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New Condensed Cluster Structure with Triple Metal Layers: LayINi2 and LaylCus.
Synthesis, Structure, and Bonding
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Department of Chemistry, lowa State University, Ames, lowa 50011

Receied January 30, 1998

Syntheses of the title compounds result from appropriate reactions of the elements aimdsealed Nb or Ta
containers at 800C. These exhibit a new structural type with an unusual metal-rich layered structure, detailed
for LayINi, by single-crystal X-ray diffraction: hexagonBbm2, Z = 1, a = 4.1387 A,c = 8.814 A (23°C).

This is related to the GtFex-type structure known for L#Z, for Z = Fe, Co, and others. Both structures
contain AlB-like slabs, namely, graphite-like,4Z = Ni, Fe) layers between eclipsed pairs of La layers, but
these are instead separated by single iodine layers. Thldlikastructure differs in that the iodine positions
along¢ project onto only one Z position instead of both and the cell is half as large. An additional set of very
weak reflections and streaks revealed in widely varying amounts by precession photographs suggests a superstructure
in c or intergrowths by small amounts of disordered components, but a reasonable model could not be derived
beyond some possible short-range disordering in the iodine layers. ComparisongdNif; veith LaylFe, in

terms of electronic band structures show that filling of antibonding states occurs in the Ni layers. Integrated
overlap populations in the Fe vs Ni compounds show corresponding decreasesZd@nd La—Z bonding and

a smaller strengthening of kd_a bonding in the layers, while theelattice parameter increases and the trigonal
prismatic LaZ units decrease in height. These conflicts are reflected in the Z-layer puckering and the doubled
¢ dimension found in LgFe, and other phases with the @He,-type structure.

Introduction form in which Z layers centered between double metal layers
) o are interleaved with double and then by only single halogen
Well-reduced rare earth metal (R) halide systems exhibit an |ayers, the latter in GaFe®® and RXZ,1%11for instance.
exceedingly prolific and diverse cadre of novel compounds A series of lanthanum iodide examples with the,(Geh-
based on octahedrabR;ztype clusters=® Their most remark-  type structure have been found for=Z Fe, Co, Ru, or O%
able feature is that these exist, with very few exceptions, only pyt the powder diffraction patterns obtained at the same time
when stoichiometric amounts of a third element, Z, act as for the Ni and Cu compounds showed a related but unknown
interstitial stabilizers. A|th0Ugh the last are known to include hexagona] (Or trigona|) structure witha andc/2 dimensions.
the main-group elements H,-B\, Si, etc., the most versatile  Recently, single crystals of LiNi, have been obtained, and
and useful Z have come from among the late transition metals the new structure type revealed. The present article describes
in all three periods, viz., MACu, Ru-Pd and Re-Au. The the new structure as well as weak evidence for a superstructure
beautiful structural varieties found among these phases start withthat is evidently caused by short-range disordering of iodine.
isolated clusters and different halogen-interbridging modes, all A comparison and discussion is provided regardingMia vs
of these being relatively well reduced because of the electron- La,lFe, (GdIFe,-type) structures in terms of electronic band
poor characteristic of the R elements, e.g., iXBZ, ReX10Z, calculations and the derived orbital populations as these
and R2X17Z5* stoichiometries. The chemistry also extends to influence structural and bonding changes in phases with this
condensed varieties in which octahedral-type clusters share metalinusual layer stacking sequence-(la—Z,—La).
edges to form chains in monoclinic4&Ru? double chains in
monoclinic PglsRuf and a three-dimensional condensate in the Experimental Section
cubic polytype P#is0s? With further reduction, compounds
Syntheses. The general reaction techniques in weldégin. o.d.
Nb or Ta tubing jacketed by sealed, fused silica containers, the use of
g; gg:ﬁ:&t :JJg%m/'la\cl)lggrsn%(é?;giﬁglr?lzr?oégmc Crystal Chemistry Guin_ier powder ph_otography for both phase iden_tification an_d ap-
E. Parttie Ed.; Kluwer Academic Press: Dordrecht, 1992; pp-27 proximate yield estimates, and the crystallographic characterization

