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The group of “221” compounds crystallizing in the Mo,FeB, structure type comprises more than 400
members known so far. The onset of magnetic momengnd their ordering can be studied in the actinide
representatives by tuning the §ligand hybridization strength, including detailed investigations of the non-
Fermi liquid regime. The mechanism of specific twaen anisotropy, depending exclusively on the posins of

the nearest-neighbor U atoms, can be tested due the variety of coordinations observed within a sink

structure type. Possible dimerization of the magnét structures, representing a practical realizationof a

Shastry-Sutherland lattice, has been the motivatiofior several studies of rare-earth based materialgnd can

be a reason for the tendency to magnetic frustratim Hydrogen absorption, being an additional degreef

freedom for tuning the physical properties, was fond to be limited to 2H atoms per f.u. in U-based
materials. The strengthening of U magnetism may battributed to predominant volume expansion and
consequent 5-band narrowing. In several rare-earth based componds much higher H absorption has been
observed (the limit seems to be 8 H/f.u.). The stcture reacts either by distortion or amorphizationin such

cases. H absorption leads to weakening of the maditeinteractions, probably related to the reduced
concentration of conduction electrons.

Hydrides / Intermetallic compounds / Lanthanides /Actinides / Magnetic properties

Introduction dimer and four others at slightly longer distanddss
arrangement corresponds to a so called Shastry-
The striking difference between the electronic Sutherland latticgl], yielding magnetic frustration
properties of iand 3 systems becomes most clearly for some combinations of the effective inter-site
apparent when comparing isostructural compounds. exchange paramete¥sandJ, (seeFig. 1).
There exist large families of intermetallics corsprg Although the first of the isotypic uranium
lanthanides or actinides that crystallize in thensa compounds, WCoAIl, was identified almost half a
structure type and even have the same types of century agd?], their magnetic properties started to be

ligands. One of the largest ones is the familRgf,X systematically studied 20 years ago for groups with
compounds, whereR represents an actinide or X =Sn and In3,4]. When the 6moments of U, Np,
lanthanide metalT is a d-metal andX stands for a or Pu are not suppressed by too stronfid 5
p-element. Here we concentrate on compounds that hybridization, magnetic order appears. In most €ése
crystallize in the tetragonal structure of the ;MeB, is anti-ferromagnetism, with the Néel temperature

type (space groupgP4/mbnj. In this structure type, lower than 50 K. The only exception is M{,Sn with
eachf-atom has three types & neighbor. One type Ty =55 K[5].

(two neighbors) is along theaxis, the other types are The rare-earth based materials have been
in the basal plane, which is occupied by fr@oms studied mostly from the point of view of the crysta
alone. There eacfratom has one neighbor within a  structure[6]. The 2002 review[7] lists more than
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Fig. 1 View of the tetragonal crystal structure of MeB,-type R, T,X compounds along theaxis, revealing
the dimers of actinide or rare-earth atoms (largelsie spheres). Besides the dimer partner, eathese
atoms has four other neighbors in the basal plaseraewhat higher distances. TXatoms (pink, medium
size spheres) are at the corners of the unit o&@kked by a dashed square. Transition-metal atams a

represented by the smallest, yellow spheres.

400 representatives (which include also actinides),
magnetic properties have been determined only for
part of them. For the magnetic rare earths, therorg

measuring system (Quantum Design), either on
randomly oriented fixed powders, or on oriented
single crystals, in the temperature range 1.8-3G6rK

temperatures stay, despite much larger spin moments applied external fields of up to 14 T.

than at U, mostly below 50 K, reflecting the relati
weakness of the indirect RKKY exchange interactions
Anomalous lanthanides (studied from 19@6) and
quantum magnetism effects (Shastry-Sutherland
lattice [9]) were the main topics in the years after
2002.

A new dimension of the “221” compounds was
opened by the H absorption studies, which offered
very interesting tuning options, both for uraniunda
rare earths. Here we will show several cases wihere
H absorption is interesting from the point of viefv
forming metal hydrides or for solving general issue
of f-magnetism.

