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The ternary gallides Ce(Rhlr,)Ga withx = 0, 0.54, and 1 were synthesized from the elements by
arc-melting. The structures of these intermediate valence compounds were investigated on the basis of
powder and single-crystal X-ray diffractometer data: TiNiSi tyPama a = 688.2(2),b = 439.6(1),
andc = 788.9(1) pm, ViR2 = 0.0493, 563F? values, and 20 variable parameters for CeRhé&a:
685.5(1),b = 436.0(1), and = 782.7(1) pm, iR2 = 0.0685, 5632 values, and 21 variable parameters
for Ce(Rhy.4dros)Ga; anda = 690.1(1),b = 436.6(1) andc = 785.2(2) pm, viR2 = 0.0810, 562F?
values, and 20 variable parameters for CelrGa. The rhodium (or iridium) and gallium atoms build up
three-dimensional [RhGa] and [IrGa] networks with-RBa (or Ir-Ga) distances ranging from 265 to
267 pm (or from 265 to 269 pm). The cerium atoms fill distorted hexagonal channels within these networks
with one short CeRh (or Ce-Ir) contact (281 pm in CeRhGa, 283 pm in Ce(Rdr,5)Ga, and 287
pm in CelrGa). Hydrogenation leads to the formation of the hydrides Ge{RhGaH, g in going with
a switch in structure type: ZrBeSi typB6s/mm¢ a = 437.3(1) anct = 839.2(1) pm for CeRhGat,
a=440.1(1) anctc = 829.1(1) pm for Ce(Rudros)GaH s, anda = 441.8(1) anct = 823.3(1) pm for
CelrGaH s Susceptibility and specific heat measurements on the hydrides reveal stable trivalent cerium
and antiferromagnetic ordering at low temperatures; thel amperature decreases with the rhodium
content. Fitting of the susceptibility data of the hydrides considering the crystal field splitting and molecular
field effects clearly revealed the doubles =| +%/, as the ground state. Electrical resistivity data and
thermoelectric power measurements show the characteristics of Kondo systems.

Introduction recent examples are the systems Ce(Rd)SkH*7 and
CeRh(Sk-,Sn).8~1* One can also eliminate the 4f(Cej(T)

The cerium compognds CeTx ('I*. tran5|t_|on metal and hybridization by substitution of the transition-metal compo-
X = element of the third, fourth, or fifth main group) are an nent by another main group element, for example, in
outstanding class of intermetallics since they exhibit unusual CeMgGa® ’ ’

physical properties like magnetic ordering with anomalously
high-ordering temperatures, valence fluctuations, heavy-
fermion behavior, Kondo semimetals or semiconductors, non-
Fermi liquid behavior, or quantum phase transitibrisThe
different electronic and magnetic ground states arise from
the hybridization between the 4f(Ce) orbitals and the
conduction electrons.

The physical properties of these materials can be influ-
enced through changes of the valence electron concentratio
either through substitution of the T or X component or via

Besides the chemical effects (substitution), also the
parameter pressure plays an important role for a change of
the physical properties. To give an example, electrical
resistivity measurements on CePdSn with a standard DC
four-probe technique in a cubic-anvil device up to 80 kbar
reveal disappearance of the magnetic transition above 60 kbar
and transformation to a nonmagnetic Kondo lattice. Hydro-
nstatic pressure experiments with high-resolution angle-

solid solutions Ce(T»T«)X and CeT(X-yXy). Prominent ~ (4) 2droja, D. T.; Rainford, B. DJ. Magn. Magn. Mater1994 133
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dispersive X-ray powder diffraction using synchrotron and physical properties of Ce(RkIr)Ga withx = 0, 0.54,
radiation and the diamond anvil cell technique revealed a and 1 and the corresponding hydrides Ce(Rh)GaH, s are
first-order phase transition at 8.7(7) GPa for CeAu&Ehe reported herein.
hexagonal NdPtSb-type arrangement transforms into an
orthorhombic high-pressure modification with a TiNiSi-type Experimental Section
crystal structure. CeNiSn, CePdSn, and CePtSn with ortho- _ _ _ _
rhombic TiNiSi type structure transform to the hexagonal S_ynthess.Startmg materials for_ the prep_aratl(_)n of the ternary
structure type ZrNiAl through high-presstrbigh-temper- gallides Ce(Rh.ry)Ga were sublimed cerium ingots (Johnson
. . . 1416 Matthey), rhodium and iridium powder (Degussal$juand gallium
ature treatment in a multianvil devié&.'® These structural . . . .
i it ied by ch in th i pieces (Merck), all with starting purities better than 99.9%. In a
ransi "?”S are accompanied by changes In the magnetiCg o step, pieces of the cerium ingot were arc-méfted small
properties. buttons under an argon atmosphere of ca. 600 mbar. Argon was
Furthermore, modification of the physical properties occurs purified before using a titanium sponge (870 K), molecular sieves,
by hydrogenation. Several CeTX compounds have a hydro-and silica gel. The cerium buttons were then mixed with cold-
gen storage capacity up to two hydrogen atoms per formulapressed pelletsq 6 mm) of the respective noble metal and with
unit. Hydrogenation leads to an increase of the unit cell pieces of gallium in the ideal 1:1:1 and 1:0.46:0.54:1 atomic ratios
volume and a decrease of the cerium valence. One observe@nd were reacted in the same arc-melting crucible. The samples
a decrease of the hybridization between the 4f(Ce) orbitals were turned over and remelted three times to ensure homogeneity.
: . . The total weight losses after the various melting procedures were
and the conduction electrons induced by hydrogenation. In

thi the hvd i b idered always smaller than 0.5 wt %. The three ternary gallides were
IS _sco_pe, e hy rF)ge”a lon can b€ considere _as bbtained as silvery pellets in amounts of ca. 1 g. They are stable in
application of negative pressure on the CeTX inter-