56.
(3) Simon, A.; Mattausch, Hj.; Miller, G. J.; Bauhofer, W.; Kremer, R. (7) Dorhout, P. K.; Payne, M. W.; Corbett, J. Dorg. Chem1991 30,
K. Handbook on the Physics and Chemistry of Rare E&tthneidner, 4960.
K. A., Eyring, L., Eds.; Elsevier Science Publishers: Amsterdam, (8) Ruck, M.; Simon, AZ. Anorg. Allg. Chem1993,619, 327.
Netherlands, 1991; Vol. 15, p 191. (9) Ruck, M., Ph.D. Dissertation, University of Stuttgart, 1991.
(4) Park, Y.; Corbett, J. Dinorg. Chem.1994 33, 1705. (10) Bauhofer, C.; Mattausch, Hj.; Miller, G. J.; Bauhofer, W.; Kremer,
(5) Payne, M. W.; Dorhout, P. K.; Corbett, J. Dorg. Chem1991,30, R. K.; Simon, A.J. Less-Common Me1990,167, 65.
1467. (11) Martin, J. D.; Corbett, J. D., unpublished research.
(6) Payne, M. W.; Dorhout, P. K.; Kim, S.-J.; Hughbanks, T. R.; Corbett, (12) Park, Y.; Martin, J. D.; Corbett, J. D. Solid State Chen1997, 129,
J. D.Inorg. Chem.1992,31, 1389. 277.

S0020-1669(98)00119-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/11/1998



3386 Inorganic Chemistry, Vol. 37, No. 13, 1998 Hong et al.

Table 1. Lattice Constants (A) and Cell Volumes fof RiZ, Table 2. Data Collection and Refinement Parameters foil N
Phases formula weight 522.10
a c \Y cla crystal system, space group, hexagonalP6m2 (no. 187), 1

LaoINi 4.1387(9) 8.814(2) [17.628(4)] 130.75(9) [261.5(2)] [4.259] 'at“c‘zco”s‘a“?s 4.1387(9
LalCu® 4.250(1) 8.667(1)[17.333(2)] 135.57(8) [271.1(2)] [4.078] ?((A)) 8'814(2())
LaylFesd 4.116(2) 18.121(8) 265.9(4) 4.403 V(&) 130.75 )
LalCox 4.0883(9) 17.899(4) 259.1(2) 4.378 dea (/o) 563
LagRux 4.2996(7) 17.820(7) 285.3(2) 4.145 tca'C 9 . >3
LaslRhA 4.119(1) 17.65(2) 259.3(4) emperature’C)

2 (Mo Ka, cmh) 288.97
LaglOsX 4.2995(4) 17.972(5) 287.7(1) R R.506" 185 196
PrINi 4.083(2) 17.211(2) 248.5(3) 4.215 w70 e
GalFe® 4.0143(5) 17.180(2) 239.76(9) aFrom Guinier powder data with Si as internal standard=
GhICo® 3.9830(5) 17.036(1) 234.06(7) 1.54 056 A, 23C.YR= Y ||Fo — |Fell/ Y |Fol; Ry = [SW(|Fo — |Fcl)?

1/2. = -
a From Guinier powder diffraction data with Si as internal standard, IWF)T™ W = e

— b DA B .
}“_1:54 05.6 A, 22C. ° pem2 (th|§ work), the 2, 2V, and 2€/a) values Table 3. Atomic Positional Parameters and Important Distances
are listed in brackets for comparisdiiThis and subsequent compounds (A) in LaaNi
are GdIFe,-type, P6s/mmc 9 Ref 12.¢ Ref 8. ze

atom X y z Use?