The synthesis of the hydrides was performed by
exposing activated samples of intermetallic
compounds to hydrogen gas at pressures of up to
p =120 bar, and followed by thermal treatment up to
T=923 K. In each particular case the conditions for
synthesis were optimized. To quantify the amount of
absorbed hydrogen, a small quantity of hydride was
decomposed in vacuum in a closed volume, by heating
up to 1023 K. The phase composition of the initial

R,T.X compounds
actinides

and hydrides containing

Among theR,T,X compounds containingctinides,
hydrogenation has been successfully attempted for
U-based compound40-12]. The H concentration can
reach up to 2 H atoms per f.u. It is assumed that H
occupies interstices in one of two adjacen§T U
tetrahedra, which preserves the tetragonal symmetry
Comparing the magnetic properties of the parent
compounds and the hydrides, we immediately see a
strong tendency to support magnetism. This is
demonstrated in th&y values, which increase.g.
from 14 K for UNisn to 60 K for UNisInH; g or
from 26 K for UNi,Sn to 87 K for UNi,SnH, g. This
net tendency can be attributed to the volume
expansion, which leads to enhanced U-U spacing and
consequent narrowing of thef ®and. Direct &5f
overlap is, besidesfd#igand hybridization, the most
important mechanism of suppression of thé 5

alloys and the hydrogenated samples was checked by magnetic moments. For the same transition metal, on
X-ray powder diffraction. In most cases the samples may be surprised to see that the compounds with
were single phase. Measurements of DC X=Sn exhibit a stronger tendency to magnetism than
magnetization were performed using a PPMS their In isotypes. This is in striking contrast ttoe
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behavior of X3 compounds and against common c-parameter, representing the shortest U-U spatsing,
sense, assuming ionic radii of 168 pm for In and practically equivalent for &Co,InH; g and YWCo,Sn. It

158 pm for Sn. This situation deserves a more leetai is therefore particularly tempting to investigate
analysis. The shortest U-U spacing is in most cases whether the non-Fermi liquid characteristics,
equivalent to the lattice parame@rTablel reveals especially the dramatic enhancement GfT(T)

that the weak paramagnet@i,In [13] has indeed a following AT Y2 scaling, observed for AZo,Sn[14],
smaller shortest U-U spacing than the heavy fermion is reproduced for WColnH;e Fig.2 reveals
compound WYCo,Sn, with non-Fermi liquid features  that this is the case, and this type of scaling

[13,14] appearing at the verge of magnetic order. confirms the same type of non-Fermi liquid
An interesting option was proposed by tuning the behavior, attributed to weakly interacting spin
structure by H absorption. As seen fr@mblel, the fluctuations.

Table 1 Lattice parameters of selecteddd,X compounds. The physical properties are mainlyéarfted by
thec-parameter, representing the shortest U-U spanitttgi listed compounds.

Compound a (pm) ¢ (pm) AVIV (%)
U,Cosln 736.5 343.4 -
U,CoulnHy g 759.0 350.7 8.46
U,Co,Sn 729.1 350.9 -
U,Co,SnH, g 751.0 358.2 8.30

0.28
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Fig. 2 Temperature dependence of the specific heat,GolhH, ¢ in the C/T vs. T representation, which
shows the upturn attributed to weakly interactipinsfluctuations. The non-interacting spin flucioat
model, yielding a logarithmic term, gives a worssatiption. The upturn couples to the magnetiafiblut
very high fields are necessary to suppress itr(Eftg).
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The fact that the expansion accompanying the H
absorption can be strongly anisotropic, can be tsed
test whether the easy magnetization directions are
always perpendicular to the shortest U-U distances,
which represent the strong U-U bonding directions,
irrespective of the positions of the other typestoin.
Such a rule was deduced from studying the behavior
of the U moments in various structure types], but
the possibilities to study the exchange of nearest
neighbors within one particular structure type rare.

An interesting case in this context isNibSND; g.

The shortest U-U spacings alorogand within the
basal plane are practically equal, being 376.2(1) p
and 376.0(6) pm, respectively. The antiferromagneti
structure was identified as non-collinear, with the
moments perpendicular to the-direction [16].
U,Ni,Sn exhibits a distinct, short U-U spacing in the
basal plane (355.8(8) pm, to be compared with
¢ =369.5(1) pm). Are the moments oriented along the
c-axis in this case? Although neutron diffraction

Hydrides of R,T,X compounds on the basis of rare-
earths

The hydrides of U-basedR,T,X compounds never
contain more than 2H atoms/fu. This is the
maximum occupancy, when considering that H
enters the LI tetrahedral positions and occupies
one of the two tetrahedra sharing a face. The
H atoms are somewhat displaced out of the U planes,
but the displacement is not sufficient to allow
simultaneous occupancy of both adjacent tetrahedra.
This is the situation for T=Fe, Co, Ni.
Other transition metals do not allow hydrogenatbn

all, or their treatment leads to decomposition.
For example, LPdIn decomposes into URd and
UHs.