¢ moist air over months in compact form and as powders. For CelrGa,
metallicst™~2* similar to the earlier repor§;28 we also observed a significant

In the case of the CeTGa gallides, complete hydrogenationamount of the cubic Laves phase Gels a side product after the
studies have been performed for=TCo, Ni, and CuL"2526 first arc-melting step. This sample was reground, was cold-pressed
These ternary gallides form the hydrides CeCogaH toapellet, and was arc-melted again to obtain an X-ray pure sample
CeNiGaH 1, and CeCuGakk adopting Al related struc-  ©f CelrGa.
tures. With iridium as transition metal, CelrGafhas been Hydrogenation Reactions.The hydrogenation experiments were
reportect” Similar to the work reported by Hulligeé?,about performed using an apparatus described previotishhout one-
8—10 wt % Celp as an impurity phase was observed. half of the arc-melted ingots of the three ternary gallides was heated

- . . under vacuum at 523 K for 12 h and then was exposed to 4 MPa

Susceptibility measurements revealed intermediate-valent

h . of hydrogen gas at the same temperature. After 2 days, hydrogena-
Y4
behavior for CeRhGéand CelrG& and paramagnetism for tion induced a decrepitation of the three ternary gallide samples.

CeIrQaH_7.27 In continuation of our recent studies on the the amount of absorbed hydrogen was monitored volumetrically
hydrides of CeRhSn and CelrStwe were interested inthe  py measuring the pressure changes in a calibrated volume. This
corresponding gallium compounds. The synthesis, structuresyvay, the hydrides Ce(Rhyry)GaH.s (x = 0, 0.54, and 1) were
obtained as black microcrystalline powders that are stable at ambient

(13) Brouskov, V.; Hanfland, M.; Rwen, R.; Schwarz, WZ. Kristallogr. conditions.

(14) f‘\’?ggkgﬁqulzzz"He mann, G.; Soltner, T.; Hoffmann, R.-D.; Huppertz X-ray Powder Data. The purity of the precursor ingots was
H.; Johrendt, D.: l%/lmgen R.Z. Naturforsch 2005 60k’1 821, PPENZ, checked by Guinier powder patterns, using Gukadiation and

(15) Heymann, G.; Riecken, J. F.; Rayaprol, S.; Christian, Stgen, R.; a-quartz @ = 491.30 anct = 540.46 pm) as an internal standard.
Huppertz, H. Z.Anorg. Allg. Chem2007, 633 77. The Guinier camera was equipped with an image plate system

(16) Heymann, G.; Riecken, J. F.; Hoffmann, R.-D.; Rodewald, U. Ch.; s _ 7 ]
Rayaprol, S.. Huppertz. H.. igen, R.Z. Kristallogr. 2006 SUppl. (Fuijifilm, BAS-1800). The orthorhombic lattice parameters (Table

14,160, 1) were derived from least-squares fits to the Guinier data. To ensure
(17) Chevalier, B.; Bobet, J.-L.; Pasturel, M.; Gaudin, E.; Etourneali, J. ~ correct indexing of the patterns, the experimental ones were
) @Log\/saﬁﬁm%d?%%?;tﬁ?g%ﬁ?} Eﬁ;et L+ 1shard. Solid Stare | compared with calculated pattefwsing the atomic positions
Commun2005 134 529, T ' obtained from the structure refinements. The powder lattice
(19) Chevalier, B.; Pasturel, M.; Bobet, J.-L.; Decourt, R.; Etourneau, J.; parameters compared well to those derived from the single crystals
Isnard, O.; Sanchez Marcos, J.; Rodriguez Fernandek, Alloys and to those obtained in previous stucié® The hydrogenated
20) %A%”gﬁg rf,og.zlP?;ggt:ﬁge, M.: Yartys, V. A.: Delaplane, RJGAlloys sa_lmples Were_ch_aracterized ona Philips 1050 ppwder diffractometer
Compd 2005 404-406, 112. with CuK, radiation. The refined hexagonal lattice parameters are
(21) Stange, M.; Paul-Boncour, V.; Latroche, M.; PercherorigangA.; listed in Table 1.
(22) Bobet, 3 L. Pastirel, W Chevalie, Blermetallce2006 14, 542, ENeray-Dispersive X-ray (EDX) Analyses The bulk samples
(23) Chevalier, B.; Wattiaux, A.; Bobet, J.-lI. Phys.: Condens. Matter of the precursors and the crystals investigated on the diffractometers
2006 18, 1743. ) were analyzed using a LEICA 420l scanning electron microscope
(24) Sh%vﬁl;'e;*ol?f'&]gﬁﬁ?gtj_ S';; ';%g‘r% g:éSE%hear?‘??hsei%';h 'Y\A;Cr‘;%cﬁ"’ald' with CeQ, Rh, Ir, and GaP as.st.andards. Nolimpurity elements
Mater. 2007, 19, 28. heavier than sodium (detection limit of the machine) were observed.

(25) Chevalier, B.; Bobet, J.-L.; Gaudin, E.; Pasturel, M.; Etourneali, . = The compositions determined by EDX (34 3 at. % Ce:36+ 3
Solid State Chen?002 168 28.
(26) Chevalier, B.; Sanchez Marcos, J.; Rodriguez Fernandez, J.; Pasturel;

M.; Weill, F. Phys. Re. B 2005 71, 214437. (30) Patgen, R.; Gulden, Th.; Simon, AGIT Labor—Fachz.1999 43,
(27) Raj, P.; Sathyamoorthy, A.; Shashikala, K.; Venkateswara Rao, R.; 133.