means have been described befd&. All reactants and products were La 0 0 0.2876(1) 0.0147(7)
handled only in a Killed glovebox (HO < 0.1 ppm vol). The | 1/3 2/3 0 0.0150(1)
reagents La metal (Ames Lab), sublimed 4 gprepared from the Nil 2/3 1/3 1/2 0.0221(2)
elements), and powdered Ni and Cu metals (Johnson-Matt89.9% Ni2 13 2/3 1/2 0.0163(2)
metal purity) were utilized on 266300 mg reaction scales. Thed#, distances
(Z = Ni, Cu) phases came from reactions of { aith the appropriate La—La 3.744(3), 4.1387(9)
amounts of the elements at 80CQ for 4 weeks. Yields were 80 Ni—Ni %3 2.3895(6), 4.1387(9)
90%, with LaOl as the only other detectable compound, the oxygen La—I % 3 3.4843(9)
probably originating with the kD evolved from silica jacket with time. La—Ni x 6 3.0353(9)

X-ray Studies. An Enraf-Nonius (FR-552) Guinier camera was used =1 4.1387(9%

for phase identifications and lattice constant determinations. Protection
of the samples between layers of cellophane tape has been described
earlier!® Powdered standard silicon (NIST) was included with each
sample in order to provide an internal calibration scale for the film.
Lattice constants of each phase were then obtained by standard leas
squares refinement of measured and indexed reflections in its pattern. i . . o
The lattice parameter results for 42, (Z = Ni, Cu) synthesized in remainder of the refinement was entirely routtheApplication of

this course of research are listed in Table 1 along with those fer Z DIFABS after .isotropic refinement. ofzp-scan.-corrected data,l as
Fe, Co, Ru, Rh, O3and for GdiZ, (Z = Fe, Co} for later comparison. recommendedf improved the absorption correctiom € 288.97 cn?)

Itis to be noted that no reflections with= odd for the larger GdFe, by giving more nearly isotropic displacement ellipsoids. Finally, the

cell could be found in any of the Guinier powder X-ray patterns of the engntiometric configuration was refined for comp_arison_. The _final
two new lanthanum pha);es. Weak evigence for a}écr))ubled cell in residuals werdk(F)/R, = 1.8/2.0%. The largest residuals in the final

2 | 3
was detected in precession photos of single crystals secured with Ni-fF n;ap W%ret+0.6”€/£\ 1'0(’;:\ fr?m La atnd 04 f/’& 0.2 A ”°F“ Tabl
filtered Cu radiation over very long exposure times (several days). It za' h_lome a ‘ZC? .?C lonandre |nt(;mesn paratr_ne (larfs are %wen I'Ph aole
should be noted that thesa0{), (0kl), and fhl) photographs also » while more detalls aré given in the supporting Information. ese

showed weak continuous streaks through the spots and parallel to [001],]‘:’.mdI thte corresgon(tilnﬁoll:(; _da:a are als_o e:va;l?ble frOT ‘]ch' ; The d
indicating some appreciable disordering of atoms alghgSome inal atom coorainates and 1sotropic equivalent temperature factors an

crystals yielded only strong streaks without giving discernible super- their standard deviations are listed in Table 3 together with important

structure spots, indicating even greater disordering in those. Accord- PNd distances. _ _ _ _
ingly, all powder patterns showed unusually diffuse lines. The larger ~ What turned out to be a final and futile attempt to define a single
cell was later identified during automatic tuning procedures on the Structure for a & supercell started with the evidence that could be
diffractometer for about half of the many crystals examined. Powder OPtained by Fourier mapping. Observed independent reflections (
patterns calculated for the normal cells of the two new compounds 301) for the regular subcell numbered 117 out of 122 possible, with
according to the structural solution for the nickel phase agreed very (Ima{01 > 87). In contrast, the supposed supercell-unidue dd)
well with the observed patterns in both line positions and intensities. data set contained onty111 out of 1814 measured data~( 0), and
Diffraction data were collected at room temperature on a single- °MY 26 of the independent reflections had- 3o;, with the largest

