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LuNi2BzC: A Novel Ni-Based Strong-Coupling Superconductor
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The surprising recent discovery of superconductivity up to T, 23 K in Ni- and Pd-based rare-earth
borocarbides raises the question of whether or not these materials constitute a new class of high temper-
ature superconductors (HTS). For LuNizBzC, with T, =16.6 K and a (known) layered crystal structure
14/mmm, electronic structure calculations indicate that it is a strongly 3D metal with all atoms contrib-
uting to the metallic character, completely unlike the cuprate HTS. Incorporating resistivity data we
deduce a very strong electron-phonon coupling A.t, 2.6, which we relate to an unusual combination of
states at the Fermi level and substantial contributions from the vibrations of the light atoms.

PACS numbers: 74.70.Ad, 63.20.Kr, 71.25.Pi, 74.25.Jb

Observation of superconductivity with critical tempera-
tures T, up to 23 K in Ni- and Pd-based rare-earth boro-
carbides [1-3] has raised new questions about our under-
standing of the origins of superconductivity. It is rare to
find superconductors with appreciable amounts of nickel,
and PdH„(T,—10 K) is one of the few Pd-based super-
conductors. The crystal structure of one of the members,
LuNizBzC with T, 16.6 K, was determined by Siegrist
et al. [4] to be a strongly anisotropic, tetragonal layered
structure. The alternating layers of composition LuC and

NizBz and the 14/mtnm space group that it shares with

several cuprate high-T, superconductors raises the possi-
bility that these materials might form the basis of a class
of quasi two-dimensional (2D) HTS compounds analo-

gous to the cuprates. Replacement of copper by related
transition metals and oxygen by related small, electroneg-
ative ions such as N, C, or B has been anticipated [5] to
produce conditions favorable for superconductivity.

By carrying out extensive studies of its bonding proper-
ties and spectral distribution, and initiating calculations
of its transport, magnetic, and vibrational behavior, we

have learned that LuNizBzC is distinctly unlike the cu-
prates. This compound is thoroughly metallic, since none

of the atoms is closed shell, and there is a large density of
states N(EF) at the Fermi level that is roughly half from
N i states but with important contributions from all

atoms. Coupled with resistivity (p) measurements we

identify a very large electron-phonon coupling kt, =2.6
that accounts for the robust superconductivity.

The crystal structure [4] of LuNizBzC is pictured in

Fig. I and involves three parameters, the two lattice con-
stants a =3.464 A and c 10.631 A and one internal pa-
rameter, the height z of the 8 atom above the Lu-C plane
(z/e =0.1379). The short B-C separation (1.46 A, com-
pared to, e.g. , the B-C distance of 1.62 A in the tetrago-
nal BzCzLa structure class) is representative of covalently
bonded solids, and may reAect some charge transfer oA of
these atoms. The Ni atoms .are nearly ideally tetrahe-
drally coordinated with four neighboring 8 atoms, but in

addition the Ni-Ni separations of 2.45 A in the a bplane-
are even smaller than in Ni metal (2.50 A), so Ni-Ni in-

teractions will be strong. The electronic structure in the

local density approximation as parametrized by Vosko,
Wilk, and Nusair [6] was calculated with an extension of
the general potential linearized plane wave method [7,8].
Sphere radii of 2.70, 2.25, l.3S, and 1.28 a.u. were chosen
for Lu, Ni, 8, and C, respectively, and approximately 950
basis functions were used. Self-consistency was carried
out on an 84 point mesh in the irreducible zone.

