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Hydrogen-induced structural and valence change in CelrAl
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The compound CelrAl crystallizes in the orthorhombi@iNiSi-type structure in which the cerium ions are
in a mixed-valent state as inferred from its weakly temperature dependent magnetic susceptibility. This com-
pound absorbs hydrogen at ambient temperature to form CejrAstructural transformation from ortho-
rhombic to hexagonal structure takes place on hydrogen absorption. Further, the magnetic susceptibility of the
hydride exhibits Curie-Weiss behavior, typical of local moment of"Gens. Thus hydrogen absorption
brings about dramatic changes in the structure and the valence state of cerium in CelrAl.
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[. INTRODUCTION The sample was turned over and melted several times to
ensure homogeneity. The phase purity of the sample was
Studies on metal hydrogen systems have been of consighecked using x-ray diffraction technique, employing mono-
erable interest ever since the discovery that Pd, a nonsupethromatic CuK, radiation. A portion of the above sample
conducting metal, becomes superconducting on hydrogewas hydrided in the conventional volumetric equipment. A
absorption: It was soon observed that many rare earth interknown amount of sample was contained in a stainless steel
metallic compounds absorb large amounts of hydrogen akactor and hydriding was carried out using the standard pro-
moderate pressures and ambient temperatures and resultdedure involving the activation of the compound followed by
many interesting changes in the physical and electronic propgradual increase in hydrogen pressure to a maximum of 45
erties of the compounds® In contrast to the case of Pd atmosphere. The sample temperature was cycled between
metal mentioned above, hydrogen absorption by supercoroom temperature ang473 K several times. The amount of
ducting ThFe; (Ref. 7) and ZpRh (see Ref. 8, and refer- hydrogen in the sample was estimated(Bymonitoring the
ences thereinleads to suppression of superconductivity. Thechange in H pressure in the absorption process &indby
compound TEMn,; which is a Pauli paramagnet, exhibits complete decomposition of a part of the hydride sample in an
magnetic ordering on hydrogen absorption whilgMvi,;  evacuated and calibrated chamber. Our estimate along the
which is ferromagnetic exhibits antiferromagnetic orderingtwo routes agreed withir-3%.
on hydrogen absorptichThe absorbed hydrogen leads to an ~ X-ray diffraction analysis on the hydride was also carried
expansion in the lattice or cell volume. These in turn canout to check for its single-phased nature and determine the
modify the magnetic and superconducting interactions in theolume expansion. The sample surface was poisoned using
system under investigation. CS,, so that the sample could retain hydrogen when taken
Recently, the equiatomic ternary rare earth compoundut for x-ray and magnetic studies. Magnetization measure-
CelrAl has been found to show interesting propertfekr  ments on the parent and the hydride samples were carried out
this compound, the Ce ions are found to be in a mixed-valentising the SQUID magnetometéQuantum Designin the
state. It is interesting to see the effect of hydrogen absorptiotemperature range 2—300 K and in applied fields up to 5.5 T.
on the magnetic behavior of cerium ions in this compound.
We report the results of our hydriding studies in this paper. It
is observed that CelrAl absorbs hydrogen to form CelrAlH
On hydrogen absorption, the crystal structure of CelrAl  Figures 1 and 2 show the observed x-ray patterns of the
changes from orthorhombic to hexagonal. Also, the Ce iongelrAl and CelrAlH, respectively The compound CelrAl
are no longer in a mixed-valent state in the hydride. Insteads a single phase material which crystallizes in the ortho-
the SUSCEptibi”ty of the hydrlde is seen to follow a Curie- rhombic S_TiNiSi_type structure (Space group Pnma
Weiss behavior typical of a local moment on Ce ions. with 4 formula units per unit cell Rietveld analysis of
the observed diffraction pattern vyields lattice param-
etersa=6.8954 A, b=4.3211A, andc=7.9411A. Various
atoms are at the following positions in the structure: Ce at
The polycrystalline sample of CelrAl was prepared by[0.9648, 0.25, 0.8194Ir at[0.7339, 0.25, 0.1160and Al at
melting together stoichiometric amounts of the constituenf0.8640, 0.25, 0.4304 Hydrogen absorption brings about a
elements in an arc furnace in a continuous flow of argon gasiramatic change in the x-ray diffraction pattern with the

Ill. RESULTS AND DISCUSSION

Il. EXPERIMENTAL DETAILS

0163-1829/2001/637)/1724184)/$20.00 63172418-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 63 172418

Ce ITAl sp.gr .. Pamnadlcz2? Amp O
1 88 212 T 53 1 P30 2 13 1 2321442 144 1L 24341 143
|l a 816 1010 1828 210 2121002 2108 21202 3132
e 21 81°% 8 21 3 3183 11 4 ©2140 15 5625 52239 133
1 1 21 3 @ 1 3 343 3 @823 2
J i1 B 2 2 @ 112 8 281 12
See g 3 2 3 2 5§ 3 3 11 a4 953 58
5% § 1 311% 8
ase-] a 3 3 a 551 1
400-
© 350-
z
35
o 300
8
-, 258~
=
(53]
c 200
Q
--—
[
1584
100-
I P 11} 111 i L XU O N 0 O O I T e T N N i 2

rr...,rt .+ ...~ . .rv. .. r. Tt 1 ¢+ ¢+ 1T T 11 o1&+ T T T 7T 7171 T t 17T

20,00 38 .08 48 .08 58.88 60 .88 20
20 (Degree)

FIG. 1. X-ray diffraction pattern of CelrAl.