crystal diffractometer (Rigaku AFC6R) for the doubled supercell over Imador = 9. Since the superstructure data were few_ ?“d. weak, the
a sphere of reciprocal spacef(2 50°) from a 0.10 mmx 0.09 mm superstructure was supposed to be a slight moc_ilflcatlon of the
x 0.06 mm LalNi, crystal sealed in a thin-walled glass capillary. Data .SlibStr.UCt;”e‘” But the odtidlatla Wtere not ade?_uate mt anmeer ang |
for the normal cell were reduced in order to solve and refine the basic "tenSIty to allow successiul least-squares refinement of any mode

structure since ordinary least-squares refinements of the superstructuré’?ca“se of disastrous coupll_ng. A Fourier map was then computed
had not been successful. The data for the regular cell exhibited no with the total data set and suitably transformed atom parameters from

extinction conditions, which indicated possible hexagonal space groupsthe refined regular_sgbcgll. It is to be noted that only the bdd-
PBM2, P6, P6/mmm P62m, P6mm P622,P6/m, andP6 (R, (I > 30) reflections allow a distinction of the superstructure from the substruc-
=4 i%)' However Sp;ace groups Wwith 6 or with symmetry ture, but the phases of these cannot be correctly obtained from the

operations parallel to (100) could be easily disregarded since too-closenorrnal cell expansion becau_se all of their magnitudes are zero. Thus,
contacts between | or La atoms (depending on the origin) are a slight perturbation from the ideal structure was needed to get nonzero

unavoidable with these symmetries and for this type of structure. This
leaves the acentric space grolgn2 andP6, which are also consistent ~ (14) Sheldrick, G. M. SHELXS-86, Universit&uttingen, Germany, 1986.

with the N(Z) test on intensity statistics. Both gave statistically the (15) Watkin, D. J; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.
CRYSTALS, Issue 10hemical Crystallography Laboratory, University

of Oxford: Oxford, UK, 1996.

(13) Daake, R. L.; Corbett, J. Dnorg. Chem.1978,17, 1192. (16) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 158.

aUiso = Y33y Uja* a*a3. ® The a, b axial repeats.

same crystal structure, so the higher symmdégm2 was chosen.
t,_D\bsorption was first corrected with the aid of the average of three
y-scans. Direct methoéfswere used for the structure solution. The
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Fcaic for odd4 and corresponding meaningful phases. Many small
perturbations of the positional parameters of La or Ni or of the
occupancies of any atom resulted in basically the same map. Even so,
the Fourier map (Supporting Information) was flat to a levehaf.5

e /A3 except for input atoms, while one computed with only ddtita

was relatively meaningless. Th&F map for all data suggested a
possible superstructure model in which a small fraction of iodine atoms
was disordered in alternate positions within the iodine layer, but there
were also small unexplainable electron densities which in part may
have arisen from errors in the odidiata (below). (It was later found
that the nature of the displacements used to achieve a usEfatap

also changed that result significantly.) A trial model with a minor
fraction of disordered iodine was therefore adopted for the superstruc-
ture, as could result from an intergrowth of a t,-like component.
Atom positions and, eventually, anisotropic parameters and the oc-
cupancies were refined by least-squares methods using strong restraints . . .
on the changes per cycle and with the thermal parameters of the distinct igure 1. Off-[110] view of one cell of LalNi2 (90% probability).
lanthanum and iodines in the supercell constrained to be the same.
Eventually this yielded (23 variables, 143 reflections) converged
residuals ofR/IR, = 8.3/7.2%. However, the model at this point was
unbelievable, the added disordered iodine position having grown to a
size that was inconsistent with the weakness of the lagdlections.
Presumably, this originated with large and systematic errors in thé odd-
data set, the intensities of which reflected only the somewhat more
preferred 2 repeats along diffraction streaks that actually represented
a wide distribution of other distances. Some small disordering of the
iodine positions in its layer is the limit of explanation that seems
possible according to the meager information available about the
doubled cell.

