
Abstract. In 1994, the superconductivity of intermetallic borocar-
bides (IBC) of composition LnM2B2C, where Ln is a rare-earth
metal and M is Ni or Pd, was discovered. This discovery
stimulated numerous works on the synthesis of new quaternary
borocarbide phases and solid solutions based on them and studies
of their crystal chemistry and magnetic, superconducting, and
transport properties. Almost simultaneously, investigations of the
fundamental electronic properties of IBC and specific chemical
bonding in this new class of materials have been initiated. The
results of theoretical and experimental investigations in these
fields are summarised. The bibliography includes 179 references.

I. Introduction

The year 1994wasmarked by a discovery in the physical chemistry
of a poorly studied class of multicomponent intermetallic com-
pounds, viz., intermetallic borocarbides (IBC): the superconduc-
tivity effect was observed in the Y ±Pd ±B ±C and Lu ±Ni ±B ±C
systems. Superconducting transitions at Tc& 23 K and
Tc& 16 K for a heterophase specimen with the composition
YPd5B3C0.3 and a single-phase specimen of borocarbide
LuNi2B2C, respectively, were reported.13

The attention of researchers was immediately drawn to IBC
since they appeared to be the first superconducting quaternary
intermetallic systems known which are devoid of copper and
oxygen ions. The above phases had nickel and palladium as
components. At the same time, it waswell known that the presence
of ferromagnetic nickel in compounds resulted in suppression of
their superconducting properties, whereas very few superconduc-
tors studied contained appreciable quantities of palladium (for
instance, PdHx, metallic palladium saturated with boron and
carbon ions, and several hydrogenated Pd alloys with d-metals
(Cu, Ag, Au, Nb, Mo, and W).4

The observation of superconductivity in nickel-containing
IBC stimulated an active search for other multicomponent phases
containing magnetic transition-metal ions. Currently, informa-
tion on the synthesis of superconducting intermetallic silicides and
carbides, namely, LaNiSi, LaNiC2, La1-xThxNiC2, and
Tm2Fe3Si5 is available.5 ± 8

The initial stage of experimental studies of IBC was charac-
terised by a quest to extend the class of known quaternary phases
of the LuNi2B2C type by replacing Lu by magnetic rare-earth
metal ions and to determine the critical temperature of super-
conducting transition (Tc) for compounds produced. This kind of
study was carried out for IBC containing Tm (Tc& 10.8 K), Er
(Tc& 10.5 K), Ho (Tc& 8.5 K), and Dy (Tc& 6.2 K).9 ± 14 Sim-
ilar attempts to `chemically modify' the superconducting proper-
ties were made by changing the type of the transition metal. In
particular, it has been established that for YNi2B2C
(Tc& 15.6 K) 2 such substitutions appreciably affect the Tc

value, which is equal to 10.0, 23.0, and 0.0 K for Pt,15 Pd,16, 17

and Co,18 respectively.
One more remarkable discovery was made at the same period.

It has been established in studies of the properties of IBC
containing magnetic rare-earth metal ions (Pr, Dy, Ho, Er, Tb,
etc.)19 ± 25 that these compounds form a unique class of super-
conducting materials with close-lying temperatures of magnetic
ordering, namely, the Neel temperature (TN) and the temperature
of superconducting transition. In this regard, no other analogues
of IBC are known so far.

The current stage of investigations of IBC is characterised by
both a search for new quaternary phases, in which the metallic
sublattice is composed of actinides [for instance, phases in the
UMBC systems (M=Ni, Pd, and Pt)],26 ± 29 and attempts to
synthesise intermetallic boron nitrides 30, 31 as well as by a ten-
dency to perform more flexible variation of the composition and
properties of IBC by doping their sublattices with a finite
(variable) concentration of dopants. Transition metals (M0), as a
rule, play the role of dopants. The concentration dependences of
physicochemical characteristics of solid solutions (SS) of the type
Ln(M17xM

0
x)2B2C 32 ± 35 or Ln(M17xM

0
x)BC

36, 37 are being
studied intensively. Thermobarochemistry techniques are also
used to affect the crystal structure.36 Attention is focused on the
effect of possible processing conditions (for instance, annealing) on
the properties of the specimens. On the whole, the majority of
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experiments deal with the studies of the nature of superconducting,
magnetic, and kinetic properties of IBC and the ways of their
targeted control.

Each group of superconducting materials [high-temperature
superconducting (HTSC) cuprates, fullerites, Chevreul's phases,
A-15 compounds, etc.] is characterised by its individual crystal
structure and the structure of the energy bands. Therefore, it is
natural that a set of experiments on studying the specific character
of the electron states in IBC were initiated almost simultaneously
with the discovery of superconductivity in borocarbide phases.

The information on the electronic energy spectra (EES) and
the nature of chemical bonding in IBC obtained to date using
computational methods of solid state quantum chemistry and
experimental spectroscopic techniques is analysed in the present
review. Attempts aimed at interpreting the observed physico-
chemical properties of IBC from the viewpoint of their electronic
structure are considered.

II. Phase relationships in Ln ±M±B±C systems

No detailed studies of phase equilibria in Ln ±M±B±C systems
have been reported to date; information on phase relationships in
these systems and plausible structures of compounds that formed
is scarce and is of tentative character so far.38

In the first papers,13 the LuNi2B2C, YNi2B2C, and YPd2B2C
phases as well as the related LuNiBC phase were identified as
superconducting ones. The efforts of chemists were focused on
obtaining a series of isostructural compounds in analogous
systems. To date, the LnNi2B2C phases for most 4f-elements, Y,
and Sc have been synthesised.1 ± 3, 9 ± 14, 39, 40 Substances obtained
by complete substitution of Ni by Pd, Pt, Rh, or Ir appear to be
thermodynamically stable only for early lanthanides.1, 15, 40 As to
borocarbides with the composition LnMBC, the attempts to
synthesise isostructural phases corresponding to various combi-
nations of rare-earth and transition metals made it possible to
establish reliably the existence of only borocarbides LuNiBC and
YNiBC, whereas the attempts aimed at obtaining stable single-
phase specimens with La, Ce, Ni, Co, and Cu failed.9, 36, 41, 42

The crystal structure of the borocarbides LuNi2B2C and
LuNiBC was first studied by Schmidt et al.9 The fragments of
these structures are shown in Fig. 1 and some of the crystallo-
graphic parameters are listed in Table 1. The structure of
LuNi2B2C can be considered as a modified `filled' variant of the
body-centred tetragonal (BCT) structure of the ThCr2Si2 type (see
Ref. 38) with the space group I4/mmm composed of alternating
Ni2B2 layers (with tetrahedral coordination of Ni atoms) and
plane LuC nets, where the atomic ordering is of the rock salt type.

The Ni2B2 layers in LuNiBC borocarbide are separated by
two LuC nets; however, several interatomic distances appear to be
very close for both phases (see Table 1).

In accordance with the classification suggested by Gango-
padhyay et al.,37 the LnM2B2C phases have the simplest (for this
series of compounds) structure with alternating M2B2 and LnC
layers (the so-called `one-layered' phases) and can be described by
the general formula (LnC)n(MB)m, where n=1, and m=2.
Compounds with the composition LnMBC belong to the `two-
layered' phases (n=2, m=2). Schmidt et al.9 and Gangopad-
hyay et al.37 assumed that the systems in question may exist as
extended homologous series with the compositions (LnC)n(MB)2
and (LnC)(MB)m+2 with variable content of the nets of the LnC
and M2B2 phases, respectively, and their combination, the
(LnC)n(MB)m+2 phase. No experimental confirmations of the
existence of such compounds are available to date.

Analysis of the structure of the LnNi2B2C phases has shown 9

that the constants a and c of the BCT lattice change almost linearly
depending on the lanthanide radius r(Ln)43, 44 (Fig. 2) in contrast
to the expected effect of conventional lanthanide compression
according to Vegard's rule. The only exception is CeNi2B2C,
which is explained by variable (or mixed) valence of cerium
(Ce* 3.75) due to hybridisation of its 4f shell with the states of
the valence band of the crystal.45 ± 47
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Figure 1. The crystal structures of borocarbides.9

(a) LuNi2B2C; (b) LuNiBC.

Table 1. Crystallographic parameters of LuNi2B2C and LuNiBC.

Parameter LuNi2B2C LuNiBC

Symmetry group I4/mmm P4/nmm
Unit cell parameter /�A

a 3.4639 3.4985

c 10.6313 7.7556

Unit cell volume /�A3 127.56 94.93

The number of formula units 2 2

per unit cell

Atomic x, y, z positions of the element

Lu 0, 0, 0 1/4, 1/4, 0.1602

Ni 1/2, 0, 1/4 3/4, 1/4, 1/2

B 0, 0, 0.3621 3/4, 3/4, 0.1523

C 1/2, 1/2, 0 3/4, 3/4, 0.3489

Interatomic distance /�A

Lu7C 2.449 2.475

Lu7B 2.855 2.867

Ni7B 2.10 2.11

Ni7Ni 2.449 2.474

B7C 1.47 1.52
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Figure 2. Dependence of the BCT lattice parameters of LnNi2B2C

phases on the ionic radius of the lanthanide.
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The most detailed study of crystallochemical properties of the
LnNi2B2C (Ln=Y, Ce, Pr, Nd, Tb, Dy, Ho, Er, Tm, and Yb)
phases (Table 2) was carried out by the neutron diffraction
technique.47 The interatomic Ln ±C and Ln ±B distances increase
appreciably with the lanthanide radius, which results in a decrease
in the thickness of the Ni2B2 layer and distortion of NiB4

tetrahedra it is composed of. Since the Ni ±B distances are little
changed, the most pronounced changes occur in the bond angles
of the NiB4 fragments (Table 2). The interatomic B ±C distances
appear to be the least `sensitive' to the r(Ln) values, which is
explained 47 by the strongest interspecies interactions in the
C ±B ±C groups (see below).

It should be noted that the strongly anisotropic quasi-two-
dimensional (2D) structure of IBC can indicate at first glance the
similarity in the nature and mechanism of superconductivity in
these phases and in 2D high-temperature superconducting cup-
rates. Such a similarity seems to be real, in particular, taking into
account the assumptions by Disalvo 48 and Geballe 49 that partial
replacement of copper atoms in cuprates by atoms of other
transition metals and that of oxygen atoms by more electro-
positive ions (N, C, B) can be considered in several cases as the
factor that prognostically favours superconductivity. However, it
should be immediately noted that all information concerning the
specificity of the electronic structure of IBC available to date rules
out the possibility of the above analogy.

III. Electronic structure of nonmagnetic
superconductors LuNi2B2C and YNi2B2C

The first numerical calculation of the electron states of LuNi2B2C
was carried out by Mattheiss 50 in the framework of the local
electron density formalism (LEDF) by using the scalar relativistic
linearised augmented plane waves (LAPW) method.51, 52 The
exchange-correlation effects were taken into account by the use
of Wigner's interpolation formula.53

The dispersion dependences E(k) are shown in Fig. 3. The
lowest energy band is formed by the C2s states. The allowed states
in the interval from 710 eV to the Fermi level are composed of
contributions of the B2s, B2p7C2p, and Ni3d states (in order of
increasing energy). The Fermi level cuts the Ni3d bands partially
`seizing' the bottom of the Lu(dx27y2) subband (at the point G).
The major contribution to the maximum near the Fermi level
[N(EF)] comes from the Ni3d states: 2.4 states per eV for a
transition metal, which is approximately twice as large as the
corresponding value for copper in the case of HTSC cuprate
La2CuO4 (see Ref. 54) and is close to N(EF) for vanadium in the
`conventional' A-15 superconductor V3Si.55 Hence, Mattheiss 50

has come to the conclusion that LuNi2B2Cmust be considered as a
`conventional' superconductor with the knownTc vs.N(EF) (orTc

vs. g, where g is the electronic heat capacity) dependence.56

Experimental measurements of g for LuNi2B2C and LaP-
t1.7Au0.3B2C have been performed 57 almost simultaneously with

Mattheiss' calculations,50 with g values being close to those of A-
15 compounds.