Malik, S. K. Solid State Commur2001, 120, 375. (31) Bobet, J.-L.; Pechev, S.; Chevalier, B.; DarrietJBAlloys Compd
(28) Hulliger, F.J. Alloys Compd1996 239, 131. 1998 267, 136.
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Table 1. Lattice Parameters of Some Cerium Transition-Metal Gallides and Their Respective Hydrides

compound structure type a/pm b/pm c/pm V/inm? reference
CeRhGa TiNiSi 685.59(8) 437.73(4) 785.70(7) 0.2358 28
CeRhGa TiNiSi 688.2(2) 439.6(1) 788.9(1) 0.2387 this work
CeRhGaH g ZrBeSi 437.3(2) a 839.2(1) 0.1390 this work
Ce(Rh.4dros)Ga TiNiSi 685.5(1) 436.0(1) 782.7(1) 0.2339 this work
Ce(Rhy.adros)GaH. s ZrBeSi 440.1(1) a 829.1(1) 0.1391 this work
CelrGa TiNiSi 702.6(3) 438.29(12) 782.11(13) 0.2408 28
CelrGa TiNiSi 689.3(1) 436.3(1) 783.5(1) 0.2356 27
CelrGa TiNiSi 690.1(1) 436.6(1) 785.2(2) 0.2366 this work
CelrGaH 7 ZrBeSi 441.2 a 822.9 0.1387 27
CelrGaH g ZrBeSi 441.8(1) a 823.3(1) 0.1392 this work

Table 2. Crystal Data and Structure Refinement for CeRhGa, Ce(Rh4dr 059Ga, and CelrGa with TiNiSi Type Structure, Pnma Z = 4

empirical formula CeRhGa Ce(Ridros9)Ga CelrGa

molar mass 312.75 g/mol 360.97 g/mol 402.04 g/mol
unit cell dimensions Table 1 Table 1 Table 1
calculated density 8.70 g/ém 10.15 g/cm 11.29 g/crd

crystal size
detector distance

20« 40 x 40um?

10 x 20 x 40um?

20 x 80 x 160um3
60 mm

exposure time 5 min

 range; increment 0-18C, 1.0°
integr. param. A, B, EMS 15.0,4.5,0.018
transm. ratio (max/min) 6.67 3.88 3.10
absorption coefficient 36.4 mmh 62.0 mnrt 85.9 mntt
F(000) 536 600 664

0 range 3-35° 3-35%° 3-35°

range inhkl +11,47,+12 +11,47,+12 +11,46,+12
total no. reflections 2113 3812 3266

independent reflections
reflections withl > 2o(1)

568; = 0.1277)
471 R, = 0.1163)

563 R = 0.1006)
463R, = 0.0419)

562 R = 0.0998)
383R, = 0.0931)

data/parameters 563/20 563/21 562/20

goodness-of-fit orfF2 1.051 1.025 0.853

final R indices [ > 20 (1)] R1=0.0250 R1=0.0299 R1=0.0379
WR2=0.0467 wR2=0.0641 wWR2=0.0776

R indices (all data) R%* 0.0350 R1=0.0415 R1=0.0607
WR2=0.0493 WR2 = 0.0685 wR2=0.0810

extinction coefficient 0.0008(2) 0.0009(3) 0.0049(6)

largest diff. peak and hole 2.238.07 e/B 3.152.90 e/B 4.58-4.63 elB

at. % Rh:30+ 3 at. % Ga for the CeRhGa, 38 3 at. % Ce:14+ of 4 MPa hydrogen. Thermoelectric power measurements were
2 at. % Rh:16+ 2 at. % Ir:37+ 3 at. % Ga for the Ce(Rhe performed on the pellets by a dynamic method. The measurement
Iro59Ga, and 33t 3 at. % Ce:34+ 3 at. % Ir:33+ 3 at. % Ga for technique and the cell used are described elsewfé&ars of 1.5
the CelrGa crystal) are in good agreement with the ideal 1:1:1 and x 1.5 x 5 mn® were cut from the layer pellets for the electrical
1:0.46:0.54:1 composition. The standard uncertainties account forresistivity measurements in the temperature range 4.2 K to room
the measurements performed at different parts of the bulk samplestemperature. A standard DC four-probe technique was used. The
and the crystal. For the Ce(Rhiros9)Ga sample, a homogeneous contact wires were glued with a silver paste and an intensity current
distribution of rhodium and iridium was evident from pictures taken of 10 mA was used. Magnetization measurements were performed
in backscattering mode. on another part of the pellets using a Superconducting Quantum
X-ray Single-Crystal Data. Small irregular shaped single Interference Device (SQUID) magnetometer in the temperature
crystals of the three ternary gallides were directly selected from range 1.8-300 K and in applied fields up to 5 T. Heat capacity
the crushed arc-melted samples. The crystals were mounted ormeasurements were realized on a plate obtained from the pellet by
quartz fibers using beeswax, and their quality for intensity data a relaxation method with a Quantum Design PPMS system and by
collection was then tested on a Buerger camera (also equipped withusing a two-tau model analysis.
an image plate system) by Laue photographs. A suitable single
crystal of each ternary gallide was then mounted on the diffracto-
meter. Data of the CeRhGa and CefRdros9)Ga crystals were
collected at room temperature using a four-circle diffractometer
(CAD4) with graphite-monochromatized MgKradiation and a
scintillation counter with pulse height discrimination. The scans

were taken inw/20 mode, and empirical absorption corrections noositions of CeRhG¥ were then taken as starting values,

based on psi-scan data, accompanied by spherical absorptio . .
corrections, were applied to the data sets. The CelrGa crystal wasand the three structures were refined using SHEERI

measured on a Stoe IPDS-II diffractometer with Motadiation (f.uII-matrIX least squares Oﬁz)ss with anisotropic atomic
in oscillation mode. A numerical absorption correction was applied displacement parameters for all atoms. For CeRhGa and
to this data set. All relevant crystallographic data and details for
the data collections and evaluations are listed in Table 2.
Physical Property MeasurementsFor the transport measure- a4 1G5, 1d‘3_07.E Chevalier. B.: Heying. B.: Rodewald, U. Clit s
: auain, e.; evaller, b.; Heying, b.; Rodewald, U. . , R.
ments, the hydride samples were compacted at room temperaturé ) Chem. Mater 2005 17, 2603, ying &en

(Cf'i 80% compactness) to pellets of 6 mm diameter and 3 mm (35) Sheldrick, G. MSHELXL-97, Program for Crystal Structure Refine-
thickness. The latter was heated for 2 days at 523 K under a pressure  ment University of Gdtingen: Gdtingen, Germany, 1997.

