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designated as porous delocalization. Such ideas were sub-
The concept of porous delocalization has been extended to sequently extended to other types of compounds (7) includ-

the conducting skeletons of quaternary lanthanide nickel boro- ing other ternary metal borides and silicides, the A-15 alloy
carbide and boronitride superconductors and related nonsuper- superconductors M3E (M 5 V, Nb, Ta; E 5 Si, Ge, Sn),
conducting materials. Such materials exhibit layered structures and transition metal alloys. In addition, these ideas were
of the general type (LnX)n(Ni2B2) (Ln 5 lanthanide, particularly shown to apply to the high Tc copper oxide superconduc-
the nonmagnetic LaIII or LuIII; X 5 C or N; n 5 1, 2, or 3)

tors to provide a simple rationalization why the Tc’s of thecontaining planar square Ni nets bonded to BCB22 ligands in
copper oxide superconductors are much higher than anythe superconducting LnNi2B2C, BC32 ligands in the nonsuper-
of the known metal cluster superconductors (8, 9).conducting LnNiBC and Ln2NiBC2 , and BN22 ligands in the

Since completion of this theoretical work in 1990, a newsuperconducting La3Ni2B2N3 . The linear BCB22 bridges linking
adjacent Ni layers in LnNi2B2C lead to a porous conducting class of layered quaternary metal boride superconductors
skeleton in LnNi2B2C. The BC32 ligands in the nonsupercon- has been discovered, which exhibits significantly higher
ducting LuNiBC and the closely related Ln2NiBC2 5 Tc’s than the ternary metal borides studied earlier (Table
Ln2C2 ? 2LnNiBC do not link adjacent Ni layers in LuNiBC so 1) (1, 7). The first members of this new class of supercon-
that LuNiBC has only a two-dimensional conducting skeleton, ducting metal borides to be discovered were metal borocar-
which is not necessarily porous in these two dimensions. The

bide superconductors with the general formula LnM2B2Csuperconducting La3Ni2B2N3 5 LaN ? 2LaNiBN has a similar
(Ln 5 lanthanide, particularly the nonmagnetic LaIII orlocal Ni environment as LuNiBC but with BN22 rather than
LuIII, M 5 Ni, Pd, Pt) and were found to exhibit Tc’s asthe isoelectronic BC32 ligands above and below each Ni layer.
high as 16.6 K in the case of LuNi2B2C (10). SubsequentHowever, in La3Ni2B2N3 unlike LuNiBC the LaNiBN units are
very recent work (11) led to the discovery of related boro-linked electronically by the La atoms in the intermediate LaN

layer leading to a three-dimensional conducting skeleton in nitride superconductors with the general formula
La3Ni2B2N3 rather than the two-dimensional conducting skele- Ln3Ni2B2N3 , among which the lanthanum derivative
ton of LuNiBC. The linear BNLaNB units linking the Ni layers La3Ni2B2N3 was found to exhibit a Tc around 12 K. This
in La3Ni2B2N3 lead to a porous conducting skeleton similar to paper discusses the extension of the previously used graph-
that in the LnNi2B2C superconductors.  1996 Academic Press, Inc. theory derived methods to the chemical bonding topology

in the conducting skeleton of this new class of layered
quaternary metal boride superconductors. Of interest inINTRODUCTION
connection with these new superconductors are not only
their relatively high Tc’s for nonoxide superconductors butPrevious work by the author in the 1980s on the applica-
also the presence of novel B2C22 and BN22 building blockstion of graph-theory derived methods (2–5) to the study
in their structures. The BN22 unit in the Ln3Ni2B2N3 struc-of the chemical bonding topology in the superconducting
ture, which is directly bonded to several Ni atoms in aternary molybdenum chalcogenides MMo6S8 (Chevrel
single layer through its boron atom, is also significant inphases (6) and ternary lanthanide rhodium borides (1) has
being isoelectronic with numerous important ligands insuggested a connection between relatively high supercon-
transition metal organometallic and coordination chemis-ducting critical temperatures (e.g., Tc’s . 4 K) and a con-
try including the carbonyl (CO), cyanide (CN2), nitrosylducting skeleton having an edge-localized chemical bond-

ing topology with holes in the valence band conveniently (NO1), and dinitrogen (N2) ligands.
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FIG. 1. Schematic representation of the layer structure of the
LnNi2B2C superconductors.