Analysis of the distribution of the valence s, p, and d states of
lutetium (Fig. 4) shows 50 that their contributions to the forma-
tion ofN(EF) cannot be neglected, in contrast, for instance, to the
case of HTSC lanthanum cuprate.54 The near-Fermi region of the
spectrum of LuNi2B2C contains all five Ni3d subbands.50 The
contributions of the dxy and dyz,zx states to N(EF) exceed those of
the dx27y2 and d3z27r2 states only by 16% and 6%, respectively.
The inclusion of Lu 4f levels into the valence basis set has nearly
no effect on the shape of the curve of the total density of states
(TDOS). In this case, the shapes of TDOS for LuNi2B2C and
YNi2B2C appear to be similar (Fig. 4). The latter was calculated
by Schmidt et al.9 using the values 3.53 and 10.57 �A for the lattice
parameters a and c, respectively.

Judging from the results obtained, the energy-band spectra of
Lu and Y borocarbides do not satisfy the criterion for that of
promising HTSC phases,58 which requires that the s* band formed
as a result of interaction between the degenerate anionic and cat-
ionic levels be half-filled. Unlike cuprates, where the correspond-
ing bands are in the immediate vicinity of EF, the Ni3d7B2s or
Ni3d ±C2p bands of borocarbides have different energetics owing
to a specific character of interatomic s-bonds in the NiB4

tetrahedra.
Data on the energy band structure of LuNi2B2C obtained by

the LAPWmethod 59 in the LEDFparametrisation 60 ± 63 using the
lattice constants a=3.464 �Aand c=10.631 �A, and z/c=0.1379,
where z characterises the position of the B atoms above the Lu ±C
plane, coincide in general with those obtained by Mattheiss et
al.58, 64 The shape of the Fermi surface determined by Pickett et
al.59 appeared to be rather complicated: the Lud and Nid7B2p
type spheroids that form the Fermi surface are centred at the
centre of the Brillouin zone. The fact that the dispersion of the

Table 2. Structural parameters of the LnNi2B2C phases.47

Parameter CeNi2B2C PrNi2B2C NdNi2B2C TbNi2B2C DyNi2B2C HoNi2B2C ErNi2B2C TmNi2B2C YbNi2B2C

a /�A 3.638 3.707 3.678 3.554 3.534 3.513 3.502 3.487 3.478

c /�A 10.227 9.999 10.081 10.435 10.488 10.528 10.558 10.586 10.607

V /�A3 135.346 137.383 136.370 131.778 130.999 130.271 129.48 128.682 128.323

Lu7B /�A 2.972 3.012 2.995 2.921 2.907 2.896 2.885 2.888 2.877

Lu7C /�A 2.572 2.621 2.601 2.512 2.499 2.487 2.476 2.469 2.459

Ni7B /�A 2.109 2.113 2.111 2.101 2.101 2.101 2.100 2.095 2.091

B7C /�A 1.489 1.489 1.485 1.489 1.485 1.483 1.481 1.485 1.483

Bi7Ni7Bii /deg 104.85 103.33 103.93 106.53 107.02 107.41 107.74 107.92 107.92

Bi7Ni7Bi /deg 119.16 122.61 121.25 115.55 114.51 113.69 113.03 112.64 112.64

Note. Atomic positions in the unit cell: Ln (0, 0, 0), Ni (1/2, 0, 1/4), B (0, 0, z), C (1/2, 1/2, 0), Bi (x, y, z), Bii (1/2+ x, 1/2+ y, 1/27z).
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Figure 3. The band structure of LuNi2B2C.50
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corresponding energy bands is comparable in the atomic planes
and along the c axis, as is the case in Mattheiss' calculations,50 is
an unambiguous evidence for the three-dimensional (3D) nature
of the electronic energy spectra of IBC.

Particular attention was given to the analysis of the structure
of bands near the Fermi level responsible for the formation of the
DOS maximum at the Fermi level. Its presence is associated with
the formation of plane energy bands in the (110) direction (the
G7X direction in Fig. 3), which include antibonding (Nidz2 ±
Nidz2), bonding (Bp7Nid), and impurity (Ludxz,yz) states. Taking
into account an appreciable contribution of the Nid states to
N(EF), one can assume that (by analogy with the known ferro-
magnetic behaviour of metallic nickel or nickel films) this peak in
IBC is unstable according to Stoner. However, no ferromagnetic
instability of this type was shown in calculations 59 carried out
with consideration of the spin moments.65, 66

Pickett et al.59 emphasised that the appearance of the near-
Fermi 3d-like band of Ni separated from all the other filled Nid
bands is one of the most remarkable features of the LuNi2B2C
electronic spectrum and studied its genesis in detail. To this end,
the sublattices of the `empty' BCT phase were progressively `filled'
with the corresponding atoms. Calculations of isolated Ni and
Ni2B2 monolayers that retained their atomic geometry in the bulk
of LuNi2B2C did not result in splitting of the Nid subband; only
the addition of bridging carbon atoms made it possible to detect a
resonance DOS peak of the Ni3d type separated from the main d
band of nickel. However, the energetics and structure of the near-
Fermi maximum characteristic of a superconducting IBC is formed
finally in the presence of the Lu atoms, i.e., whenNi ±C interactions
are corrected taking account of the carbon ± lutetium bonds.

Such analysis not only confirms the 3D nature of IBC,{ but is
of importance from the viewpoint of methodology. It shows that
the local models that take into account only the closest environ-
ment of the transition-metal atom cannot be used for interpreting
the superconductivity effects in IBC, which was the usual practice
in the first stages of the description of electronic energy spectra of

HTSC cuprates (for a review, see Ref. 67). Therefore, one should
be extremely careful when applying cluster quantum-chemical
methods to the class of intermetallic borocarbides; in particular,
the chosen fragments must be balanced with respect to the
stoichiometric composition of real IBC materials. Analogous
conclusion was drawn by Kim et al.68 who have calculated the
energy band structure of LuNi2B2C by the ab initio pseudopoten-
tial method.69

The energy band structure of the BCT borocarbide YNi2B2C
was studied byMattheiss,50 Coehoorn,70 Lee et al.,71 Ravindran et
al.,72 and Zeng et al.73 The dispersion dependences E(k) and DOS
distributions for the YNi2B2C phase found by these authors are in
good agreement with each other despite certain deviations in
numerical estimates of EES inevitable if different methods and
approximations are used for the accepted models. For this reason,
the results obtained by Lee et al.71 will be used in the subsequent
description of characteristic features of the electronic structure of
YNi2B2C. The calculations were performed by the self-consistent
linearised muffin-tin orbital (LMTO) method with the lattice
parameters a=3.527 �A and c=10.5427 �A.74

The structure of the energy bands of YNi2B2C is shown in
Fig. 5, several parameters of the electron states are listed in
Table 3. Lee et al.71 draw attention to the composition of the
bands near the Fermi level, which consist mainly of the Ni3d
contributions and appreciable admixtures of the Y4d, B2p, and
C2p states. The flat band crossed by the Fermi level at the point G
results in the appearance of the van Hove-like singularity on the
TDOS curve. Cross-section of the Fermi surface by the kz=0
plane of the Brillouin zone is shown in Fig. 6. Its topology (see
Fig. 5) is formed with participation of the bands that determine
the combination of the electron and hole states. An appreciable
energy dispersion of the C2p-like bands in the G7Z direction was
noted.71 It was also emphasised that it is carbon that plays the
crucial role in the formation of the 3D nature of the given phase,
whereas a quasi-2D behaviour is expected for a hypothetical IBC
with an `empty' C sublattice.
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Figure 4. The energy distribution of the total densities of states for
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{The states of all of the atoms that constitute the material are involved in

the formation of subtle features of the near-Fermi interval of the energy

band spectrum responsible for superconductivity of 3D IBC.
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The nature of chemical bonding in IBC has not been analysed
in detail.50, 59, 64, 68, 70 ± 73 Certain qualitative conclusions on the
dominance of one or another type of interaction were based on the
energy distributions of the local densities of states (LDOS)
considered in Refs 75 and 76.

IV. Chemical bonding in intermetallic
borocarbides

The nature of the formation of chemical bonds in IBC and the role
of particular atoms and atomic groups were considered by Zeng et
al.73 and Halet.77 The main attention was given to calculations of
the indices of local interatomic interactions such as the overlap
integrals (OI) of effective atomic orbitals.

A semiquantitative analysis of chemical bonding for
LuNi2B2C was performed by Halet 77 in the framework of the
tight-bindingmethod,78, 79 which is the energy-band version of the
extended HuÈ ckel method.

The molecular orbital (MO) diagram of the isolated B2C27

group (Fig. 7) illustrates the character of the interaction between
the boron and carbon atoms, which form the corresponding
sublattices in IBC. Hybridisation of 2s and 2p atomic orbitals
(AOs) of the B and C atoms results in the formation of six s-type
MOs, two of which are bonding, two are nonbonding (sg and su),
and two are of pronounced antibonding nature. In addition, the
MO system includes degenerate p-type orbitals corresponding to
bonding (1pu), nonbonding (pg), and antibonding (2pu) interac-
tions of the p ë p states.

The energy interval (the `forbidden gap') between the highest
nonbonding (pg) and the lowest antibonding (2pu) MO depends 77

on the formal charge ascribed to the B2C group and diminishes
sharply on going from (B2C)37 to (B2C)27. The subsequent
decrease in the `forbidden gap', which is absent in a real IBC
material, is associated with the formation of metal ± nonmetal
covalent interactions.

Numerical estimates of OI and effective atomic charges (qef)
are listed in Table 4. Interactions of a complex, ionic-covalent
type, which differ considerably for particular intervals of the
energy spectrum, have been found in IBC. In particular, the
hybridised s-bonding Ni ±B2C states and the nonbonding (pg
and su) states of the B2C group with admixture of the antibonding
p states of Lu ±C participate in the formation of states near the
Fermi level.

Zeng et al.73 discussed the nature of the formation of individ-
ual interatomic bonds in YNi2B2C using the discrete varia-
tional 80 ± 82 embedded-cluster approach in the framework of the
local electron density functional. According to this model, the
interaction between the chosen 71-atomic fragment
[Y12Ni15B32C12] with D2d symmetry and the crystalline environ-
ment was calculated using a scheme developed by Ellis and co-
workers.83 ± 85 The vonBarth ±Hedin exchange-correlation poten-
tial 86 was used, and the numerical basis set included the following
AOs: 4s, 4p, 4d, 5s, and 5p of Y; 3s, 3p, 3d, 4s, and 4p of Ni; and 1s,
2s, and 2p of B and C.

The AO populations and OIs for this cluster in the YNi2B2C
structure are listed in Table 5. According to these data, the metal
and nonmetal atoms in YNi2B2C are in the cationic and anionic
states, respectively, while the largest charge transfer is believed to
occur in the plane nets fromY to C. As to the covalent component
of the bond, the pair B ±C bonds appear to be themost populated,
as in LuNi2B2C. The Ni7B bonds are much less populated,
whereas the Y7C interactions should be considered to be anti-
bonding ones. It is clearly seen on the contour plots of the electron
density distribution r(r) 73 that the electron density is concen-
trated along the lines of the Ni7Ni bonds (in the xy plane), that
the bonding states are formed between the atomicNi andY layers,
and that the interactions of theNi7B2C type arise in the yz plane.