Results and Discussion

Structure Refinements.The close structural relationship
of the three ternary gallides with CeRhGe and Ceff@as
already evident from the Guinier powder patterns. The atomic

(33) Dordor, P.; Marquestaut, E.; Villeneuve, Bev. Phys. Appl 198Q
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Table 3. Atomic Coordinates and Isotropic Displacement Parameters
(pm?) of CeRhGa, Ce(Rh.4dr 054Ga, and CelrGa?2

atom Wyck. X y z Uyg

CeRhGa
Ce L —0.03547(6) en 0.68558(5) 66(1)
Rh 4c 0.73787(8) en 0.38986(6) 86(1)
Ga &L 0.3557(1) Yy 0.43285(9) 79(2)

Ce(Rh.4dros)Ga

Ce &L —0.03124(9) en 0.68769(7) 54(2)
M 4c 0.73549(8) en 0.38981(6) 63(2)
Ga &L 0.3515(2) en 0.43228(14) 64(3) CeRnhGa CeRhGaH1 g

CelrGa Figure 1. The crystal structures of CeRhGa and CeRhgakCerium,
Ce & —0.02691(17) Y, 0.69034(11) 59(5) rhodium, and gallium atoms are drawn as medium gray, black filled, and
Ir 4c 0.73338(11) Y,  0.39185(8) 69(5) open circles, respectively. The three- and two-dimensional [RhGa] networks
Ga &L 0.3568(4) 1, 0.4308(2) 63(4) are emphasized. For details see text.

2 Ugqls defined as one-third of the trace of the orthogonaliggdensor. X .
M = qu_o(g) % Rh+ 54.0(8) % I. gonalid a view of the CeRhGa structure approximately along the

y-axis is presented in Figure 1. The rhodium and gallium
atoms build up a three-dimensional [RhGa] network with
Rh—Ga distances ranging from 265 to 268 pm (Table 4),
slightly longer than the sum of the covalent radii of 250 m.

Table 4. Interatomic Distances (pm) Calculated with the Powder
Lattice Parameters of CeRhGa, Ce(Rbadr 054Ga, and CelrGa?

CeRhGa Ce(Rhudros)Ga CelrGa

ce 21 F?r? 32838{3 Ce 21 MM 32083267 Ce 21 Ir" 3(2)267'9 Within the network, each rhodium atom has a strongly
> Rh 3063 > M 3038 > Ir 3050 distorted tetrahedral gallium coordination and vice versa. This
1 Ga 3102 1 Ga 3081 1 Ga 3100 situation is similar for the structures of Ce(RHros9)Ga and
2 Ga 3189 2 Ga 3152 2 Ga 38142 (ce|rGa, Since the crystal chemistry of TiNiSi related
2 Ga 3250 2 Ga 3233 2 Ga 3247 | ! ) . L .
1 Ga 3350 1 Ga 3299 1 Ga 3287 Intermetallics has been described in detail in several review
2 Ce 3588 2 Ce 3564 2 Ce 3576 articles®®“2here we focus only on the structural peculiarities
2 Ce 3694 2 Ce 3683 2 Ce 3720 of the ternary gallides with respect to CeRhGe and CelfGe.
Rh 1 Ga 2652 M 1 Ga 2644 Ir 2 Ga 2648 The TiNiSi related compounds derive from the Al§pe
1 Ga 267.2 1 Ga 2653 1 Ga 2652 i :
2 Ga 2684 2 Ga 2655 1 ca 2685 by astrong puckering of the hexagonal networks, leading to
1 Ce 2806 1 Ce 2827 1 Ce 2869 interlayer Rr-Ga and IrGa interactions in the compounds
2 Ce 3068 2 Ce 3036 2 Ce 3047 jnyestigated (Figure 1). The degree of puckering strongly
2 Ce 3063 2 Ce 3038 2 Ce 3050
depends on the nature of the T and X component. Because
Ga 1 Rh 2652 Ga 1 M 2644 Ga 2 Ir 2648 £ th Keri b f : |
1 Rh 2672 1 M 2653 1 2652 of the puckering, one observes formation ofX} paral-
2 Rh 2684 2 M 2655 1 Ir 2685 lelograms between the hexagonal nets. Nuspl €tracently
1 Ce 3102 1 Ce 3081 1 Ce 3100  demonstrated that always the more electronegative element
2 Ga 3146 2 Ga 3152 2 Ce 3142 " . . X :
5> Ce 3189 > Ce 3166 > Ga 3228 show; th_e pos_mqn with the maximal distance (repulsion
2 Ce 3250 2 Ce 3233 2 Ce 3247 minimization) within the parallelogram. These parallelograms
1 Ce 3350 1 Ce 3299 1

Ce 3287  gare shown together with the cerium near-neighbor coordina-
a standard deviations are all equal or less than 0.3 pm. All distances tions in Figure 2. The tilting pattern of the EBa; hexagons
within the first coordination spheres are listed.#M46% Rh+ 54% Ir. in CeRhGa compares well with thesBe; hexagons in
CelrGe, while a completely different tilt is observed in
CeRhGe. These tilts are directly related to the valence of
the cerium atoms. In CeRhGa, Ce(R#ros)Ga, CelrGa,
and CelrGe, where the cerium atoms exhibit an intermediate
valence behavior, we observe very short-Gh (281 pm