Band Calculations!® Three-dimensional, tight-binding band cal-
culations on LaNi, and LalFe, were carried out at 216K points. For
LaslFe,, the fractional coordinates of Gfe, were used, but these
were also modified a little so thd{La—1) was equal to that in L#Ni, @\\\
and/or the Fe slabs were not puckered. However, calculations with
these modifications did not show any significant changes in DOS, Figure 2. ~[001] view of LaINi,. Ni atoms (solid) within a slab are
COOP, or total energy results. The standard (defadjitparameters ~ connected. The La atoms are gray, and | atoms are open circles.
(eV) were used for La (5d;8.21; 6s,—7.67; 6p,—5.01)}° while those .
for Ni (3d, —12.404; 4s~8.125; 4p,—4.184), Fe (3d~10.822; 4s, (a) La,INi, (b) La,lFe,

—7.659; 4p,—4.104), and | (55-21.069; 5p,—11.561) came from
density functional theor§? The orbital exponents employed were the
standard default values in the Cornell program.

Results and Discussion

Crystal Structure. The new phases LiNi; and LalCu;
adopt a new structural type’§m2) for double metal layered
halides containing interstitials. At the beginning of this study,
some modification of the GtFe,-type (P6s/mmg structure of
LaylZ, (Z = Fe, Co, Ru, Rh, Os) was thought to apply telza
(Z = Ni, Cu) phases since their powder X-ray diffraction
patterns were rather similar. However, no reflectionsl|fer
odd could be detected, although these are fairly strong in the
former structure. In fact, very weak oddeflections were
observed but only on precession films or by a directed searchFigure 3. [110] sections of (a) LaNi, and (b) LalFe, (Gd:Fex-type)
on the single-crystal diffractometer. Therefore, the basic cell structures. The origin in the latter has been shifte¢/yfor a clearer
LaylZ, (Z = Ni, Cu) must be only slightly modified in any2c comparison. The La atoms are shaded, | atoms are open, and Ni or Fe
supercell component (below). atoms are solid circles.

The unique crystal structure of plali> was solved and refined  cavities between pairs of eclipsed (but internally close-packed)
from single-crystal data (Experimental Section). Figures 1 and La layers (Figure 2). This disposition generates graphite-like
2 show views of the LaNi, structure normal and parallel to  Ni layers with short Ni-Ni distancesa/v/3 = 2.384 A. Figure
the uniquec axis; these views are in the opposite sense parallel 3 compares the (110) sections of the cells of (ajlNg and
and normal to the (LaNi—La—I) layering sequence, respec- (b) LalFe, (GdIFe, type). The AIB structure type contains
tively. The triple metal layers contain Ni in all trigonal prismatic the same three-layer arrangement as do the metal layers in
(LazNip)l and (LaFe)l, but here these are not co-condensed

(17) Watkin, D. J.Acta Crystallogr.1994 A5Q, 41. but separated by single iodine layers. The main difference
(18) Whangbo. M. H.. Hoffmann, R.; Woodward, R. Broc. R. Soc. - petween LalNi» and GdIFe; comes from the iodine positions
(19) Zheng, C.; Hoffmann, R., unpublished results. which project along onto only one Z position and onto alternate

(20) Vela, A.; Gaquez, J. LJ. Phys. Cheml1988§ 92, 5688. Z positions, respectively, the latter thus giving zigzag iodine
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ordering along a doubled axis. Accordingly, the layering 24.0
sequence for La(Ni).al is (A(bc)AC) rather than (A(bc)B)(A-
(bc)AC) for Gd(Fe)Gdl, La(Fe}Lal, etc. the latter also have
a slightly puckered Z slab in parallel with the iodine place-
ment.