Table 3. Contributions of individual states (Ns,p,d) to the DOS at the Fermi
level, charges (Qs,p,d) of the `muffin-tin' spheres for individual atoms in the
YNi2B2C phase, and radii of atomic spheres (R); calculations by the
LMTO method.

Parameter Y Ni B C

Ns /state per 1 eV 0.02 0.03 0.04 0.03

Np /state per 1 eV 0.07 0.22 0.18 0.14

Nd /state per 1 eV 0.64 1.09 7 7
Ns+p+d /state per 1 eV 0.73 1.34 0.22 0.17

Qs /e 0.58 0.67 0.86 1.08

Qp /e 1.18 0.87 1.58 2.48

Qd /e 2.37 8.86 7 7
Qs+p+d /e 4.13 10.22 2.44 3.56

R /a.u. 3.36 2.55 1.97 1.94
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Figure 7. The molecular orbital (MO) diagram of (B2C)27 group for an

IBC with the BCT structure of the ThCr2Si2 type.

Table 4. Overlap integrals (OI) and effective charges (qef) of the atoms and
groups in LuNi2B2C.

Atomic pair OI /e Atom, group qef /e

Ni7Ni 0.138 Lu +1.48

Ni7B 0.304 Ni 70.50

B7C 1.023 B +0.35

Lu7B 0.072 C 71.18

Lu7C 0.157 B2C 70.48

Table 5. Orbital populations, effective atomic charges, and overlap
integrals for the 71-atomic cluster in the structure of YNi2B2C according
to discrete variational calculations.

Atom Orbital population qef Type of the OI

d s p bond

Ni(1) a 9.06(3d ) 0.38(4s) 0.52(4p) +0.11 Ni(1)7B 0.64

Ni(2) b 9.11(3d ) 0.41(4s) 0.39(4p) +0.16 Ni(2)7B 0.66

Y 0.54(4d ) 0.06(5s) 0.05(5p) +2.49 Y7C 70.18 c

B 0.82(2s) 2.53(2p) 70.35 B7C 1.14

C 1.40(2s) 4.35(2p) 71.75

a The central nickel atom in the cluster. b Peripheral nickel atoms in the

cluster. c The `minus' sign corresponds to antibonding.
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V. The effect of the composition of metal and
metalloid sublattices on the energy band structure
of the LnM2B2C phases and their solid solutions
The study of the effect of the composition of metal and metalloid
sublattices on the electronic energy spectra of IBC became a
natural continuation of investigations into determination of the
energy band structure of LuNi2B2C and YNi2B2C, where either a
complete replacement of one or several types of ions were by ions
of another type was performed or a variable concentration of
possible impurities was considered in the framework of the initial
BCT structure.

1. Phases of composition LnM2B2C (M=Co, Cu, Pd,
and Pt)
Mattheiss and co-workers 64 performed LAPW calculations of the
EES for a series of BCT intermetallic borocarbides of composition
LnNi2B2C (Ln=La, Pr, Pm, ..., Tm, and Lu). The energy band
structures of these IBC appeared to be similar to those of
LuNi2B2C and YNi2B2C discussed above. For all the phases
under study, the valence band (of width * 14 eV) contains 18
filled energy bands, including 10 Ni3d bands. The latter can be
arbitrarily combined into two subbands located immediately near
and below the Fermi level. Figure 8 presents the band structure of
LaNi2B2C as an example. For this phase, the free 4f states are
localised* 3 ± 4 eV higher than EF.

Special emphasis was placed by Mattheiss and co-workers 64

on the dispersion of the sp band (G27, indicated by the solid line in
Fig. 8) near the Fermi level depending on the specific features of
the structure of the individual phases, in particular, on the
geometry of the NiB4 tetrahedra. Calculations (in accordance
with the experimental data discussed above) show that the lattice
constants a and c in the LnNi2B2C series change in different
manner. A progressive distortion of the NiB4 tetrahedra occurs

with increase in radius of the lanthanide atom. Thus, the bond
angles a change from 108.7 8 (Lu) to 102.1 8 (La), which results in
the sharp (by * 2 eV at the G point, see Fig. 8) change in the
energetics and dispersion of the sp band and in a decrease in its
contribution to the Brillouin zone and the degree of its filling. In
turn, this affects the energy and character of filling of the Ni3d
band (along the G7X direction).

Mattheiss and co-workers 64 argue that these distinctions in
subtle features of the energy distribution of the bands near the
Fermi level are determined not by the type of the rearrangement of
interatomic interactions resulting from the La?Lu substitution,
but first and foremost by the structural factor, namely, by the
degree of distortion of the NiB4 tetrahedra, which increases with
the lanthanide ionic radius. A trial calculation has been performed
for a hypothetical `ideal' compound LaNi2B2C containing layers
formed by regular NiB4 tetrahedra (a=109.5 8, d(Ni7B)=
2.33 �A). Its band structure appeared to be close to that of
LuNi2B2C (a=108.5 8, d(Ni7B)=2.11�A). The N(EF) value for
the `ideal' LaNi2B2C increases substantially (by * 90%), thus
approaching the N(EF) value for superconducting LuNi2B2C. It
has been assumed 64 that the degree of distortion of the NiB4

tetrahedra in the LnNi2B2C phases as well as that of MB4

tetrahedra (M=Pt, Pb, Ru, and Ir) in other known IBC can be
deliberately controlled by using high-pressure techniques. In this
case, the experiments on the hydrostatic or axial compression of
IBC can result in revealing nontrivialTc dependences on the lattice
parameters for each particular material.

A comparative analysis of the energy band structure of
LuNi2B2C and LaPt2B2C was carried out by Singh.87 The energy
spectra of these compounds calculated by the LAPWmethodwere
found to be similar. The distribution of the near-Fermi states has a
pronounced 3D character and is close to an isotropic one, which
means that the superconductivity of LaPt2B2C (Tc' 11 K) 40 can
be considered in the framework of conventional Bardeen ±Coop-
er ± Schrieffer (BCS)mechanism by the analogy, for instance, with
transition metal B1 carbides and nitrides.88, 89 The main specific
features of the energy spectrum of LaPt2B2C are associated with
the position of the flat G(110) band about 0.4 eV above the Fermi
level. We remember that the corresponding band in LuNi2B2C is
in the immediate vicinity of the Fermi level and crosses it. As a
result, the DOS maximum of the near-Fermi bands for LaPt2B2C
appears to be shifted toward the region of unfilled states. This
leads to an appreciable decrease in N(EF) for LaPt2B2C as
compared to that for LuNi2B2C despite the fact that the contri-
butions of the d states of Ni and Pt to N(EF) for both phases are
comparable in magnitude. Singh 87 explained the distinctions
indicated above by the increase in the width of the Pt5d band (as
compared to the Ni3d band) due to enhanced hybridisation of the
platinum d states with metalloids (increased splitting of d states),
which, in turn, is determined by greater extension of the d orbitals
of Pt and La compared to those of Ni and Lu, respectively. Using
the concepts of a relationship between Tc andN(EF) and the rigid
band model,4, 88, 89 Singh 87 assumed that an increase in the
concentration of valence electrons (CVE), for instance, due to
partial substitution of carbon atoms by those of more electro-
negative metalloids or the introduction of another `electron
donor' will have a favourable effect on the change of Tc of
LaPt2B2C. For this phase, the optimum concentration of the
`excess' electrons, at which EF coincides with the DOS maximum,
is equal to* 1.2 electrons per cell.87

Coehoorn 70 performed a detailed analysis of the composition
of energy bands near the Fermi level for yet another representative
of BCT borocarbides, viz., YPd2B2C, using the scalar relativistic
version 69 of the augmented spherical waves (ASW) method. It
was found for this compound that EF coincides with the local
DOS peakN(EF)=3.26 eV71 and themaximum contributions to
N(EF) come from Pd4d and Y4d states (Table 6), as in nickel-
containing Y and Lu borocarbides. It can be seen from the data in
Table 6 that an appreciable filling of dxz,yz and dxy orbitals occurs
for yttrium and palladium, respectively. In the bulk of the crystal,
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theY atoms occupy the centre of the unit cell, the Pd atoms occupy
positions (0, 1/2, 1/4) and (1/2, 0, 1/4); one of the `blades' of the Y
dxz,yz AOs is oriented along the Y7Pd bond, whereas the Pd4dxy
AOs are directed towards neighbouring Pd atoms. Considerable
concentration of these states near EF is due to their splitting into
bonding and antibonding ones as a result of interatomic (and
interlayer) interactions. This splitting is an additional indication
of the 3D nature of the electron distributions in BCT intermetallic
borocarbides.

Coehoorn 70 was the first who attempted to take into account
the role of themagnetic order in the formation of energy spectra of
IBC in ASW calculations of ferromagnetic GdNi2B2C. The major
effect was the splitting of the DOS peak near the Fermi level by
* 0.2 eV due to the direct intraatomic 4f ± 5d exchange interac-
tion on Gd atoms. In the first approximation, the exchange
splitting for all ferromagnetic compounds LnNi2B2C is assumed
to be proportional to the local magnetic moment. Then, the
magnitude of this splitting for each Ln atom will be much larger
than the width of the superconducting energy gap, which can be
estimated as DE' 0.05 eV for LnNi2B2C in the framework of the
BCS theory; this indicates that the superconductivity is only
possible in the case of antiferromagnetic spin ordering.

With the aim of elucidating the tendencies in the filling of the
near-Fermi states, Coehoorn 70 calculated hypothetical ideal BCT
crystals LuCo2B2C, LuCu2B2C, and LuCo2B2B; the interatomic
distances in the above compounds were assumed to be identical
and equal to those for LuNi2B2C (a=3.4639 �A and c=
10.6313 �A). It was concluded on the basis of calculations that
the rigid band model will give reasonable results for the descrip-
tion ofN(EF) changes in the case of chemical modification of IBC
composition.70

2. Phases of composition YNi2B2X (X=B, C, N, and O)
The effect of variable concentration of the valence electrons on the
filling of the near-Fermi states and the position of the Fermi level
for BCT intermetallic borocarbides due to substitution of carbon
atoms by other atoms was considered using YNi2B2X as an
example. Calculations of hypothetical YNi2B2B, YNi2B2N, and
YNi2B2O phases were carried out by the LMTO method.

It was established 71 that the structure of valence bands is
strongly dependent on the composition of the X sublattice. The
binding energies of quasi-core X2s bands increase in the series
B<C<N<O and are equal to 10, 13, 17, and 21 eV, respec-
tively. The X2p-like subbands fall into a similar sequence on the
energy scale. Lee et al.71 paid the major attention to the relative
position ofEF and the DOSmaximum near the Fermi level. It was
shown that the position of the Fermi level for X=B is lower,
whereas that for `boron oxide' and, especially, for `boronitride' is
higher than themaximumof theDOS peak. The obtained estimates
of N(EF) for YNi2B2X are 1.7, 4.40, 2.8, and 1.0 states per eV for
X=B, C, N, and O, respectively. Lee et al.71 believe that this
indicates the maximum superconductivity of the borocarbide.