CelrGa, all sites were fully occupied within two standard
uncertainties. The Rh/Ir mixed occupancy of the Ce(gh
Iro59Ga crystal was refined as a least-squares variable. Final
difference electron-density synthesis did not reveal any

significant residual peaks. The results of the structure . :
refinements are summarized in Table 2. The atomic coor- in CeRhGa and 283 pm in Ce(RMros)Ga) (Table 4) and

dinates and the interatomic distances are listed in Tables 3Ce—|r (287 pm in CelrGa and 295 pm in CelrGe) distances

d 4. Eurther inf i the struct i s i which are close to or even shorter than the sums of the
and 4. Further information on the structure relinements 1S ., oot radi? (290 pm for Cet+ Rh and 291 pm for Ce-
available. [Details may be obtained from Fachinformation-

t Karlsruhe. D-76344 E tein-L ldshaf Ir). Since the rhodium and iridium atoms are the most
szentrum . garisrune, - o- =ggens ,eln- copoids aenelectronegative component in these phases, the close distance
(Germany) by quoting the Registry No's. CSB17741

to the intermediate valent cerium atoms allows for an optimal
2%?5226?():'8555?7743 (CeRiudrosia), and CSB charge compensation. The strong tilt of the hexagons is

/ o directly evident from the atomic positions. CeRhGa which
Crystal Chemistry. The TiNiSP® related structures of

C'eRhGa! Ce(mdro-“)ea’ and CelrGa were _rEﬁned from (37) Emsley, JThe ElementsClarendon Press: Oxford, U.K., 1989.
single-crystal diffractometer data for the first time. Our data (38) Nuspl, G.; Polborn, K.; Evers, J.; Landrum, G. A.; HoffmannirRrg.

: ; 28 ; Chem 1996 35, 6922.
Con_fl_rm the previous X_'ray p(_)wde_:r date bUt the atomic (39) Landrum, G. A,; Hoffmann, R.; Evers, J.; Boysen,lfbrg. Chem
positions have been refined with higher precision. Exemplary, 1998 37, 5754.
(40) Hoffmann, R.-D.; Pigen, R.Z. Kristallogr. 2001, 216, 127.
(41) Bojin, M. D.; Hoffmann, RHelv. Chim. Acta2003 86, 1653.
(36) Shoemaker, C. B.; Shoemaker, DA®Rta Crystallogr 1965 18, 900. (42) Bojin, M. D.; Hoffmann, RHelv. Chim. Acta2003 86, 1683.
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Table 5. Interatomic Distances (pm), Calculated with the Powder
Lattice Parameters of CeRhGaH g Ce(Rhy 4dr 0.59GaH1 g, and

CelrGaH 1 ¢
CeRhGaHg Ce(Rhy.4dros)GaH s CelrGaH g
Ce 6 Rh 3283 Ce 12 M 3279 Ce 6 Ir 3278
6 Ga 3283 2 Ce 4146 6 Ga 327.8
2 Ce 4196 6 Ce 440.1 2 Ce 4116
6 Ce 437.3 6 Ce 4418
Rh 3 Ga 2525 M 3 M 2541 Ir 3 Ga 2551
6 Ce 3283 6 Ce 3279 6 Ce 327.8
Ga 3 Rh 2525 Ga 3 Ir 2551
6 Ce 3283 6 Ce 3278

a Standard deviations are all equal to or less than 0.1 pm. All metal
metal distances within the first coordination spheres are listee: ¥6%
Rh + 54% Ir.

the interatomic distances for the metal sites can directly be
_ - ) _ calculated from the lattice parameters. The corresponding
Figure 2. Coordination of the cerium atoms in the structures of CeRhGa, dinati Ivhed fth . ¢ d th | t
CeRhGaH g CeRhGe, and CelrGe. The transition metal and X atoms are F:OOI’ Ina '_On PO ynhearon o ] e Ce_”um atoms an ere ev_an
drawn as filled and open circles, respectively. The interatomic distances interatomic distances are given in Figure 2. Hydrogenation
are expressed in pm. leads to drastic changes in the bonding pattern. The puckered

_ hexagons of CeRhGa become planar and the pseudohexago-
has the shortest Ce&rh distance has the largegkand the 5 45is significantly enlarges. The RiBa networks are

smallestzc. parameter (Table 3) among the four compounds 5imost) planar with shorter RiGa distances of 253 pm
discussed. This extreme situation in CeRhGa is also evident(-rame 5), close to the sum of the covalent radii. We thus
from the very large RRRh distance of 431 pm which is  qpqerve an increase of RiBa bonding. On the other hand,
even much larger than in CelrGe (391 pthjccording to  yhe ce-Ce distances become much longer. The ZrBeSi type
the argumentation by Nuspl et. 4t this is clear evidence o5 65 two reasonable tetrahedral JRie or Celr] voids per

for accumulation of electron density at the rhodium and 415 unit, and according to the volumetric measurements,

CeRhGe CelrGe

iridium atoms in CeRhGa and CelrGe, respectively. these are almost filled in the three ternary gallides. It was
In the 9.3 K antiferromagnet CeRh&ewith purely recently reported using neutron powder diffraction that
trivalent cerium, the situation is different. The J&e; similar [LaNi] tetrahedra were completely occupied by

hexagons show the inverse tilt, and we observe the longergeyterium in LaNiSnkadopting also the hexagonal ZrBeSi-
Ce—Rh distance of 302 pm (Figure 2). Since recent electronic ¢ ped’

structure calculations on CeRht@eevealed extremely strong Finally, we need to comment on the course of the lattice