LAYERED NICKEL BORIDE STRUCTURES FIG. 3. Schematic representation of the layer structure of
La3Ni2B2N3 5 LaN ? 2LaNiBN.

The structures of the LnM2B2C superconductors (Fig.
1), the nonsuperconductors of the general type LnNiBX
(X 5 C, N: Fig. 2), and the Ln3Ni2B2N3 superconductors separates two LnC layers in the LuNiBC structure (Fig.
(Fig. 3) can be constructed by alternating Ni2B2 layers with 2: X 5 C) (13). The conducting skeletons in these materials
one to three LnX (X 5 C or N) layers, respectively (Table consist of the Ni–B–(C, N) subskeletons although the lan-
1) (12). These structures are related to that of ThCr2Si2 thanide atoms bridging two BN groups through their N
and consist of a square net of Ni atoms (Fig. 4a) with B atoms in Ln3Ni2B2N3 appear to be an essential part of the
atoms above and below the Ni nets. A related layer struc- conducting skeleton (see below).
ture is found in nonsuperconducting Lu2NiBC2 5 In the LnNi2B2C2 superconductors the Ni layers in the
Lu2C2 ? 2LuNiBC in which a sequence of Lu/C2/Lu layers conducting skeleton are linked by bridging linear
containing bonded carbon pairs as discrete C62

2 ligands [:BuCuB:]22 ligands (Fig. 5) which, because of their short
BuC distances (1.47 Å) and linear two-coordinate C
atom, can be considered to have B–C multiple bonds with
an sp hybridized C atom. The B atoms of such BCB ligands
(Fig. 5a) can also be regarded as sp hybridized with an
electron pair in an sp hybrid on each B atom pointing away
from the central C atom as well as an empty p orbital
similar to the empty p orbital in simple boron trihalides
BX3 (X 5 F, Cl, Br, I). In the Ni2B2C conducting skeletons
of LnNi2B2C derivatives the electron deficiency of this
empty p orbital on each B atom of the BCB ligands is
relieved by forming a multicenter bond with filled d orbitals
on the Ni atoms of the Ni square net (Fig. 4b). In addition,
another multicenter bond is formed between the B sp hy-
brid orbital with the lone pair and a pair of Ni atoms. Each
BCB ligand is linked to a total of eight Ni atoms through
such multicenter bonding and any given Ni atom is linked
to four B atoms in an approximately tetrahedral arrange-
ment leading to Ni(BCB)4/8 as a descriptor of the ligands
around a single Ni atom. Halet (14) uses the oxidation
state formalism (Ln21)(Ni0)2(B2C22) to describe LnNi2B2C
and notes the resemblance of the tetrahedral Ni0B4 unitFIG. 2. Schematic representation of the layer structure of LnNiBX

(X 5 C or N). in LnNi2B2C to the tetrahedral Ni0C4 unit in Ni(CO)4 .
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TABLE 1
Some Properties of Layered Quaternary Lanthanide Nickel Borocarbides and Boronitrides

B/C/N B 5 X Closed shell Electron
Compound Tc , K Layer structure unit distance, Å unit deficiency/Ni

LnNi2B2C 16.6 (Lu) (LnC)(Ni2B2) BCB22 1.47 Ni(B2C)32
4/8 1.5

LnNiBC a (LnC)2(Ni2B2) BC32 1.52 Ni(BC)52
4/4 2

Lu2NiBC2 a (Lu2C2)(LuC)Ni2B2(LuC) BC32, C62
2 Ni(BC)52

4/4 2
LnNiBN a (LnN)2(Ni2B2) BN22 Ni(BN)42

4/4 1
Ln3Ni2B2N3 12 (La) (LnN)3(Ni2B2) BN22 1.44 Ni(BN)42

4/4 1

a No superconductivity has been observed in this phase.

However, the direct bonding of a given nickel atom to four the next lower Ni layer (Fig. 3). The La atoms in the middle
LaN layer thus can provide an electronic connection be-other Ni atoms in the Ni layer of LnNi2B2C as contrasted

with the absence of Ni–Ni bonds in Ni(CO)4 suggests that tween adjacent Ni2B2 layers in the Ni(BN)4/4 subskeleton
similar to the electronic connection between adjacent Nithis resemblance is fortuitous.