Naturally, the assumptions accepted 71 (first of all, the identity
of the lattice parameters for all phases) make it possible to
consider the results obtained as purely qualitative ones, especially
with account of the data on the substantial role of B7C
interactions in the formation of the crystal structure of IBC (see

above). Obviously, the formulation of the problem of simulation
of the effect of doping the nonmetal IBC sublattice on their energy
band structure and, all the more, on their properties requires
performing correct calculations of the energy parameters for
substitution processes of such kind, estimates of the stability of
solid solutions formed, and direct calculations of the values of
their lattice constants.

3. Substitution solid solutions of composition
Y(Ni17xMx)2B2C (M=Fe, Co, Ru)
Specific features of the electronic structure of the `ideal' quater-
nary BCT LnM2B2X phases depending on the composition of
their sublattices were considered above. Corresponding sites in
such sublattices were occupied by atoms of rare-earth or transition
metals, or by 2p atoms of the same sort.

A much more subtle effect on the properties of IBC can be
exerted in the case of partial substitution of the atoms of a
sublattice by `related' atoms of another sort with the formation
of quinary (and more complex) substitution solid solutions.

The first calculations of similar systems were carried out by
Zeng et al.73 in 1996 in the framework of the embedded-cluster
approach. Before turning our attention to the results of these
calculations, let us briefly consider experimental studies of the
properties of the solid solutions mentioned above, in which the
parameters of electronic spectra of multicomponent alloys are
discussed.

It has been shown in the first numerical calculations of IBC
that the d states of transition-metal atom play the determining role
in the formation of the near-Fermi band, whereas the DOS of the
conduction electrons genetically related to the rare-earth ions is
rather low. Hence, the doping effects of a transition-metal
sublattice will be the most `impressive'; for this reason, fairly
well studied YNi2B2C and LuNi2B2C phases were mainly used as
matrices and 3d and 4d transitionmetals (Co, Cu, Fe, Rh, Pd, etc.)
were used as dopants.

Schmidt and co-workers 90 have synthesised single-phase
specimens of Y(Ni17xCox)2B2C (04 x4 1) and studied the Tc

dependences of these alloys on the concentration of impurity (Co).
It was established that a sharp decrease inTc (from* 15 K for the
original YNi2B2C to* 1.2 K for x' 0.2) occurs with an increase
in x. Coehoorn 70 andLee et al.71 explained this effect qualitatively
within the framework of the rigid band model taking into account
the results of band calculations for the matrix, where a decrease in
CVE upon introduction of cobalt will induce a decrease inN(EF).

Another interpretation can be given from the viewpoint of
Kaiser's theory of nonmagnetic resonance states.91 According to
this theory, the change in Tc should be correlated with the
resonance scattering of the conduction electrons and Coulomb
interaction between localised d states. In this case, the dependence
of Tc on the concentration of impurity (x) can be written as
follows:92

Tc(x)=Tc(0)exp

�
ÿ Ax

1ÿ Bx

�
,

where coefficientsA andB are functions of the LDOS at the Fermi
level for the matrix and impurity [Nim(EF)], respectively, of the
parameter of the electron ± phonon interaction l, and effective
interatomic Coulomb repulsionUef. The experimental dependence
ofTc can be reproduced ifUef=0.09 eV,Nim(EF)=11.8 states per
eVatom spin, and the `critical' concentration of impurity (20%) can
be found taking Nim(EF)=0.2 states per eV atom spin and l=
2.6 (see Ref. 59). The values of N(EF) and l are close in order of
magnitude to those of mixed Lu2(Fe17xCo)3Si5 alloys.93

The effect of Ni substitution by Co and Cu on Tc of
Y(Ni17xMx)2B2C was studied by Goldman et al.18 The speci-
mens synthesised contained * 95% of a BCT phase with small
amounts of Y5C6, YB2C2, YNi2, and Ni3C. It has been noted that
copper possessed limited solubility in the original borocarbide.
The lattice parameters (the initial values a=3.526 �A and
c=10.538 �A coincide with those found by Schmidt et al.94 and

Table 6. Occupation numbers (state per 1 eV) of valence orbitals in the
region 70.24EF4 0.2 eV for YPd2B2C; calculations by the ASW
method.

Atom Occupation numbers

s px, py pz dxy dxz, yz d3x2ÿz2 dx2ÿy2 total

value

Y 0.02 0.01 0.05 0.09 0.26 0.09 0.15 0.67

Pd 0.03 0.08 0.31 0.19 0.15 0.13 0.14 1.03

B 0.06 0.07 0.13 0.00 0.00 0.00 0.00 0.26

C 0.02 0.07 0.10 0.00 0.00 0.00 0.00 0.19
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Chakoumakos et al.95) increase or decrease as copper and cobalt,
respectively, are introduced as dopants into YNi2B2C.

The introduction of Co or Cu into YNi2B2C results in a
decrease in Tc, the effect being more pronounced for Co
(dTc/dx=745 K for Co and dTc/dx=719 K for Cu in the
region x4 0.2). At high concentrations of dopants the depend-
ence of Tc is affected by multiphase composition of the specimens
synthesised.

Several possible reasons for such a strong difference in the
dopant effect on Tc of the alloys have been considered, viz., the
presence of carbon vacancies; local magnetism of cobalt ions;
`asymmetry' of the shape of the near-Fermi N(E) peak of the
matrix, and, finally, the role of the electron ± phonon interaction.
The assumption of an appreciable concentration of carbon
vacancies was based on the presence of a stable boride YCo2B2

phase (see Ref. 96). In this case, the number of carbon defects in
Y(Ni17xCox)2B2Cmust increase with temperature, and the lattice
constants should be appropriately changed. However, annealing
of borocarbide specimens did not result in noticeable changes in a
and c.

The increased dTc/dx value for Co can be due to its magnetic
properties; however, special experiments 16, 90 indicate a nonmag-
netic behaviour of Co. Therefore, a relationship between the Tc(x)
dependence and the parameters of its electronic spectrum and/or
electron ± phonon interaction is most probable.

As to the role of the electron states, it should be noted that
according to calculations,70 ± 72 the EF value for YNi2B2C coin-
cides with the LDOSmaximum, i.e., the introduction of either Co
or Cu will shift the EF value along the energy scale favouring an
increase in N(EF) and, correspondingly, suppression of super-
conductivity. However, the sharp (more than twofold) difference
in the effect of Co and Cu impurities on Tc cannot be explained in
this case. An attempt to explain the observed effect by the change
in the constant of the electron ± phonon interaction (l) cannot be
considered as sound, since in this case the `loosening' of the crystal
structure upon introduction of Cu (the increase in the lattice
parameters of the solid solution) will determine the increase in l,
whereas the cobalt impurity will have an opposite effect on l.

Despite the contradictions mentioned above, the experiment
confirms directly the principal results of calculations,70 ± 72

namely, that EF coincides with the DOS maximum, which
indicates that any attempts to `chemicallymodify' the borocarbide
composition aimed at increasing its superconducting character-
istics 18 are not promising.

Gangopadhyay et al.34 and Hoellworth et al.97 discussed the
changes inN(EF) and the role of the electron ± phonon interaction
in the formation of superconducting properties of YNi27x(Co,
Cu)xB2C alloys taking into account the results of experimental
investigations of magnetic susceptibility (w)

w= wP+ wL+ wVV+ wc+ wi= wintr+ wimp , (1)

where wP, wL, wVV, and wc are the Pauli paramagnetic, diamagnetic
(of conduction electrons), van Vleck, and diamagnetic (of core
electrons) contributions, respectively; wi is the contribution of
paramagnetic impurities; and wintr and wimp are the intrinsic and
impurity susceptibilities, respectively.

Gangopadhyay et al.34 discussed the role of wintr and wimp for
YNi2B2C doped with cobalt and copper. Assuming that wintr is
independent of temperature and wimp obeys the Curie ±Weiss law,
one can write

w(T )= wintr+
C

Tÿ TK

. (2)

It turned out that this dependence is valid for a narrow
temperature range (see also Refs 97, 98) and appreciably
decreases as temperature increases. Similar w(T) dependences
were also found in the studies of poly- and mono-crystalline
specimens of YNi2B2C.99, 100

Assuming that the contributions of the orbital paramagnetism
and atomic core diamagnetism are constant, the observed 34 w(T)

dependence can be explained first of all by temperature changes in
the Pauli paramagnetism of the conduction electrons wP resulting
from either rearrangement of the band spectrum or spin fluctua-
tions.99, 100 The presence of antiferromagnetic spin fluctuations
was postulated 101, 102 for YNi2B2C and LuNi2B2C to account for
abnormal temperature dependences of 11B spin-lattice relaxation
times and the Knight shift. In a more recent study,100 the temper-
ature dependence of the magnitude and the sign of wP has been
interpreted on the basis of the electronic energy spectrum. The
results of the experiments on neutron scattering,21 NMR,100 spin
relaxation,103 and heat capacity 104 also provide no information
on spin fluctuations for YNi2B2C.

The dependence of Tc on the effective DOS calculated for
YNi27x(Co, Cu)xB2C solid solutions from experimental data
using the following equation

wP=NAm2BSN(EF)= (3)

=0.3233 . 1074SN(EF) (states per 1 eV per formula unit),

whereNA is the Avogadro constant, mB is the Bohr magneton, and
S is the Stoner parameter, is shown in Fig. 9.

Thus, the reconstructed Tc[SN(EF)] dependences for Co and
Cu impurities are substantially different. The only possible ratio-
nale for this fact can be relative strengthening of the electron ±
phonon interaction in alloys with the Cu?Ni type of substi-
tution. The results of the investigation of the effect of the uniform
compression on Tc for the systems in question 105 can be consid-
ered as indirect evidence in favour of the participation of both the
electronic and electron-phonon mechanisms in the formation of
superconducting properties of intermetallic borocarbides.

The effect of other impurities (Fe, Co, Ru, and Pd) on the
superconducting properties of YNi2B2C has been considered by
Bud'ko et al.32 Linear suppression of the superconductivity effect
with an increase in xwas found in all cases. The data ofMoÈ ssbauer
spectroscopy and experiments on themagnetic susceptibility show
that the dopants in the bulk of the initial phase have no local
magnetic moments and their effect on the magnitude of the
superconducting gap and thermodynamic properties is of local
character.106 Then Tc will be mostly affected by the N(EF) value,
for which the change rate is proportional to the difference between
the number of the valence electrons (z) of nickel and that of a
substituting element.

Studies of the effects of sublattice doping on the electronic
properties of IBC carried out by numerical quantum-chemical
methods were started taking the Y(Ni17xMx)2B2C (M=Fe, Co,
and Ru) solid solutions as an example.73 Solid solutions with two
different impurity concentrations (x=0.07 and 0.47) approxi-
mated in the framework of the cluster approach by 71-atomic
Y12(Ni,M)15B32C12 fragments with D2d symmetry have been
analysed.

The `cluster' densities of the d states of Ni and substituting
elements (Fe, Co, and Ru) in the Y(Ni17xMx)2B2C alloys for
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Figure 9. Correlation dependence ofTc on the reducedDOS at the Fermi

level [SN(EF)] for solid solutions YNi27x(Co, Cu)xB2C.
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x=0.07 and 0.47 are shown in Fig. 10 and the electronic config-
urations and atomic charges are listed in Table 7.