CelrAl hydride showing lines very different from those of maximum, at some higher temperature, which is characteris-
the parent compound. However, after some trial, all the diftic of the compounds showing mixed-valent behavior of ce-
fraction lines in the hydride sample could be indexed and theium ions with high Kondo temperature. The Kondo tem-
diffraction pattern fitted on the basis of a hexagonal structurgerature for this compound was estimated to be about 1300
(space groupP6s/mmc with 2 formula units per unit K,° by comparing its susceptibility with that of Rajan’s
cell. The refined lattice parameters ame=4.4012A and results® (based on the Bethe-ansatz solution of the Cogblin-
c=8.3251A, and various atoms are at the following Schreiffer Hamiltoniat?). No evidence of magnetic ordering
positions: Ce at[0,0,0; Ir at [1/3,2/3,0.25 and Al at was found in this compound, down to 2 K.
[1/3,2/3,0.7%. Thus, hydrogen absorption has transformed It is interesting to see the effect of hydrogenation on the
the structure of CelrAl from an orthorhombic to a hexagonalmagnetic behavior of CelrAl, in particular the effect on the
structure, which is accompanied by a volume expansion ofmixed-valent behavior of the Ce ions. Figure 3 shows a plot
about 18%. The hydrogen could be removed from the samplef susceptibility vs temperature and the inverse of suscepti-
by heating it to=600 K, after which the sample reverted bility vs temperature for CelrAlbl Unlike the case of
back to the original orthorhombie-TiNiSi-type structure. CelrAl, the susceptibility(y) of the hydride is not of the
Thus the hydrogen absorption and the structural transformanixed-valent type. In facty ™! is found to be linear with
tion in this compound is reversible. temperature above 100 K, typical of local moment systems.
Magnetic susceptibility measurements on intermetallicUpon hydrogenation, one expects changes in the electronic
compound CelrAl have already been reported by ourdensity of states at the Fermi level, which can in turn affect
group?® The magnitude of the susceptibility was found to bethe hybridization between the conduction electron states and
small, being of the order of I¢ emu/mol, and it showed the 4f electron states. The unit cell volume increases on
only weak temperature dependence. In particular, it did nohydrogenation, resulting in larger Ce-Ce distances and a ten-
show the Curie-Weiss behavior typical of local moment sys-dency towards local moment behavior. Therefore, one may
tems. Above 100 K, the susceptibility was found to increaseexpect the hydrogenation to reduce the Kondo interaction
with increase in temperature up to 300 K, the upper limit ofbetween the # electrons and the conduction electrons.
the range of measurements. This is expected to go through a Above 50 K, the susceptibility of CelrAlican be fitted
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FIG. 2. X-ray diffraction pattern of CelrAlk

to the modified Curie-Weiss type of equation

X=XotCl/(T—0p), ()

wherey, is the temperature independent susceptibilityis
the Curie constant(related to effective paramagnetic

=1.93ug/f.u. This indicates the trivalent or near trivalent
nature of the Ce ions in this compound. The negative value
of #p suggests the presence of a sizeable Kofadtiferro-
magneti¢ interaction in the hydride though considerably re-
duced compared to that in the parent compound. The effec-

momeny, andép is the paramagnetic Curie temperature. Thetive magnetic moment is somewhat less than that expected

fit yields yo=4.9x10 “emu/mol, 8p=—33 K and ug
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for free Ce ion moment of 2.54;. This may be due to the
partial suppression due to the Kondo interaction and/or crys-
tal field effects in the hydride. The hydride also does not
exhibit magnetic ordering down to 2 K. The shortest Ce-Ce
distance in CelrAl is 3.61 A which is close to the Hill’s limit

of 3.25-3.4 A below which the direct Ce-Ce overlap occurs
which results in a mixed valent Ce ions in this
compound®!* The delocalization of Ce-# electrons
through hybridization with the electrons of the surrounding
atoms is also expected to result in similar behavior. How-
ever, in the hydride, the Ce-Ce distance expands to 4.16 A
which is very much above the Hill's limit and beyond which
Ce-Ce overlap ceases. This drives the Ce ions towards a
trivalent local moment state. The changes in band structure
due to changes in the crystal structure, increased Ce-Ce dis-
tance, and additional electrons and states contributed by hy-
drogen may also lead to further changes in Geelectron

FIG. 3. Temperature dependence of molar magnetic susceptibiand conduction electron hybridization which influence the

ity and that of its inverse of CelrAli(applied field=5 kOe).

Kondo temperature.
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IV. CONCLUSIONS crystallizes in the orthorhombic structure in which the ce-

In conclusion, it has been shown that hydrogenatiorrium ions are in a mixed valent state, the hydride crystallizes

brings about a dramatic change in the crystal structure anth the hexagonal structure in which the cerium ions are
magnetic behavior of CelrAl. While the parent compoundlargely in the 3+ state.
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