Ce—Rh interactions, we can assume even stronger interac'parameters in the series CeRhGaHCe(Rh.dros)Gak s

tions for CeRhGa discussed herein. Each cerium atom inynq cejrGakt With increasing iridium content, thelattice

the three ternary gallides has four closest cerium ne'ghborsparameter increases whitelecreases: consequently, the

at Ce-Ce distances in the range from 356 to 372 pm, close 44i5 decreases continuously from 1.92 (CeRhGkb 1.86

to the Ce;Ce distance in fa}ce'—c.entered cubic (fcc) Cerium celrGaH ¢ (Table 1). As usually observed in isotypic series

(3654£m7 and above the Hill limit for 4f electron localiza- ¢ -hodium and iridium compounds, for example, CeRhGe

tion. . and CelrGé* or SmRhIn* and Smirin,#° the iridium
Now, we turn to the hydride phases CeRhGalTe(Rhae compounds show the slightly largerX distances. To keep

Iros)Gak g, and CelrGahlg. Hydrogenation of the ternary  gjmjjar Ce-T and Ce-Ga distances in the hydrides Ce-

gallides leads to a significant increase of the unit cell volume RhGaHs Ce(Rh.dros)GaHs and CelrGais the c

per formula unit by 18% and a change in crystal structure. parameter needs to contract (Table 5). This behavior is

The X-ray powder pattern readily revealed hexagonal unit gjmilar to the germanide hydrides CeRhGeHnd Celr-

cells for the hydride phases. The intensity distribution was GeH.s5° Also in the hydrides Ce(Rhyr)GaH s the unit

compatible with a ZrBeSi tydé arrangement for the metal  ¢¢| yolumeV (Table 1) increases weakly with the iridium

atoms with planar RiGa hexagons. Since the resolution of - ¢ontent in agreement with the increase of the covalent radii

the powder patterns is limited, a small degree of puckering i, the sequence Rb- Ir.

cannot be excluded. The CeRhGaldtructure is presented The structural transition orthorhombic TiNiSi type

as an example in Figure 1. hexagonal ZrBeSi type observed during the hydrogenation
Since for the ZrBeSi type (space groés/mmq only of the ternary gallides Ce(Rhdr,)Ga is similar to that

special positions are occupied (Ce in treeste (000), Rh - yreviously observed by H-insertion into CeNi@Gé! Ce-
or Ir in the Z site (/4%/3'/4), and Ga in the @ site (/3%/3%,),

(47) Yartys, V. A.; Olavesen, T.; Hauback, B. C.; Fjellvag, H.; Brinks, H.

(43) Matar, S.; Gaudin, E.; Chevalier, B.;tRyen, R.Solid State Sci2007, W. J. Alloys Compd2002 330-332 141.
9, 274. (48) Zaremba, V. |.; Dubenskiy, V. P.;'RBgen, R.Z. Naturforsch 2002
(44) Donohue, JThe Structure of the Elementiley: New York, 1974. 57b, 798.
(45) Hill, H. H. In Plutonium and Other ActinidesMines, W. N., Ed.; (49) Zaremba, V. |.; Rodewald, U. Ch.; figen, R.Z. Anorg. Allg. Chem
Nuclear Materials Series, AIME; 1970; Vol. 17, p 2. 2005 631, 1065.

(46) Nielsen, J. W.; Baenziger, N. @cta Crystallogr 1954 7, 132. (50) Chevalier, B.; Pitgen, R. Unpublished results.
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o cerhGa (CEF). For the hexagonal symmetry, the &g, state is
0.0 ceRhGaH . split into three doubletsT; =| £%,, T's =| £%,, andl's =|

cale. . +3%5. In the paramagnetic range, the temperature dependence
of the magnetic susceptibility, = f(T) can be expressed in
terms of hexagonal crystal field splitting of tde= %/, total
angular momentum and of molecular field effects, that#,

Xm = Xo T Xcr— 4

% (emu/mol)

wherey, is the temperature-independent part of the suscep-
tibility, yxcris the susceptibility due to the crystal field effects,
and/ is the molecular field parameter. For analyses based
on data from polycrystalline samplg, is given by

_ 1 2
2% 30 Xm = i + 300
Temperature (K)
Figure 3. Temperature dependence of the magnetic susceptibility, measuredwWhere y; and yn are the components of the uniform
with an applied fielduoH = 4 T, of CeRhGa and its hydride. Solid line  susceptibility parallel and perpendicular to theaxis,

shows the fit to calculategh, using the crystal field effect and the molecular : : : : :
field (see text). The inset presents the reciprocal magnetic susceptibility of respectlvely. Using the calculation described prewoé%ly,

CeRhGahl g versus temperature. the most satisfying fit to the data of CeRhGaHsolid line,
Figure 3) is then obtained fgip = 0.3 x 10°2 emu/mol,Ag
NiGa!®?526CeNiSn!®52CeRhGe, and CelrG¥&.This transi- = —165 mol/emu, and;, = 9.5 mol/emu. Moreover, this

tion induces an increase of both the unit cell volume and calculation indicates that (1) the doubles =| 4%, is the

the interatomic distances existing between the Ce atom andground state and that (2) it is separated by 37 and 64 K from
its nearest neighbors as Ni, Rh, Ir, Ge, Ga, or Sn. All these the firstI's =| £5, and the seconfl; =| -/, excited levels,
steric considerations suggest a strong modification of the respectively. The ground-state doublet is close to both excited
strength of 4f(Ce)-ligand interactions responsible for the states. Since data from polycrystalline material were used,
electronic state of cerium in these intermetallics. For instance, the derived crystal field scheme is only tentative and has to
the hydrogenation of CeNiGe or CeNiSn reveals a decreasebe confirmed by single-crystal data by inelastic neutron
of the Kondo temperature for the formikor the occurrence  scattering investigation and by specific heat measurements