As should be expected from the rigid band model, doping the
matrix with the d elements mentioned should decrease the EF

value and result in partial `devastation' of the near-Fermi Ni3d
states with the corresponding reduction of their populations.
However, the populations of the Ni3d orbitals remain virtually
unchanged, whereas the corresponding cluster LDOS become
somewhat broadened. The local densities of states for Ni and
dopants differ substantially. Thus, the high-energy region of the
subband of d states for Fe and Co is vacant. In contrast to 3d
impurities, the Ru4d states form a broad diffuse subband for all
ruthenium concentrations. A low-energy peak (with an energy at
the maximum of about 70.4 Ry) corresponding to localised
Ru7B bonds in the NiB4 tetrahedra and a three-peak structure
of delocalised states can be seen on the LDOS profile. Addition-
ally, onemore LDOS peak appears at the Fermi level. A change in
the effective charge of the Ni atoms occurs in the
Y(Ni17xMx)2B2C alloys (Table 7); it is primarily due to breaking
down the symmetry of the crystalline environment of these sites
upon introduction of dopants and to the change in the population
of the extended 4s and 4p orbitals of nickel.

It is of interest to follow the change in the extent of overlap of
the wave functions for individual atoms (the covalent component
of the bond) upon doping of YNi2B2C. The corresponding bond
populations are listed in Table 8. The B7C interaction, which is
the strongest in the original crystal, becomes weakened by
* 1%±4% upon introduction of impurities. The antibonding
Y7C state remains almost unchanged, being localised in the
plane nets. The N7B bond order is constant in the presence of Fe

and Co; however, it decreases (by * 3%) upon introduction of
Ru. The overlap integrals for M7B bonds are larger than those
for the Ni7B bond.

The considered processes of rearrangement of the electron
states in doped borocarbide alloys are illustrated by the contour
plots of the difference charge density.73 These contour plots show
that both the covalent B7C bond and the charges on the yttrium
atoms weakly `respond' to the change in the composition of theM
sublattice. The major effects of the electron density perturbation
are localised near the substitution centre (in the bulk of the MB4

tetrahedron). On the whole, the calculations 73 make it possible to
interpret the chemical bonding in the Y(Ni17xMx)2B2C solid
solutions as a combination of covalent-ionic-metallic interatomic
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Figure 10. The `cluster' densities of states for Ni (a, b) and substituting

elements (M=Fe, Co, and Ru) (c, d) in Y(Ni17xMx)2B2C alloys for

x=0.07 (a, c) and 0.47 (b, d).

Table 7. Mulliken populations of valence orbitals and effective atomic
charges in Y(Ni17xMx)2B2C substitution alloys.

Atom Orbital population qef

d s p

YNi2B2C

Ni(1)a 0.06 0.38 0.52 +0.11

B 7 0.82 2.53 70.35

Ni(2)b 2.11 0.41 0.39 +0.16

Y 0.54 0.06 0.05 +2.49

C 7 1.40 4.35 71.75

Y(Ni17xCox)2B2C

Co
8:23

8:24

0:33

0:33

0:46

0:49

�0:05
0:02

B 7
0:81

0:81

2:53

2:52

ÿ0:34
ÿ0:33

Ni
9:10

9:10

0:41

0:42

0:39

0:38

�0:17
0:16

Y
0:54

0:54

0:06

0:06

0:05

0:05

�2:49
�2:49

C 7
1:40

1:39

4:35

4:36

ÿ1:75
ÿ1:75

Y(Ni17xFex)2B2C

Fe
7:28

7:35

0:31

0:30

0:45

0:41

�0:06
ÿ0:04

B 7
0:81

0:80

2:55

2:52

ÿ0:36
ÿ0:32

Ni
9:10

9:11

0:41

0:42

0:39

0:38

�0:17
�0:16

Y
0:54

0:54

0:06

0:06

0:05

0:05

�2:49
�2:49

C 7
1:40

1:40

4:34

4:36

ÿ1:74
ÿ1:76

Y(Ni17xRux)2B2C

Ru
7:48

7:50

0:25

0:24

0:43

0:38

�0:10
0:12

B 7
0:78

0:75

2:57

2:60

ÿ0:36
ÿ0:34

Ni
9:10

9:07

0:41

0:43

0:40

0:43

�0:16
�0:13

Y
0:55

0:56

0:07

0:07

0:05

0:06

�2:48
�2:47

C 7
1:40

1:39

4:34

4:35

ÿ1:74
ÿ1:74

Note. The values for the atoms of Y(Ni17xMx)2B2C alloys for x=0.07

and 0.47 are given above and below the line, respectively. a The central

nickel atom in the cluster. b Peripheral nickel atoms in the cluster.
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interactions with a substantial spatial anisotropy, where the Y7C
interaction in the plane nets and the interaction in M7B layers
result from ionic and covalent binding, respectively, and the
`interlayer' (YC)7(MB) interactions are due to hybridisation of
B and C atomic states. The doping of the M sublattice predom-
inantly modifies the charge states and interspecies bondings in the
M7B layers.

It is natural that the applicability of the cluster approach to the
correct description of changes in subtle features of the TDOS
(especially, near the Fermi surface, viz., in the region of strongly
delocalised states), interpretation, and prognosis of superconduct-
ing and magnetic properties of multicomponent solid solutions is
limited. Band calculations of borocarbide solid solutions of
variable composition are needed.

VI. The energy band structure of `two-layered'
LnNiBC borocarbides and solid solutions based on
them
In addition to the quaternary LuNiBC phase, a series of isostruc-
tural solid solutions of variable composition of the general
formula Ln(Ni17xMx)BC (Ln=Lu, Y; M=Cu, V) have been
synthesised to date.36, 37, 42

The energy band structure of LuNiBC was calculated by
Mattheiss,50 Kim,68 and Coehoorn.70 Let us discuss it in the
framework of LAPW calculations.50 The character of the E(k)
dependence for the near-Fermi bands is the most remarkable
when comparing the valence band structures of LuNi2B2C (Fig. 3)
and LuNiBC (Fig. 11). The flat regions of the Ni3d bands (G ±X),
which virtually coincide with EF for LuNi2B2C, appear to be
shifted towards higher energies on the energy scale for LuNiBC.
This results in the formation of theNi3d resonance in the region of
nonbonding states and the DOS at the Fermi level appears to be
low (N(EF)* 1 electron per cell). The EF position in the region of
the local DOS minimum in the electronic energy spectra of
LuNiBC is reproduced in calculations performed by the ASW70

and ab initio pseudopotential 68 methods.

These peculiarities of the position of the Fermi level in the
region of local DOS maximum (LuNi2B2C) and minimum
(LuNiBC) are crucial for the explanation of distinctions between
the superconducting properties of `one-layered' and `two-layered'
IBC having similar crystalline structures and close interatomic
distances. If the calculations 50, 58, 70 of electronic spectrum of
LuNiBC are correct, one should expect that the N(EF) values of
solid solutions will be increased as compared to that of an `ideal'
crystal (with the corresponding changes in properties) for any
change in CVE (for instance, due to the doping of sublattices).

This assumption was tested by Qiu et al.36, 42 and Gang-
opadhyay et al.37 Thus, YBC, YB4, and several other phases
were present in the specimens of synthesised LnNi17xCuxBC solid
solutions (Ln=Y, Lu; 04 x<1), the amount of tetragonal
YNi17xCuxBC phase decreased sharply with an increase in the
copper concentration.37 It was thus suggested that compounds
YCuBC and LuCuBC are unstable.37 The effect of dopant on the
lattice constants of YNiBC (a=3.579 �A, c=7.570 �A) and
LuNiBC (a=3.495 �A, c=7.663 �A) is worth noting. The value
of parameter a increases most rapidly in the initial stage of doping
(up to x' 0.2), while a linear increase in the parameter c is
observed at higher concentrations of copper. The rates of changes
in the concentration (c) dlnc/dx for Y and Lu solid solutions are
equal to 0.032 and 0.038, respectively, which is very close to that
for YNi27xCuxB2C (dlnc/dx' 0.03).42 This indicates a common
nature of the observed effect, which can be related to the weaken-
ing of covalent M7B interactions upon partial Cu?Ni substi-
tutionduetothefillingof theNi3dorbitalsbyanadditionalelectron
of copper. The reason for considerable differences in the solubility
limits of copper in `one-layered' and `two-layered' IBC, which
amount to* 50%±60%and 20%, respectively, remain unclear.

An increase in the content of copper results in the increase in
Tc of LnNi17xCuxBC solid solutions, the effect for yttrium
compounds being more pronounced than that for lutetium com-
pounds. The maximum Tc for YNiBC doped with copper is 8.9 K
(at x>0.6) is determined by tetragonal IBC and cannot be
ascribed to impurities of other phases [YB6 (Tc=6.0 K), YB12

(Tc=4.7 K), YC2 (Tc=3.8 K), YB2C2 (Tc=3.0 K)] found in
the specimens.107 Gangopadhyay et al.37 also pointed to the fact
that Tc is dependent on the dispersity of the specimens; for
instance, annealing of YNi17xCuxBC specimens (for x>0.6)
considerably increases their Tc.

Extrapolation of the Tc(x) dependence to x=1, which corre-
sponds to a hypothetical `YCuBC', gives Tc' 10 K, which is
lower than for `LuCuBC'. Presumably, the electronic structures of
LuNiBC and YNiBC are similar and the N(EF) value for both
compounds must increase upon introduction of copper atoms.

The inverse effect, namely, a decrease in CVE, upon partial
substitution of nickel by vanadium in LuNiBC, was discussed by
Qiu et al.36 A series of single-phase LuNi17xVxBC solid solutions
has been prepared and the solubility limit of vanadium is x=0.25.
The temperature dependence of electrical resistance has been
measured and it has been found that Tc(LuNiBC)=2.96 K and
Tc(LuNi0.8V0.2BC)=2.60 K, i.e., dlnTc/dx=70.5. Thus,EF for
the matrix does not coincide with the local DOSminimum and the
N(E) shape is more complex, since the Fermi level in LuNiBC can
be intermediate in energy between the minimum and local

Table 8. Bond populations (e) in Y(Ni17xMx)2B2C solid solutions (M=Fe, Co, and Ru) according to discrete variational embedded-cluster
calculations.

Composition, bond YNi2B2C Y(Ni17xFex)2B2C Y(Ni17xCox)2B2C Y(Ni17xRux)2B2C

x 0 0.07 0.47 0.07 0.47 0.07 0.47

Ni7B 0.64 0.64 0.62 0.64 0.64 0.62 0.62

Y7C a 70.18 70.18 70.18 70.18 70.18 70.18 70.18

B7C 1.14 1.12 1.13 1.13 1.13 1.09 1.12

M7C 0.66 0.72 0.72 0.68 0.69 0.68 0.67
a The negative value corresponds to antibonding of the Y7C bond.
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Figure 11. The band structure of LuNiBC.50
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maximum of N(E), hence, dN(E)/dE>0. The study of the effect
of external pressure on Tc shows that dTc/dP=
70.17�0.03 K GPa71 for both the original and doped IBC.
From the viewpoint of the band theory, the effect of external
pressure is equivalent either to broadening of the bands (at
EF=const) or to the EF shift towards the lower-energy region.
Hence, if EF for LuNiBC coincides with the DOS minimum, then
the dN(EF)/dP should be positive for both LuNiBC and
LuNi17xVxBC. The negative value of dTc/dP can indicate either
a more complex shape of the DOS distribution near EF than was
obtained from the one-electron band calculations or the impossi-
bility to describe the effect of hydrostatic pressure on Tc by a
simple correlation with the change in N(EF).

VII. Electronic structure and some
physicochemical properties of intermetallic
borocarbides

The nature of IBC is determined by (or is closely related to) their
electronic structure and can be rationalised from the viewpoint of
theoretical models of EES for intermetallic borocarbides.