The B atoms in the structures of the other quaternary layers in the conducting skeleton of LnM2B2C provided by
the BCB bridges (Fig. 1). These La atoms as well as all ofnickel borocarbides and nickel boronitrides occur as multi-

ply bonded BN22 or BC32 units isoelectronic with the metal the Ni, B, and N atoms may thus be regarded as part of the
conducting skeleton in La3Ni2B2N3 with BNLaNB servingcarbonyl group (Fig. 5). Unlike the BCB22 unit containing

two B atoms, the BN22 or BC32 units containing a single as the electronic connection between adjacent Ni layers.
The ability of LaN linkages to be part of the conducting skel-B atom are not sufficient to provide an electronic bridge

between two adjacent Ni layers in the conducting skeletons eton in La3Ni2B2N3 is consistent with the experimentally
observed (15) high conductivity of pure LaN.of these materials. In the case of LnNiBC there is no elec-

tronic connection between the BC units from adjacent

ELECTRON COUNTING IN LAYEREDNi2B2 layers in the Ni(BC)4/4 conducting skeleton. In the
case of La3Ni2B2N3 5 LaN ? 2LaNiBN, the La atoms in the NICKEL BORIDES
middle LaN layer of a stack of three LaN layers link the N
atoms of BN units pointing downward from the next upper Elementary electron counting suggests that Ni(B2C)32

4/8
Ni layer with the N atoms of BN units pointing upward from is a closed shell configuration for the conducting skeleton

FIG. 5. The BCB22, BC32, and BN22 units found in the layered
FIG. 4. (a) A square nickel layer in the LnNi2B2C superconductors; quaternary lanthanide nickel borocarbide and boronitride structures

(b) Illustration of a single BCB22 bridge between two nickel layers with showing the empty p orbital of the B atom and the boron sp hybrids
the symbols of the atoms involved in the bonding (BNi4 to each layer) each containing an electron pair for donation to the Ni layers.
given in boldface type.
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in the LnNi2B2C structure (Fig. 1). Thus the actual formula BCB bridges makes the conducting skeleton of LnNi2B2C
porous. The nonsuperconducting LuNiBC (Fig. 2) has aLnNi2B2C corresponding to Ni(B2C)1.52

4/8 is deficient by 1.5
electrons per Ni atom although the partial multiple bond- similar local environment around each Ni atom but with

BC ligands above and below each Ni layer leading to theing in the square Ni layer implied by the Ni–Ni distances
of 2.45 Å, slightly shorter than those of 2.50 Å in metallic layer sequence (LuC)2Ni2B2 . The BC ligands do not link

adjacent Ni layers in LuNiBC so that LuNiBC has a two-Ni, suggests that the actual electron deficiency might not
be that large. The BCB22 dianionic ligand considered dimensional conducting skeleton, which is not necessarily

porous in these two dimensions. The superconductingabove can donate an electron pair to the Ni layers both
‘‘above’’ and ‘‘below’’ the BCB ligand indicating that a La3Ni2B2N3 5 LaN ? 2LaNiBN with the layer sequence

(LaN)3(Ni2B2) (Fig. 3) has a similar local environment asneutral BCB ligand serves as a net two-electron donor with
one electron being donated to each Ni layer. The closed LuNiBC around each Ni atom but with BN rather than

BC ligands above and below each Ni layer. However, inshell 18-electron Ni configuration for an Ni(B2C)32
4/8 unit

can then be obtained as follows: La3Ni2B2N3 unlike LuNiBC the LaNiBN units are linked
electronically by the La atoms in the intermediate LaN
layer leading to a three-dimensional conducting skeletonNeutral nickel atom 10 electrons

The 4 Ni–Ni bonds to the central Ni atom (4)(1) 5 4 electrons in La3Ni2B2N3 rather than the two-dimensional conducting
The (BCB)4/8 ligand environment (As)(2) 5 1 electron skeleton in LuNiBC. The linear BNLaNB units linking
The 23 charge 3 electrons the Ni layers in La3Ni2B2N3 lead to a porous conducting

skeleton similar to that in the LnNi2B2C superconductors.Total electronic configuration for each nickel atom in an
Ni(B2C)32

4/8 unit 18 electrons.
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