of a ferromagnetic state for the ternary stanrfitle. at higher temperatures. A safigground state was reported
Magnetic Properties. Figure 3 presents the temperature in the case of the isostructural hydride CeNiSgF?
dependence of the magnetic susceptibjityof CeRhGa and Similar analysis performed on the two other hydrides gives
its hydride. An appreciable increase in tpg value of the %o = 0.45x 102 emu/mol,Ap = —135 mol/emu, and, =
hydride is observed relative to that of CeRhGa. —3 mol/emu for Ce(Réudros)GaH gandyo = 0.5 x 1073
Above 75 K,ym of CeRhGa is practically independent of emu/mol,A5 = —193 mol/emu, and, = —8 mol/emu for

the temperature characterizing an intermediate valence staté-elrGaH s. The ground state is always tlig doublet, but
of the cerium having a high Kondo temperature. The increaseWe observel’; and I's as the first and the second excited
of ym at low temperatures is mainly attributed to the presence levels; the energy splittings are, respectively, 14 and 20 K
of trace amounts of stable moment®Cens from magnetic ~ for Ce(Rhy.4dros)GaHi s and 80 and 97 K for CelrGatd.
impurities such as G®s. Theym = f(T) curve can be fitted ~ The different splitting schemes observed for CeRhGash
according toym = y0 + NC/T, whereyy is the temperature-  the one hand and for Ce(Riyros)GaHis and CelrGahls
independent part of the susceptibility amib the proportion ~ on the other hand could be explained by a decrease of the
of stable C& moments C = 0.807 emu K/mol) in the c/a ratio (Table 1) from 1.92 to 1.86 with increasing the
ternary gallide. This procedure givgs = 9.62 104 emu/ iridium content in the hydride. All these results agree
mol andn = 18 x 1073, The observedy, value can be  Wwith the presence of trivalent cerium in the hydrides
discussed in terms of a characteristic temperafunelated ~ Ce(Rh-«r)GaH s In other words, the hydrogenation of the
to Kondo-type fluctuation® In this schemeT is defined ~ Ce(Rh-r)Ga system induces a cerium valence transition
asTk = C/2yo and can be estimated at 420 K. This behavior from an intermediate valent to a trivalent state.
is comparable to that observed previously for CelfGa. At low temperature, the thermal dependence of the
The curvey, = f(T) of the hydride CeRhGat4 does not magnetizatiorM of CeRhGaH s divided by the applied field
follow a simple Curie-Weiss law (see inset of Figure 3). shows a kink afTy = 4.8(2) K (temperature where the
Similar behavior was observed previously for CeNiggH  derivative curve dl/uoH)/dT = f(T) exhibits a maximum)
which adopts also the hexagonal ZrBeSi typBeviations  (Figure 4). This behavior suggests that this hydride orders

from this law are, most likely, related to crystal field effects antiferromagnetically. The increaseMfbelow Ty indicates
that this ordering is strongly influenced by the applied field.

(51) Chevalier, B.; Pasturel, M.; Bobet, J.-L.; Weill, F.; Decourt, R.;

Etourneau, JJ. Solid State Chen2004 177, 752. (54) Kitazawa, H.; Schank, C.; Thies, S.; Seidel, B.; Geibel, C.; Steglich,
(52) Chevalier, B.; Bobet, J.-L.; Pasturel, M.; Bauer, E.; Weill, F.; Decourt, F.J. Phys. Soc. Jpril992 61, 1461.
R.; Etourneau, JChem. Mater2003 15, 2181. (55) Schraler, A.; Van den Berg, R.; lmeysen, H. v.; Paul, W.; Lueken,

(53) Lawrence, J. MPhys. Re. B 1979 20, 3770. H. Solid State Commuri988 65, 99.
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Figure 5. Field dependence of the magnetization of CeRhGatieasured The inset presents the temperature dependence of the specifi€hieat

atT =2, 3, and 4.5 K. The dotted line emphasizes a metamagnetic behavior

above 0.2 T at 4.5 K. the three hydrides.

at 4.5(2) K and 3.5(2) K, respectively. These temperatures

This is further corroborated by the field-dependent behavior are in agreement with those determined by magnetization
of M below Ty (Figure 5) with, for instance, a distinct measurements (Figures 4 and 6) confirming the occurrence
metamagnetic-like anomaly above 0.2 T at 4.5 K. In high of antiferromagnetic ordering for these hydrides. Surprisingly,
magnetic fieldsM shows a tendency to saturation reaching a similar peak appears at 3.2(2) K in the cu@ge= f(T)
at 4.5 T a value of 0.64(2)s/mol. This Ce-magnetic moment  concerning CelrGak} suggesting a magnetic transition not
is comparable to that previously observed in the hydride detected by magnetization measurements, see Figure 6 and
CeNiSnH ¢ and corroborates the lifting of the 6-fold ref 27.
degenerate ground state of the Ce ions by CEF effects. Valuable information can be obtained from the entropy
Furthermore, the Kondo effect gives rise to an additional associated with the magnetic ordering of these hydrides,
reduction of the ordered moments (see also below). which is estimated from the magnetic contribution to the

The low-temperature magnetization data for Ce(h specific heat in the low-temperature rangeCgsag= Cp —
Iros)Gathg and CelrGallg reveal (Figure 6) (1) the  (yT + BT9). For instance, between 10 and 22 K, the fitting
occurrence of a very small shoulder &t = 3.4(2) K for of CJT = y + [T? for CeRhGaHs (Figure 7) yields an
the former and (2) down to 1.8 K any anomaly that suggests electronic coefficienty = 35 mJ/Ce-mol K and a phonon

an onset of antiferromagnetic ordering. In the Ca(Rhy)- constan{3 = 4.86 10 J/Ce-mol K. At Ty = 4.5(2) K, the
GaH, g series, the Nel temperature decreases with increasing magnetic entropy reaches 1.82 J/Ce-mokK0.32 RIn2
iridium content. which is smaller than RInZ 5.76 J/Ce-mol K, the value of