1. Superconductivity
The superconductivity of IBC is the property that attracted
attention to this class of compounds and gave rise to numerous
experimental and theoretical studies. The first calculations of EES
of LuNi2B2C, LuNiBC, and YNi2B2C (see Refs 50, 59, 64, 70, and
71) made it possible to place the IBC with certainty into the class
of conventional superconductors with the BCS type of conductiv-
ity, to determine specific features of the structure of the near-
Fermi energy bands for one- and two-layered IBC, and to relate
their conducting properties to specific electron states on the Fermi
surface. These concepts are widely used for qualitative interpreta-
tion of the results obtained. As has been noted above, the attempts
were made to extend them (using the rigid band model) to
multicomponent solid solutions. It was assumed, in the simplest
case, that Tc*N(EF), which, in turn, is determined by the degree
of filling the valence band depending onCVE for the compound of
a given composition.

An attempt to find correlations between the parameters of the
one-electron energy spectra of solid solutions Y(Ni17xMx)2B2C
(M=Fe, Co, and Ru) (these parameters were obtained in the
framework of the cluster approach) and Tc has been undertaken
by Zeng et al.73 The integrated density of the d states of transition-
metal atoms (Nd) in solid solutions of variable composition, which
is used in the theory of paired electron correlations and associated
with the conditions for the formation of superconducting state,
was considered as the `electronic factor' of superconductivity. The
Nd value can be calculated using the following formula

Nd=

�EF

ÿ1
D

q
d�e�de , (4)

where D
q
d(e) is the sum of partial populations of the d states of the

q-type atoms

D
q
d�e� �

X
i

P
q
d;i

dp

�eÿ ei�2 � d2
. (5)

Here, P
q
d;i is theMulliken population of the atomic orbital d in

the cluster orbital fi with the energy eigenvalue ei, d is the half-
width (d=0.136 eV) of the Lorentzian function employed to
simulate the energy broadening of the discrete cluster levels in the
crystal, and summation is performed over all occupied orbitals i.

In the rigid bandmodel, the integrated density of d states for a
binary alloy of variable composition A17xBx can be written as

NAB
d � �1ÿ x�NA

d � xNB
d ,

where NA
d andNB

d are populations of the d states for `pure' metals
A and B. Thus, the corresponding populations for the Ni17xFex

alloy are usually assumed to be* 9 e7 (Ni) and* 7 e7 (Fe). This
primitive scheme for the solid solutions under consideration (for
instance, Y(Ni17xFex)2B2C) can be refined using formula (6)

Nd
Ð

=9(17x)+7x+N0
d , (6)

where N0
d describes the effects of hybridisation of the transition

metal (Ni), that is substituted, with the nearest environment
(Ni7B4).

Comparison ofNd values obtained from self-consistent calcu-
lations on selected clusters and the values of Nd

Ð
parameters of a

given model found from Eq (6) { allows one to test the rigid band
model.

Calculations performed by Zeng et al.73 showed that the Nd

and Nd
Ð

values are fairly close for low impurity concentrations
(x=0.07) and the Tc vs. Nd correlation dependence is clearly
observed. The difference between the parameter of the model Nd

Ð

and the self-consistent Nd value increases substantially as the M
content increases.

Direct estimates of Tc based on the results of calculations of
the energy band structure of IBC were made by Mattheiss et
al.,50, 64 Pickett et al.,59 Kim et al.,68 and Ravindran et al.72 The
constant of the electron ± phonon interaction (l) was found to be
approximately equal to 2.6 and the frequency of the Ba1g phonon
mode for LuNi2B2C is 850 cm71.59 It is assumed that the soft
modes of heavier atoms also make contributions to the super-
conductivity. Taking into account a mixed character of highest
filled bands, it is emphasised that the multicomponent nature of
the phase is one of the main factors that determine the super-
conductivity of IBC.

The electron ± phonon mechanism of superconductivity in
LuNi2B2C owing to the interaction between an isolated sp band
near the Fermi level and high-frequency Ba1g phonons modulat-
ing the angles of NiB4 tetrahedra was discussed by Mattheiss et
al.64

The Tc value ('15 K) found for YNi2B2C using l=0.9, the
experimental Debye temperature (Y=573 K),74 and the calcu-
lated N(EF) value is in good agreement with the experiment.71

Kim et al.68 estimated the l value from the data on measure-
ments of low-temperature electronic heat capacity g (see Ref. 56)
and band calculations using the McMillan formula 4 and found
that l' 0.8 ± 1.1. The relatively high Tc value for LuNi2B2C is
primarily determined by considerable contributions of the Ni3d
states to N(EF) 68 and the assumed mechanism of the interaction
between the high-frequency a1g mode and sp nonmetal bands 64

cannot play the decisive role, since the contributions of the boron
and carbon atomic states toN(EF) are small. Then, an estimate of
the Tc value for the related borocarbide LuNiBC using a rough
approximation Tc'N(EF) can be made and the results obtained
(Tc* 0.7 ± 2.6 K) are close to the experimental data.

Despite the above disagreement on the relative role of the
electron and vibrational states of individual atoms and atomic
groups in the formation of superconducting properties of IBC, all
calculations 50, 59, 64, 68, 71 allow one to consider these compounds
as the 3D systems with an intermediate type of the electron ±
phonon interaction and superconductivity described by the BCS
theory.

In this connection the studies of the isotope effect 108 and some
electronic properties of IBC 109 should be mentioned. They
suggest rather strong electron ± phonon interactions in these
systems. The phonon anomalies similar to those found in super-
conducting 3D carbides were found in borocarbides.110 An addi-
tional phonon mode associated with the formation of
superconducting state was reported by Kawano et al.111

A progressive suppression of the real part of optical conduc-
tivity s1(o) in the far IR region, as should be expected in accord
with the BCS theory in the case of appearance of a superconduct-
ing gap (D), was observed for YNi2B2C and LuNi2B2C in the

{ In this case, theN0
d value for the original matrix (x=0) is obtained from

the condition Nd = Nd

Ð
.

Intermetallic borocarbides: electronic structure, chemical bonding, and properties 367



studies of the temperature dependence of s1(o) at T<Tc.112 At
T' 6 K and frequencies 5.6 meV (LuNi2B2C) and 6.9 meV
(YNi2B2C), the s1(o) values are equal to zero. This makes it
possible to estimate the 2D/kBTc value as * 3.9 ± 5.2. Hence, the
effect of the formation of the Cooper pairs is assumed to occur
with participation of the low-frequency phonon modes (optical
phonons).113

The electron ± phonon interaction in a number of IBC was
studied by the point contact spectroscopy (PCS),115 which makes
it possible to observe directly the interactions of the conduction
electrons with elementary excitations in the crystal.

The PCS functions g(o) for HoNi2B2C, YNi2B2C, and
LaNi2B2C are shown in Fig. 12. It can be seen that the function
g(o) for HoNi2B2C has two distinct maxima with energies
corresponding to the DOS peaks of soft phonons. A similar
structure of the function g(o) is observed for YNi2B2C, which
indicates an electron-phonon interaction with low-energy pho-
nons (hn' 4 ± 9 meV). On the contrary, the corresponding inter-
action was not observed for nonsuperconducting LaNi2B2C in the
soft mode region of the phonon spectrum. Bommeli et al.112

explain the above distinctions by specific features of the electronic
structure (in particular, by the nesting effect on the Fermi surface)
of the considered representatives of IBC homologous series.

2. Superconductivity and magnetism
The relationship between superconductivity andmagnetism is one
of the central problems of modern physical chemistry of crystals.
For ternary intermetallic borides, this problem has been discussed
in detail in a monograph.116 It has been noted in early studies of
the properties of IBC that most LnM2B2C phases are magnetic
superconductors;1 ± 3, 19 therefore, the problems of coexistence and
mutual influence of magnetism and superconductivity were con-
sidered first in numerous experimental studies.

The results obtained to date make it possible to state that IBC
are a unique class of magnetic superconducting materials. It is
known that the onset of a magnetic order leads to an abrupt
suppression of superconductivity and in the case of coexistence of
both effects they are observed at appreciably different temper-
atures (energies). In this case, the temperature of magnetic order-
ing (theNeel temperature,TN) is, as a rule, much lower thanTc for
all the known groups of magnetic superconductors. Thus, Tc in
Chevreul's phases is higher than TN (* 1 K) by an order of
magnitude.116 The differences between Tc and TN for HTSC
cuprates containing rare-earth metal ions are even larger.107

On the contrary, in the case of IBC the magnetic and super-
conducting states exist in the same temperature range and Tc can
be either higher or lower than TN.

T, K ErNi2B2C GdNi2B2C DyNi2B2C

TN 6.8 19.0 10.6

Tc 11.0 2.0 6.0

If TN and Tc values are comparable, then the energy effects of
the magnetic ordering and electron-electron interaction through
the lattice phonons (formation of the Cooper pairs), i.e., the
energies of formation of magnetic structures and the energies of
superconducting states, will also be close. Such a unique feature
caused an ever increasing number of publications devoted to the
investigation of relationship between the magnetism and super-
conductivity of IBC.

The greatest progress in this line has been achieved in the
studies of magnetic structures of IBC. The investigations were
mostly carried out by X-ray or neutron diffraction techniques for
PrNi2B2C and DyNi2B2C,14, 19, 20, 23, 100, 117 ± 132 ErNi2B2C
and TbNi2B2C,21, 22, 47, 133 ± 135 TmNi2B2C,11, 47, 136 ± 138

GdNi2B2C,25, 45 ± 47 and CeNi2B2C and YNi2B2C.47, 139

As a result, a wide variety of magnetic IBC structures was
found; some of them are listed in Table 9. Thus, an antiferromag-
netic ordering was found for LnNi2B2C (Ln= Pr, Dy, andHo) at
low temperatures. The antiferromagnetic structure is formed due
to alternation of antiferromagnetically oriented rare-earth metal
layers with ferromagnetic type of intralayer ordering of magnetic
moments along the z axis. The magnetic structure of ErNi2B2C
can be described by the spin density waves (SDW) with the wave
vectors q(001) or q(110). Several magnetic structures were found
for HoNi2B2C (Tc' 8 K). At TN' 8.5 K, a helical incommensu-
rate antiferromagnetic structure appears, in which the plane nets
of vectors of ferromagnetically oriented moments of are rotated
by an angle of * 17 8 with respect to the original antiparallel
packing. The wave vector of this incommensurate spin structure is
q(0, 0, 0.91). Another type of incommensurate structure modu-
lated along the x axis by the wave vector q(0.55, 0, 0) exists at
TN' 6.5 K (in the region of the reentrant superconducting
transition with Tc' 5 K). The helical structure is destroyed with
the formation of a conventional antiferromagnetic order as the
temperature decreases. It is important that themagnetic structures
are extremely sensitive to the IBC composition.140, 141

Currently, there is no general microscopic theory of super-
conductors having incommensurate magnetic structures. Only
assumptions on the nature of coexistence and relationship
between the superconductivity and magnetism have been
made.10, 14, 23, 47, 117 ± 139
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Figure 12. The PCS function of the electron ± phonon interaction for

HoNi2B2C (a), YNi2B2C (b), and LaNi2B2C (c).114

Table 9. Types of magnetic structures, magnetic moments (m), the Neel
temperatures (TN/K) critical temperatures (Tc/K), and magnetic wave
vectors (q) for several IBC.47

Phase Type of magnetic TN Tc m, mB q
structure

PrNi2B2C AF 4.0 7 0.81 (0, 0, 1)

NdNi2B2C AF 4.8 7 2.10 (1/2, 0, 1/2)

GdNi2B2C ISS(x) 19.0 7 7.0 (0.55, 0, 0)

TbNi2B2C ISS(y) 15.0 7 7.78 (0.555, 0, 0)

DyNi2B2C AF 10.6 6 8.47 (0, 0, 1)

HoNi2B2C ISS(z) 8.5 8 6.7 (0, 0, 0.91)

ISS(x) 6.3 7 7 (0.55, 0, 0)

AF 5.0 5 8.62 (0, 0, 1)

ErNi2B2C SDW(x) 6.8 11 7.19 (0.553, 0, 0)

TmNi2B2C SDW(z) 1.5 11 3.78 (0.093, 0.093, 0)

Note. The following designations are used: AF is antiferromagnetic

structure, ISS(x, y, z) is incommensurate spin structure with the wave

vector modulated along the (x, y, z) directions, and SDW(x, y, z) is spin
density waves along the (x, y, z) directions.
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Thus it has been shown in one of the first studies of LnM2B2C
(Ln=Tm, Er, Ho, and Dy) 10 that their properties are similar to
those of magnetic superconductors LnRh4B4 and
LnMo6S6.142, 143 In the latter compounds, the high density of
local magnetic moments (the long-range spin order) and super-
conductivity `coexist' owing to the spatial separation of magnetic
rare-earth metal ions and transition-metal ions, a weak exchange
interaction between the states of these sites, and a low density of
the conduction electrons at the sites occupied by the 4f elements.