Rare earthR,T,X's hydrogenate more willingly
and offer more diversity in storing H. A situation
analogous to that described for U was found for the
RPdIn series. The impact on the crystal structure

experiments have been undertaken, an accidental differs depending on theRE (rare earth metal)

overlap of magnetic intensities with lattice reflens
makes the analysis ambiguoiis,18]. Therefore we
synthesized a single crystal ofNJ,Sn. Susceptibility
measurements along the principal crystallographic
directions[19] show that the susceptibility is indeed
higher alongc (Fig.3), i.e. perpendicular to the

involved. For lightREs, the lattice expands both &
and ¢ upon absorbing up to 2 H atoms/f.u. For the
smaller heavyRE atoms, the basiRE triangle of the
RE:T tetrahedra is smaller, and insertion of H pushes
the T atom far away, which allows compressionaof
(seeFig. 4). The crossover point is located at Th, for

shortest U-U distances, and flipped with respetiéo which a does practically not change upon
hydride. hydrogenation.
[001]
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Fig. 3 Temperature dependence of inverse magnetic silsiigpin an external magnetic fieldgH =3 T
applied along the main axes of @NihbSn single crystal. The dashed lines are Curie-Wgisswith
parameters shown in the legend (afi&t]).
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Fig. 4 Reaction of theéR;T tetrahedra in MgreB,-type R, T,X compounds to H insertion for light (left) and

heavy (right) rare earths.

The magnetic ordering temperatures, which
indicate the strength of the exchange coupling,
systematically decrease upon H absorption (for
example, seéig. 5. Such a dramatic and systematic
effect cannot be attributed to the relatively small
lattice variations. Reduction of the concentratimi
conduction electrons, affecting the efficiency bét
RKKY interactions, is the most plausible reasorctsSu

a tendency has been detected for other rare-earth

hydrides. ForRNiAl-H compounds, for example, a
decrease of the density of states at the Fermi thwe

to hydrogenation was clearly indicatgd0]. The
relative electronegativity of H with respect to the
strongly electropositivd-elements is undoubtedly in
the background. The same effect is actually expecte
for 5f elements. But here it is due to the higher
concentration of conduction electrons related te th
band character of thef States (contrasting with the
localized 4 states in lanthanides), less pronounced and
masked by the opposite effect of thd band
narrowing.

Higher H concentrations can be achieved in
several cases. The price to pay is the changeeof th
crystal structure. The option of amorphization ighh
H pressures is chosea.g. by LaPdln [21] and
CePdiIn [22] with H concentrations exceeding
4 H/f.u. RNioIn compounds with early rare earths
absorb up to 7 H/f.u., which is made possible tank
to an orthorhombic distortion of the structure (the
symmetry decreases froR#/mbmto Pban) [23]. The
volume expansion reaches 23%. Besides tlhie 8
positions, there are three other types of H pasitio
(Table 3, some of them apparently incompletely
filled. Their full occupancy would give 8 H/f.u. &g
H site is very stable, as H is released only when
heating to 720°Q23]. At ambient temperature the H
pressure at which this site is saturated is atethel of
a few mbar.

Even higher H concentrations have been reported
for compounds withX = Mg, namely C&Ni,MgH-
[24] and LaNi,MgHg [25], the structures of which
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become monoclinic. The latter work deduces that thi
hydride is actually more a complex hydride (with
[Ni,H;]" and [NiH:J]"* anions) than a simple metal
hydride. This correlates with allegedly irreversibl

decomposition properti¢&5].

Concluding remarks and outlook

The large variety of knowrR,T,X compounds,
accommodating very different metals and their
combinations, allows addressing several important
issues. The phenomenon of quantum criticality,
appearing at the verge of the formation of magnetic
moments and magnetic order ifi $ystems, can be
achieved in several ways. The effect of tuning by
appropriate substitutions of and X metals can be
compared with the effect of H absorption and the
concomitant volume expansion. In this respect, we
have lately been concentrating on the system
U,Ni,Sn—-UFeSn and its hydrides. The anisotropic
character of the properties requires single crystal
studies. Synthesis of single crystal hydrides, ialbe
difficult, is worth an attempt.

For rare-earth compounds, the possibility to
investigate the crossover from metal to complex
hydrides is particularly tempting. The oceans of
materials listed iff7] have so far been explored only
marginally. The majority of the materials still wébr
detailed studies of their physical properties and
interaction with hydrogen.
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Table 2 Crystal structure of NdNi,InD.;: 4 different deuterium sites and their site ocaugyan. Space group
Pbam

(1]
(2]
(3]

(4]

(5]

Atom Wyckoff position Coordination n
Nd 4h - 1
Ni 4qg - 1
In 2a - 1
D1 4h Nd2|n2 0.95
D2 49 Nd;Niln 1
D3 49 Nd;Niln 0.81
D4 8 Nd;Ni 0.5
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Fig. 5 Temperature dependence of magnetic susceptiliéiygaling the reduction of the Néel temperature
fromT =33 Kin ThPdIn to 12 K in TBPdInH; 5.
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