Superstructure. Precession photographs (), (Okl), and
(hhl) nets from several L#Ni, single crystals revealed very
weak oddt reflections, suggesting @adimension close to that
for the GdlFex-type structure for LgFe,. All of the small
number of extra reflections<(26 with /g, > 3) lay on streaks
of varying intensity alon@, which for some crystals, obscured
the coherent scattering altogether. Structure factor calculations
for sets such as0l) showed that oddlintensities for the LaFe,
structure are determined mostly by the zigzag iodine ordering
along c (Figure 3b), and these are quite strong and easily
observed in the powder pattern. Small displacements of atoms
(e.g., Z-layer puckering) contribute very little; thus, any hints 10
of a LaINi, superstructure must originate with only slight
displacements or disordering of some atoms relative to the 20 [ e ) .
predominant subcell. -14.0 -12.0 -10.0 -8.0 -6.0
As expected, direct structural solutions from supercell data Energy (V)
in various possib|e space groups (e@m, Pé’ evenpé, P3, Figyre _4. The densities-of-sta_tes .fOI’ (a) AN, and (b) LalFe,. The )
etc.) gave statistically the same structure as the subcell one Projection of lanthanum contributions are defined by the dotted line.
anql all faile_d in the Iate_r stages of the least-squares fit refinementgd'_nfsstg E‘igsg%’f?néngszéita% ’rZTﬁ'g;Ine? g?]';trg?;st'.on in the range
owing to high correlations between temperature factors of La

and | atoms that formerly were in single sites. The only clear (a) La.INi (b) La.IFe
2t1NI2 2 2

' (a) La,INi,

Density of States

TS N TN T TN T I S |

-14.0 -12.0 -10.0 -8.0 -6.0

34.

(b) La,IFe,

26.

o

T T T T T T T T 7T T 1T

18.G

Density of States

) YN T N T T T T T I Y |

indication of a small difference in any supercell came from a
Fourier map. This suggested that a small amount of electron
density lay in the alternate iodine positionzat Y/, indicating

an effective disordering of iodine. However, this could not be
refined to any sensible result (see Experimental Section) perhaps
because of the inevitable poor quality of the ddadtensity data,

i.e., from systematic losses of diffraction intensity into streaks
along €. Thus, these hints of ac2cell may result from
intergrowths of a GglFe, structure type into LaNi», but there

are many other distributions as well, judging from the range of .
streaking encountered in precession photographs of different
crystals, even from the same preparation.

Extended Huckel Band Calculations A significant ques-
tion about the series of L&, (Z = Fe—Cu) is why do Fe and
Co compoundsdoptthe GadlFe,-type structure, while Ni and
Cuoccurin another type? The answer appears to do with both Q. |
electronic structure and size. To understand more about the 2V |
nature of the bonding interactions in these structure types,
extended Haokel band calculations have been performed on
LayINi» and LalFe,. The total densities-of-states for the Ni
and Fe phases are shown in Figure 4, with the La contributions
projected out in each. Most of iodine 5p contributions fall in :
the range of-13 to—12 eV, while Z (Ni or Fe) provides most N :
of the remaining contributions above there. Metallic conductiv- | VY :
ity is clearly expected for both phases. It also appears that these L \/J : { t W
band structure results can be regarded approximately in a rigid L. . o , . N , X
band sense. 142 10 8 -6 -4 -12 -10 -8 6

Figure 5 provides further clarification through the COOP Energy [eV]

curves (overlap-weighted atom-pair populations) as a function Figure 5. COOP curves vs energy for various interactions for (a)
of energy for all La-Z, La—I, La—La (both parallel and normal | 5Ni, and (b) LalFe,: La—Z, La—I, La—La alongc, La—La parallel

to @), and Z-Z interactions. (Although the abscissa scales are to thea—b plane, and ZZ. Overlaps out to 4.2 A are included. The
the same for each compound, the COOP curves for different overlap population scale is the same for each compound.

atom pairs in each cannot be compared precisely because of

the different overlap integrals incorporated.) Band energy the zigzag ordering of iodine in projection and/or the Z-layer
calculations for imaginary structures, that is, forbINi, with puckering are too small to have an appreciable effect at this
LaylFe, structure and vice versa, showed no significant differ- level of calculation, though they may be important for the real
ences in DOS and COOP results from those for the actual structures. Direct+! interactions across the slabsg A) are
structures. This implies that energy differences originating with too long to be responsible for the ordering difference.