The vast majority of theoretical investigations of EES are
devoted to IBC containing nonmagnetic rare-earth metal atoms
(Y and Lu) and carried out for a spin-restricted (nonmagnetic)
version. Quantitative calculations of the electron states taking into
account the spin order were performed only for GdNi2B2C
assuming the ferromagnetic ordering of magnetic moments.70

The first attempt to explain themagnetic order from the viewpoint
of one-electron band structure calculations of IBC has been
undertaken by Grenwood et al.144 The ordering of magnetic
moments was assumed to occur due to an indirect interaction (of
the Ruderman ±Kittel ±Kasuga ±Yoshida type) of 4f electrons of
the rare-earth metal atoms. Then, the onset of magnetic order can
be correlated with the maxima of magnetic susceptibility w(q) of
the conduction electrons, which, in turn, are determined by the
distribution of states on the Fermi surface (in particular, by the
nesting effect). The calculations 144 showed that the w(q) peaks
appear near the wave vectors q=(0.6, 0, 0) and (0, 0, 0.9) along
the a* axis and near the wave vectors q=(0, 0, 0.3) and (0, 0, 0.9)
along the c* axis. These wave vectors correspond to the observed
incommensurate SDW for HoNi2B2C.19

It should be noted again that most of the problems of the
fundamental theory of superconducting magnetic IBC remain
unexplored to date. They include, in particular, the problems of
the onset of the magnetic order in superconducting materials,
conditions of compatibility of and competition between these
phenomena, the nature of the exchange interaction between
magnetic ions and the conduction electrons, the role of the spin-
orbital interaction, etc.

3. The electric field gradient
The electric field gradient (EFG) reflects the asphericity of the
charge density distribution near the nucleus in question and is
directly related to the electron density distribution in the crystal,
the nature of the chemical bond, and the symmetry of the nearest
environment of the nuclei. It is possible to determine the EFG
value by studying the quadrupole effects in NMR spectra 145 and
the MoÈ ssbauer effect.146 Experimental estimates of EFG for
compounds in question were performed for the 155Gd nuclei in
GdNi2B2C and GdCo2B2C (see Ref. 70) and 57Fe for Y(Ni17x-

Fex)2B2C alloys.73

The electric field gradient at the 155Gd nuclei reflects first of all
the asphericity of the 6p electron density distribution within a
radius of * 2 �A.147 The positive contributions to the Vzz EFG
obtained for GdNi2B2C and GdCo2B2C points to considerable
contribution of the 6px,py orbitals localised in the plane of Gd±C
nets to the charge density.

A quantitative EFG analysis was carried out using ASW
calculations of the low-temperature GdNi2B2C phase under the
assumption of ferromagnetic spin order.70, 148 The values of local
magnetic moments at the Gd, Ni, B, and C atoms were 7.27, 0.03,
0.00, and 70.01 mB, respectively. The contributions of the pop-
ulations (ni) of theGd 6p and 5d orbitals to the EFG and the radial
charge densities h r73i i were calculated using the following
equations 148

Vzz(6p)=7.74

�
1

2
�nx � ny� ÿ nz

�
hrÿ3i6p , (7)

Vzz(5d)=5.54

�
1

2
�nx2ÿy2 � nxy� ÿ

1

2
�nxx � nyz ÿ n3z2ÿr2

�
hrÿ3i5d .

The values obtained are listed in Table 10. It can be seen that
the h r73i 6p values are much larger than h r73i 5d, i.e., that the Vzz

values are determined mainly by the asphericity of the 6p charge
density. The calculated Vzz value (12.861021 V m72) virtually
coincides with the experimental one (11.961021 V m72) obtained
from the analysis of the MoÈ ssbauer spectra.148

Mulder et al.148 emphasise that the Vzz value for GdNi2B2C is
comparable to the EFG value for the known magnetic materials
Ln2Fe14B, Sm2Fe17N3, and LnCo5 (see Refs 149 ± 151) and is
remarkable in connection with the macroscopic magnetic aniso-
tropy of IBC. However, theVzz contribution of isostructural BCT
phases (GdNi2Si2C, GdCo2Si2C) is small and negative.147 It is
suggested 148 that carbon atoms filling the vacancies of ThCr2Si2-
like sublattice play the key role in the formation of IBC. The role
of the carbon atoms is thought to be analogous to that of the
nitrogen atoms, whose insertion into the bulk of intermetallic
Sm2Fe17 results in redistribution of the electron density around
the samarium nucleus in such a way that the EFG in the formed
nitride Sm2Fe17N3 increases by* 100%.152

The EFG values at the nuclei of transition-metal atoms in
alloys of composition Y(Ni17xMx)2B2C (M=Fe, Co, and Ru;
x=0.07 and 0.47) were calculated in the framework of the cluster
approach;73 the following individual components responsible for
the formation of the EFG tensor at the nuclei were estimated:Vval

zz ,
i.e., the EFG dependent on the asymmetric distribution of valence
electrons of the atom under consideration,

V val
zz �

�
r�3z2 ÿ r2�

r5

�
, (8)

andV nucl
zz , which includes the contribution of point chargesQv and

polarisation of inner shells

V nucl
zz �

X
v

Qv�3z2v ÿ r2v�
r5v

, (9)

where the summation is performed over the atoms of the calcu-
lated fragment.

Generally, one should also take into account the contribution
of Vhost

zz , which describes the effect of the crystal `residue' (`exter-
nal' with respect to the cluster selected) andwhose nature is similar
to that of Vnucl

zz . In several studies (see, for instance, Ref. 70), the
Vhost

zz value is assumed to be negligible by analogy with the results
of calculations of ionic compounds.153 The Vval

zz , V
nucl
zz , and Vzz

values are listed in Table 11.
The EFG for transition metals is known to be determined by

the asphericity of the distribution of d and p electrons.154 The
positive Vval

zz values (see Table 11) show that the contributions of
dx27y2, dxy, px, and py orbitals of transition metals (in the xy plane)
dominate over those of dz2, dxz, dyz, and pz orbitals oriented along
the z axis. The small concentration differences in Vval

zz indicating
the local nature of the EFG formation also worth noting.
Estimates of the quadrupole splitting value proportional to the

Table 10. Orbital populations (ni), radial charge densities (hr73ii), and
EFG components (Vzz) at 155Gd nuclei for ferromagnetic GdNi2B2C
according to the ASW calculations.

Parameter Spin `up' Spin `down'

nx= ny /e 0.173 0.165

nz /e 0.147 0.132

nz2ÿy2 /e 0.216 0.148

nxy /e 0.304 0.278

nxz= nyz /e 0.235 0.178

n3z2ÿr2 /e 0.285 0.227

hrÿ3i6p /e aÿ30 25.9 29.0

hrÿ3i5d /e aÿ30 1.83 1.44

1021 Vzz(6p) /V m72 5.21 7.41

1021 Vzz(5d ) /V m72 0.0 0.16
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EFG value for iron in Y(Ni17xFex)2B2C alloys appeared to be in
reasonable agreement with those obtained byMoÈ ssbauer spectro-
scopy.33

4. Atomic properties
Physicochemical characteristics of the solids determined by the
total energy of their electron ± nuclear system (Etot) or by their
cohesion energy (Ecoh) are usually considered as their atomic
properties. Direct calculations of Etot and Ecoh using modern
quantum-chemical methods make it possible to determine many
of the properties of crystals, namely, the equilibrium volumes and
lattice parameters, bulk moduli, critical pressures (breaking stress
of a chemical bond), and a number of thermodynamic parame-
ters.155, 156

To date, these parameters have been calculated only for
YNi2B2C in the framework of the LMTO approach.69 Thus,
calculation of the contributions of the atoms of different types
(the so-called structural energies DE) 72 makes it possible to
understand, in particular, the role of individual elements in the
formation of the crystal structure of IBC. It has been found that
DE values for Y and Ni are negative, whereas they are positive for
the metalloid atoms (with respect to Etot of neutral atoms), which
implies that metallic components play the key role in the phase
formation of IBC. Despite the destabilising (positive) energy of
carbon, its incorporation into the structure results in an appreci-
able increase in the bonding energy of yttrium, i.e., in the overall
stabilisation of the phase. This is confirmed by calculations of the
heat of formation of YNi2B2C: DH=7153.82 Ry per formula
unit.

Ravindran et al.72 reported the solution of the equation of
state for YNi2B2C (which makes possible studying the P ±V
dependences 157, 158) as a universal relationship between the vol-
ume of the crystal and its total energy. Theoretical values of the
bulk modulus (B0=1.071 kbar) and its first derivative have been
obtained. Their comparison with the corresponding values for
YRh3B indicates a greater plasticity of YNi2B2C, which is likely
associated with its layered structure.72 Unfortunately, thermome-
chanical characteristics of IBC have not virtually been studied.

In our opinion, systematic calculations of the atomic charac-
teristics of IBC of different composition and structure must be an
effective method of attacking the problems of thermobarochem-
istry and theoretical material science of IBC and related com-
pounds.

VIII. Spectroscopic studies of the electronic
structure of intermetallic borocarbides

Spectroscopic methods make it possible directly to investigate the
distribution of partial and total densities of filled and free states in
a wide energy interval using X-ray emission, X-ray absorption,
and X-ray photoelectron spectra (XES, XAS, and XPES, respec-
tively). It is natural that the first band structure calculations were
followed by spectroscopic studies of IBC. The main problems of
such studies were testing the correctness of suggested theoretical

models and determining specific features of the distribution of the
electron states in excited electronic subsystems.

1. X-Ray photoelectron spectra
The XPES method was first used in studies of the distribution of
the YNi2B2C electron states (Fig. 13).159, 160 As can be seen, the
XPES contains a peak of maximum intensity (* 1.4 eV lower
than the Fermi level) corresponding to the distribution of theNi3d
states, and local maxima with energies (E) 4.6, 6.2, 9.2, and 13 eV
corresponding to s and p energy bands of boron and carbon.. The
doublet structure of the Y4p core level is detected at E' 25 eV.
The edge structure of the near-Fermi photoelectron emission
matched to the YNi2B2C DOS obtained from LAPW calcula-
tions 50, 59 and corrected for the effective cross-sections of photo-
ionization of the individual states 161 is shown in the inset. The
calculations reproduce the spectral structure sufficiently well. The
narrowing of thewidth of the experimental peak (of theNi3d type)
and the shift of its maximum (by * 0.25 eV) towards lower
bonding energies are the most pronounced differences between
the calculated and experimental spectra. In addition, the DOS
peak with an energy equal to EF, predicted by quantum-chemical
calculations, is not detected in the experiment.

