirm a magnetic
ground state for CeZnSnH, s.

With magnitudes of M(Cel) = 0.57 ug and M(Ce2) = 0.66 iz,
there is a lowering of the magnetic moments on Ce with respect
to pristine CeZnSn where we computed magnetic moments
carried by Ce as the following: M(Cel) = 0.831 g and M(Ce2)
= 0.889 up.' This is likely due to the bonding between Ce and H
whereby less electrons are magnetically polarized (cf. next para-
graphs).

The spin and site projected density of states (PDOS) are
shown in Figure 11. Low energy lying Sn 4d"° were considered
as core states while Zn 3d'® were part of the valence basis set
just like the 4f(Ce) states. At the lower part of the valence band,
the Sn 3d'® PDOS is observed and the s, p states are smeared
out with a PDOS running from —8 eV up to Eg for Zn and Sn as
well as the itinerant part of Ce. The major part of the 4f(Ce)
PDOS are centered above Er due to the low filling of the
cerium 4f subshell. The energy shift between the cerium spin-
up (1) and spin-down (¥) PDOS causes the occurrence of
the magnetic polarization. We observe almost the same for
the two Ce substructures (close magnitudes of the magnetic
moments).

The chemical bonding peculiarities obtained from the
COOP are shown in Figure 12. As expected from the hydrogen
coordination polyhedra and from distance criteria (long
Ce—H distances d(Ce—H) = 0.26 nm vs shorter d(Zn—
H) = 0.19 nm) and due to the s, p character of Zn and Sn,
stronger bonding is found especially at the lower part of the
valence. Where Zn(Sn)—H bonding shows at the lower part of
the VB, Ce—H interaction is antibonding. This is followed by
Sn—H antibonding COOP for in the middle of the VB due to
the involvement of Sn—p state with metal—metal bonding of
the intermetallic, then below Eg there can be observed bonding
Ce—H COOP’s. Interestingly they occur at the location of
4f(Ce) states whence the lowering of the moment on Ce sites
in the hydride.
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Bl CONCLUSIONS

CeZnSnH, ; is the first hydride of an YPtAs-type host com-
pound. CeZnSnH, s was obtained through hydrogenation of
CeZnSn at 553 K and 4 MPa H, pressure. The hydrogen atoms
fill three crystallographically independent ZnCe; tetrahedral
sites. Hydrogenation anisotropically expands the unit cell param-
eters, i.e,, —1.6% for a and +3.4% for ¢, leading to a flattening of
the [ZnSn] layers. Hydrogenation strongly influences the hybri-
dization of the cerium atoms and one observes an increase of the
Curie temperature from 4.8 K for CeZnSn to 7.3 K for CeZn-
SnH, 5. Electronic structure calculations reveal that filling of the
ZnCejy tetrahedra is energetically more stable than filling of the
SnCej; tetrahedra.
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