EF — LaNi ]

ab-p|ane

Population

Overla




New Condensed Cluster Structure with Triple Metal Layers Inorganic Chemistry, Vol. 37, No. 13, 1998389

Table 4. Integrated Overlap Populations for Alli, and LalFe, Dimensional changes through the serieslZafor Z = Fe—
with Comparable Electron Counts (Rigid Band) Cu and P#iNi, (Table 1, ref 12) are especially informative and
LaINi; LaNi, —4e  LalFe, LalFe, +4e supportive of previous conclusions. StandareZZbond lengths
7—7 0.342 0.427 0.795 0517 (2Ry2 Or 2Ry, Pauling?) slowly decrease by-0.02 A per step
La—Z 1.76 1.10 2.31 2.60 in the series FeCo—Ni but then increase by 0.04 A at Cu.
La—| 117 1.22 121 118 Thec lattice dimensions observed for 4@, decrease regularly
tg:tgg) 8%(1)1 8:2%’ g:gﬁ 8:(13(7)2 over the same Z. On the other haadiecreases from Fe (4.116

A) to Co (4.088 A) then turns up moderately for Ni (4.139 A)
aFerformula unit. The'szFez atom coordinates have been adjusted gnd markedly for Cu (4.250 A)_ These reflect the combined
to give reasonable Lal distances in LaFe,. effects of the size of metal Z and the strengths of thezz
The major bonding contributions in these layer structures PONds in a rigid band sense. The size effect is responsible for
seem to be the strong mixing of La 5d with both | 5p and z 3d the change between Fe and Co, while for Ni, the electronic
that are evident in both compounds, Figure 5, while-La change is predominant. For Cu, both are responsible. The
bonding appears less important. However, differencesi@zz ~ comparable cell volumes of L&, parallel the latter changes.
bonding between L#Ni, and LalFe; are clear from the COOP (A striking volume increase at Cu has also been seen across
curves; the former has most of the-Nili antibonding bands the late 3d elements in the electron-rich interstitial host&ke
filled, while Fe~Fe bonding is evident in the latter, although and ZgPbsZ.?22) In contrast,c/a ratios are close for Fe and
this too becomes unfavorable néz: In both cases, net-ZZ Co and appreciably lower for Ni and Cu (Table 1); that is, the
bonding contributes much less than La-Z and-Laonding in Las trigonal prisms are distinctly taller in the doubled cel(2
term of overlap populations. Metammetal bonding between A in d(La—La)). The remainders of the cell heights (the-La
later transition metals always has more antibonding states filled |—-La sequence) remain nearly constant to reflect condaat-
because of their electron-richer nature. Integrated overlapl). These can be understood in terms of the strengths ef1.a
populations for the various bond types per formula unit given and La-La. There are two ways of making a shorter average
in Table 4 make these effects clearer, data being listed for bothd(La—z), a smallera-parameter or a shorter kd.a distance
the indicated compounds and the rigid band result with the alongc. The former will reduce the ZZ as well as horizontal
appropriate change af4 electrons. This makes it clearer that | 3—| a distances, but tha parameter appears to be affected
there is a weakening of ZZ but a moderate strengthening of  more by Z-Z bonding and the size of Z. Thus, for a givan
La—Z and La-La bonding Wlthln the slabs Wlth an increased parameterd(La—Z) is mostly determined by L-aLa alongc;
number of eIe_ctro_ns accordl_ng to both calculations. ThelLa  h5t is, a stronger L-aZ bond will induce a shorter LalLa
bogdmkg c_:ontr:(bﬁtloznss,lrebmeTuQ fairly _corllsta_nt IZV_OL%Q“O_UE_ distance along for a heavier Z, consistent with the observations.
uckering of the ap. The principal points distinguishing The interlayerd(La—La) and averagei(La—Fe) distances