The discrepancies between the results of calculations of the
nonexcited states of YNi2B2C and its XPES can be explained
using the resonance emission experiments.159 The XPES were
studied in the range of photon energies hn=64± 74 eV, i.e., near
the excitation threshold of Ni3p core levels. In this case, a satellite
peak with energy E' 8 eV is clearly seen on the high-energy side
of the main spectral maximum.

This phenomenon, which is known for many metals, alloys,
and compounds as resonance photoemission,162 ± 166 is accounted
for by excitation of the Ni 3p core level and interference of direct
processes of excitation of 3d photoelectrons and the processes
involving super-Kronig ±Coster transitions 3p53d104s?
3p63d84s+ el, where el is a free electron.

Thus, the experimentally measured width of the 3d band for
metallic nickel is by about 30% smaller than that obtained from
LEDF calculations of the ground state, and a satellite is observed
in the spectrum (* 6 eV lower than EF) due to the effects of
electron correlation in the d band.162, 163 The reason for the
appearance of the satellite for NiO (* 10 eV lower than EF) 165

is analogous. Thus, the indicated discrepancies between the
calculations and XPES of YNi2B2C can be associated with the
redistribution of the `spectral' density between the energy interval
of localisation of the band of nonexcited states and lower-energy
region (the appearance of the satellite due to the effect of electron
correlation).

Table 11. The EFG components (e a70 ) at the transition-metal nuclei in
Y(Ni17xMx)2B2C (M=Fe, Co, and Ru) alloys according to discrete
variational calculations.

Central atom x Vval
zz Vnucl

zz Vzz 1017 Vzz

in the cluster /V cm72

Ni 0.00 0.74 70.65 0.09 0.87

Fe 0.07 0.61 70.65 70.04 70.39

Fe 0.47 0.50 70.63 70.13 71.26

Co 0.07 0.27 70.65 70.37 73.59

Co 0.47 0.24 70.64 70.40 73.89

Ru 0.07 1.96 70.65 1.31 12.7

Ru 0.47 1.95 70.63 1.32 12.8
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Figure 13. X-Ray photoelectron spectra of YNi2B2C (hn=60 eV).

The high-energy near-edge structure of photoemission (hn=20 eV) is

shown in the inset. Solid lines correspond to the theoretical XPES spectra

obtained from the band LAPW calculations.
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Peculiarities of the distribution of free states near the Fermi
level in YNi2B2C were studied 160 by the inverse XPES method
also known as X-ray bremsstrahlung (isochromat) spectroscopy
(XBIS). The XBIS spectrum obtained 160 corresponds mainly to
the Ni3d conduction band shifted by* 1.5 eV with respect to EF

and to a partially unfilled Y4d band with its centre* 6 eV above
the EF. For both XPES and XBIS, the suppression of spectral
intensity near EF is observed. This can be connected with narrow-
ing of the near-Fermi conduction bands due to the interaction
with low-energy excitations (the appearance of a pseudogap as a
result of electron ± phonon interactions,167, 168 the interaction of
electrons with spin fluctuations 169).

The main reason for discrepancies between the results
obtained by the XPES method and the band theory, namely,
redistribution of `spectral' density towards higher bonding ener-
gies nearEF for YNi2B2C and LuNi2B2C, is discussed by Fujimori
et al.170 It has been suggested to explain the transfer of the
`spectral' density from the near-Fermi region of coherent quasi-
particle excitations to the region of incoherent excitations (more
distant from the EF) by renormalisation of the mass of the
conduction band; the macroscopic description of this effect
should take into account the electron-electron interactions.

2. X-Ray emission spectra
The XES studies of the partial DOS distribution were carried out
for YNi2B2C and LuNiBC (see Ref. 171) and for YNi2B2C and
LaNi2B2C (see Ref. 172).

The BKa and CKa emission spectra of YNi2B2C and LuNiBC
and the LDOS of B and C atoms calculated by Mattheiss 50 are
presented in Fig 14. As can be seen, the positions of the main
spectral peaks are in agreement with the distribution of the B2p
and C2p states. The contributions from low-energy bands (mainly
of the 2p type) of nonmetals are not detected inKaXES, since they
are forbidden by the dipole selection rules; the spectra exhibit the
presence of a density of boron and carbon 2p states near EF for
YNi2B2C, and their presence in this region is associated with the
effect of B2p ±Ni3d ±C2p hybridisation.171

Fluorescence (B, C)Ka XES of polycrystalline specimens of
YNi2B2C andLaNi2B2Chave been analysed by Shin et al.172After
comparing the parameters of the BKa and CKa spectra of both
IBC, the authors have noted that the BKa lines appeared to be
more sensitive to structural distortions on going from YNi2B2C
and LaNi2B2C, which implies that the metal ± nonmetal hybrid-
isation occurs mainly due to the B2p states. Comparison of
intensities of the BKa XES of IBC near EF shows that this value
for the superconducting YNi2B2C is * 10% larger than that for
LaNi2B2C and, hence, B2p states play an important role in the
formation of superconducting properties of IBC.

3. X-Ray absorption spectra
Pellegrin et al.173 studied the structure of the bottom edge of the
conduction band of polycrystalline LnNi2B2C (Ln=Y, Sm, Tb,
Ho, Er, Tm, Lu) specimens byBK(1s? 2p) andNiL2,3(2p2/3? 3d,
4s) XAS. It has been found that the shape of the NiL spectra is
nearly the same for all IBC studied, i.e., that the degree of filling of
Ni3d and 4s bands is independent of the nature of the Ln atoms.
Hence, the observed differences in Tc for these phases are not
related to the position of EF with respect to the centre of the Ni3d
band, but are determined by the effect of the magnetic unpairing
of the Cooper pairs. The lines of the NiLXAS of IBC were found
to be shifted (by* 1 eV) toward the high-energy region relative to
metallic nickel, which is accounted for by the chemical shift of the
Ni2p level in borocarbides due to a partial Ni?B, C charge
transfer, which also involves the density of Ni4s electrons.

For BK XAS, on the contrary, pronounced distinctions
depending on the lanthanide type were observed between spectral
lines in the region 4 ± 7 eV above EF, which might be due to the
lanthanide effect on the degree of distortion of the NIB4 tetrahe-
dra.

Matching the BK and NiL2,3 absorption spectra using a
unified scale (Fig. 15) indicates an appreciable covalent overlap
of Ni7B outer states. Thus the four clearly seen extrema of the
NiL2,3 spectrum (see Fig. 15, points b, c, d, and e) have their
isoenergetic analogues in the structure of the BK spectrum and
reflect a rather strong Ni3d ±B2p interaction. The peak of the BK
spectrum corresponds to the C2p ±B2p covalent interaction.

Comparison of the absorption spectra and partial densities of
unfilled states indicates 173 that the one-electron methods of the
band theory reproduce the electronic energy distributions in this
spectral region fairly well. An appreciable broadening of XAS
spectral bands as compared to the results of calculations can be
due to the electron ± photon interaction.

The XAS method was also used for the determination of
cerium valence in CeNi2B2C and solid solutions Y17xCex-
Ni2B2C.174 As has been mentioned above, in its crystallographic
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Figure 14. The BKa (a) andCKa (b) X-ray emission spectra of LuNiBC (1)
and YNi2B2C (2). Solid lines correspond to local DOS of the B and C 2s
and 2p AOs according to the LAPW calculations.50
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Figure 15. The near-edge structure of the BK (1) and NiL (2) absorption
spectra of ErNi2B2C.
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characteristics CeNi2B2C is an exception to the morphological
series of IBC, namely, its lattice constant a is larger, whereas the
lattice constant c is smaller than those expected from the lantha-
nide compression rule. Presumably, the above anomaly is asso-
ciated with the variable valence of Ce; an indirect confirmation of
this assumption was obtained in the experiments on magnetic
susceptibility in the series of phases CeNi2B2C, NdNi2B2C, and
GdNi2B2C.175, 176

X-Ray absorption spectra of Y17xCexNi2B2C alloys (x=0,
0.05, 0.1, 0.25, and 1.0) were obtained in the energy region
5680 ± 5820 eV corresponding to the LIII edge of Ce absorption
at 300 and 10 K. The absorption spectrum contains two resolved
peaks at E' 5723 and 5731 eV assigned to the Ce4f1 and Ce4f0

configurations, respectively. The relative intensities of these
maxima change with temperature, which directly indicates a
fluctuation of the valence state of cerium. Decomposition of
spectral lines into individual components according to the proce-
dure suggested 177, 178 makes it possible to estimate the averaged
cerium valence (hui). The hui values obtained 3.15 and 3.21 (at
T=300 K and 10 K, respectively) are smaller than 3.33, which is
usually obtained for the ions with a formal valence of 4 by the
XAS method. The standard underestimation of hui as compared
to the value of the formal valence is due to the final state effect.179

In Y17xCexNi2B2C solid solutions, cerium also has a variable
valence (hui=3.18). It is of interest to note that the hui value
decreases at elevated temperature and increases at low temper-
ature (T=10 K) as the cerium concentration in the solid solution
increases. Alleno et al.174 explained the distinctions in the temper-
ature dependence of hui for Ce in CeNi2B2C and Y17xCexNi2B2C
solid solutions diluted with respect to Ce by co-operative
effects.177

Additional information on the valence states of Ce can be
obtained using the X-ray fluorescence spectroscopy of core levels.

IX. Conclusion

Over a rather short period elapsed from the beginning of intensive
studies of IBC, a considerable body of information on the
physicochemical properties of this group of compounds has been
accumulated. The available data are dissimilar. Intermetallic
borocarbides are a unique class of multicomponent superconduct-
ing magnetic materials. For this reason, their low-temperature
electrophysical and magnetic characteristics have been studied in
most detail.

Much less information on phase equilibria and phase dia-
grams of IBC is available, while their thermodynamic and
thermomechanical properties have not virtually been studied.
The latter is also true for the problems of targeted synthesis of
IBC and the effect of various structural defects on the properties
of these compounds. A systematic accumulation of information
on the above lines is required to develop the fundamentals of
material science of IBC.

Only the principal results of the studies of the electronic
structure of intermetallic borocarbides have been covered in this
review. Currently, prominent specific features of electron distri-
butions and chemical bonding in IBC have been reliably estab-
lished. The mechanism of the formation of several
physicochemical properties of these compounds has been
explained from the viewpoint of their electronic structure.

It should be noted that most of the available data refer to
nonexcited electronic subsystems of ideal quaternary phases in the
nonmagnetic state. Taking account of a swift increase in the
experimental information on the properties of IBC, particular
attention of theoreticians in the near future will most likely be
drawn to describing the microscopic nature of the origin of
magnetic order, conditions of its coexistence with superconduc-
tivity, relationship between the superconductivity and the valence
state of lanthanides, possible external effects (pressure or temper-
ature) on the spin subsystems.

Setting up research in the field of theoretical material science
of IBC associated with problems of constructing phase and
magnetic phase diagrams, computer simulation of new multi-
component phases, their solid solutions, studies of the influence of
various impurities and structural defects on the properties of IBC
appears to be no less urgent.
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