Thermal Properties. The temperature dependence of the magnetic entropy expected for a doublet ground state ®f.Ce
specific heatC, of the three hydrides shows a well-defined Thus, there is a considerable reduction of magnetic entropy
peak (see inset of Figure 7). The curv€s = f(T) for because of the Kondo effect. Moreover, the same fitting
CeRhGaH s and Ce(Rbudrosg)GaH, s exhibit a maximum applied to the hydrides Ce(Rlros9)GaH. s and CelrGahlg
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for the hydrides Ce(RhyIry)GaH s Figure 9. Temperature dependence of the thermoelectric power for the

hydrides Ce(Rh.4Iry)GaH; s

gives similar magnetic entropy (1.74 and 1.93 J/Ce-mol K, ) ] )
respectively) but an increase of thevalue (55 mJ/Ce-mol (20—24 K) for both hydrides showing a same influence of
K2 for the two hydrides) with increasing iridium content. the Kondo effect.
This suggests a small increase of the hybridization between Thermoelectric Properties. Figure 9 shows the temper-
the 4f(Ce) orbitals and the conduction electrons in the ature dependence of the thermoelectric powgeof the
sequence CeRhGall— CelrGaH g hydrides Ce(Rh,Ir,)GaH.s. S = f(T) of CeRhGaHs is

Electrical Properties. Figure 8 depicts the temperature- characterized by the existence of two extremes: a positive
dependent normalized electrical resistivity, measured abovemaximum of about 11V/K around 200 K and a negative
4.2 K, for the three hydrides Ce(RhIr,)GaH, s (Because  One at—2 uV/K near 12 K. Such behavior is commonly
of the presence of porosities and microcracks resulting from observed in Ce-based Kondo-lattice systems having a low
the low temperature (523 K) used during the annealing Kondo temperature (nearly trivalent) as CeAlS can be
treatment performed on these samples, the absolute valugjualitatively understood in terms of the Coqgblin-Schrieffer
of p(T) could not be determined accurately; for this reason, model (CSM) which describes the dynamics of conduction
the normalized resistivity is reported). The rati270 K)/ electrons because of the exchange and potential scattering
p(4.2 K) = 1.72, which is similar for the hydrides with= on incoherent 4f(Ce) staté%>° This model uses the crystal-
0 and 1, is smaller (1.35) for= 0.54. This results from the  line electric field (CEF) A as energy separation between
atomic disorder induced by the presence of rhodium and ground and excited levels) and the number of 4f(Ce) electrons
iridium atoms on the same crystallographic site (Table 5). (n < 1 for cerium).S of CeRhGaHs follows within the

For both hydridesp(T)/p(270 K) = f(T) deviates froma  CSM model for moderate CEF splitting and=< 1 (nearly
normal metallic behavior, displaying features usually associ- trivalent cerium having a low Kondo temperature). The
ated to the Kondo effect as observed, for example, for temperature= 200 K of the positive maximum is comparable
CeAL.5¢ For instance,o(T) of CeRhGaHg shows (1) a  to that where the curve(T)/p(270 K) = f(T) (Figure 8)
downward curvature around 12Q00 K associated to the €xhibits a downward curvature. These two measurements are
influence of the Kondo effect on the excited doublet of in agreement for the qualitative determination of the CEF
cerium and (2) a minimum at 20 K and a maximum near 5 Splitting in the hydride CeRhGakd Finally, Schanges sign
K; between these two temperatures, a behavior according toaround 38 K. This last behavior was explained recently using
—Alog T (A = constant) is observed, in agreement with the CEF splittings and the coupling constdntvhich measures
Kondo effect from the crystal field ground state (incoherent the coupling strength between the 4f(Ce) orbitals and the
Kondo scattering). Finally, the decrease o§T)/p(270 K) conduction band%8! This zero crossing characterizes the
below 5 K is associated to the loss of spin disorder scattering Kondo systems having small Kondo temperature.
of the conduction electrons owing to the appearance of an The curvesS= f(T) of the two other hydrides (1) present
antiferromagnetic transition (for this hydrid&, = 4.8(2) a positive maximum at 206220 K, a temperature compa-
K as determined by magnetization measurements). rable to that determined for CeRhGga$uggesting a similar

p(M/p(270 K) = f(T) for the other hydrides Ce(Rbs CEF splitting as shown by magnetization measurements, and
Iro.s9)GaH, s and CelrGahlg behave similarly; the increase

of the resistivity followed by a decrease observedTor (57) Garde, C. S.; Ray, Phys. Re. B 1995 51, 2960.
20-24 K suggests for these hydrides a Kondo-lattice (8 gg'célvg;; Milat, I.; Coqplin, B.; Czycholl, GPhysica B2002 171,

behavior exhibiting a magnetic transition. The temperature (59 zlatic, V.; Horvatic, B.; Milat, I.; Cogplin, B.; Czycholl, G.; Gren-
where these curves exhibit a minimum is practically constant __ zebach, CPhys. Re. B 2003 68, 104432.

(60) Zlatic, V.; Monnier, RPhys. Re. B 2005 71, 165109.
(61) ) Wilhelm, H.; Jaccard, D.; Zlatic, V.; Monnier, R.; Delley, B.; Cogblin,
(56) Cornut, B.; Cogblin, BPhys. Re. B 1972 5, 4541. B. J. Phys.: Condens. Matt&t005 17, S823.
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