the LalFe, and LalNi, structures are the iodine ordering and ) .
Z-slab puckering, and these are strongly correlated with eachWOUId be 3.965 an_d 3.096 A, resp_ecgvely, in an unpuckered
LaylFe, structure with the sama axis if d(La—1) (3.434 A)

other. Suppose the Ni layers were to pucker to any extent for : ) : A
some reason: then, one iodine atom would be closer to Ni thanWere instead comparable to that inpléi , 3.484 A. However,

the other, and the symmetry of the identical iodines (bottom this 3.096 A value fod(La—Fe) would be distinctly (0.061 A)
and top of Figure 1a) would be broken. Symmetry would longer thand(La—Ni), 3.035 A, in contrast to a difference of
require a zigzag iodine ordering and a F,-type structure only ~0.016 A in standard metallic radii. However, puckering
(or other), even though the energy difference might be very of Fe slabs (by, say+0.10 A) would generate three shorter
small. Conversely, the latter iodine ordering would also cause and more suitable distances (3.026 A) plus three longer (3.165
Z-slab puckering, but because of the lorg Interactions across ~ A) La—Fe bonds in the taller trigonal prism observed. A three-
the slab, we presume a puckered Z layer causes the iodineshort, three-long bonding scheme is more stable than that of
ordering rather than the other way round. Then the question six mid-length La-Fe for any system with an exponential
is, Why are the Z slabs puckered? In this connection, it should dependence of bond length on order. On the other hand, the
be noted that the Laz distance,d(La—2Z), is much more stronger La-Ni and La—La bonding induce a Lala distance
affected by Z-layer puckering thandZ—2). Geometrically, alongc (3.744 A) that is much less than those found in reduced
puckering of the Fe layer by-0.10 A (as in GelFe;) changes  |anthanum cluster halides. In this case, the lanthanum to
d(Fe—Fe) by not more than 0.01 A but changi{sa—Fe) by nonpuckered Ni distance (3.035 A) is already short enough for
about+0.07 A. In other words, puckering is an easy way to six equivalent La-Ni bonds. Puckering in this system would
adjustd(La—Z) without any significant change it(Z—2). give a too smalb(La—Ni) value, obviously not favorable.
fajt{#;:l:g ((::ehn(ilr((:)i.y r;rrr:]eetrﬁsile;:zvﬁangﬁli grgil:%‘i’erf;fgtotfhe A similar result is obtained when Pr is substituted for La in
RoINi2. Both axes decrease because of the smaller Rcénd

Fe atom ina puckere_d layer, While the acentric_group offa remains nearly the same. However, the decreasas (056
requires two nonequivalent Ni atoms to describe what must beA is less than expecteﬁl for the aiﬁerence in me.tallic R

high try pl Z sheet. W ise that this ph . . .
a hign symmetry planar ~ shee © surmise wnat s p asedlameters, 0.094 A, suggesting that the contraction has been

may be of marginal stability thermodynamically under our ¢ ; .
experimental conditions since the products always had whatiMited and the Z layer is again found puckefédThe 0.032

might be interpreted as an intergrowth of fBek-type (or A decrease ii(Ni —Ni) from that in LalN} is also accompanied
higher) repeats into L#Ni, and in widely varying degrees. Py @ 0.036(3) A difference in the twd(Pr—Ni).

However, if one focuses on just the triple metaHZ—La slabs,
the trigonal prismatic ZLa site in LalNi, has the higher (21) Pauling, L.The Nature of the Chemical Bon€ornell University
symmetry, with six equivalent LaZ bonds, while LalFe, 22) F();rjlf)? Xhincé'c’\é\r(éelt?ﬁf ;Sl'nﬁfg ' Chem.1993 32, 3532-3540
exhibits two La-Fe bond lengths because of the puckered Z (53) kwon, Y.-U.: Corbett, J. D.J. Alloys Compd.1993 190, 219

layer. 227.
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