The band structure and the total and local densities of
states (DOS) are shown in Figs. 2 and 3, respectively.
The Lu f bands were treated self-consistently with the
band states, and were found to lie 5 eY below the Fermi
level EF and to hybridize only weakly with the valence
band states. The DOS in Fig. 3 indicates that, although
Ni dominates near EF, all four atoms are involved in the
bands at and just above EF., note especially that Lu is not

fully ionized to the 3+ state. The characters at EF con-

FIG. l. Crystal structure oi' LuNizBzC reported in Ref. 14].
Ni atoms (larger dark spheres) form a square lattice, and each
Ni is tetrahedraliy coordinated to four B atoms (small white

spheres). C atoms (small dark spheres) are bonded linearly to
two 8 atoms, and lie in the same plane as the Lu atoms (large
white spheres).
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FIG. 2. Band structure of LuNi2B2C along the representative
directions in the Brillouin zone; Z denotes (0,0, 2z/c). Bands
below —8 eV are primarily C and B 2s states. The flat Sf
bands of Lu are evident at —5 eV. The dashed line at zero en-

ergy denotes the Fermi level.
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sist primarily of Ni d, B p, C p, and Lu d.
The calculated Fermi surface is complicated. There

are two spheroids centered at the center of the Brillouin

zone, with Lu d character and with Ni d+ B p character.
Figure 2 illustrates that the dispersion of these bands

along the c direction is comparable to that in the plane,
giving a strongly three dimensional (3D) character. The
third band that crosses EF gives rise to a very large sheet,
of dominantly Ni d character, that is multiply connected.
All characteristics are indicative of a good metal, with

N(EF) =4.80 (eVcell) '. This value, on a per-Ni-atom
basis, is about 60/o of the very large value [9] for
paramagnetic Ni that drives its ferromagnetic instability. .

Of particular interest is the flat band at EF along the
(110) direction and around the (11$) line [in units of
(x/a, n/a, 2n/c)] and the related DOS peak. At (110)
where it is very flat, this band is characterized by strong
antibonding ddo* interactions as well as d, 2 character
within the square Ni sublattice, and bonding interactions
between the Ni d states and a symmetric bonding com-
bination of B p states. An appreciable amount of Lu d„,
and d~, character is also present. In spite of the short
tetrahedral coordination of the Ni atom with four B
atoms, for a range of the uppermost bonding states
(within 2-3 below EF) there is very little B p character.
This DOS peak, which has strong Ni d character but nev-

ertheless is separated from the main Ni d bands, is the
distinguishing feature of this compound s electronic struc-
ture. The main Ni d bands in Fig. 3 are narrower than in

Ni metal, and their separation from EF by almost l eV
suggests charge transfer to Ni in this compound.

We have found no comparable split-off peak above the
main d bands for either the Ni monolayer or for an isolat-
ed Ni2B2 layer of this structure. When the bridging C
atoms are included (giving the fictitious compound

0
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E (Ry)
0.4

NizBzC) a strong peak, split off from the main Ni d
bands, appears at EF, comprised of Ni and C states.
Only upon including the Lu atom, which interacts sub-

stantially with the C, is the final DOS structure achieved,
indicating that the electronic structure at EF is a feature
of extended bonding throughout the material.

This flat band gives rise to the large density of states
peak almost at EF, 0.2 additional electron would put EF
precisely at the peak and might raise T, marginally.
Coupled with the known ferromagnetic character of Ni

metal and the Ni monolayer, this DOS peak suggests the
possibility of a Stoner (ferromagnetic) instability analo-
gous to the case of Ni. By performing self-consistent cal-
culations with an imposed spin moment [10] we estab-
lished that there is no ferromagnetic instability in this
material that would preclude conventional superconduc-
tivity. The Stoner enhancement of the magnetic suscepti-
bility is g/go= 1.3+ 0.2, suggesting correlation effects

may not be large.
Cava et al. [3] have reported good metallic behavior of

the resistivity p(T) even in polycrystalline samples, which
have a nearly linear behavior above 50 K with tempera-
ture coeScient of resistivity dp/dT=0. 4 poem/K and
very small residual value p(0). To begin to understand
transport, we have calculated the Fermi velocities, obtain-
ing vp „=vF~ =2.12, vF, =2.09, in 10 cm/sec The cor-.
responding Drude plasma energies h Q~~;; =4' N(EF)

FI G. 3. Total and site-projected density of states of
LuNi2B2C. The prominent peak at the Fermi energy (zero of
energy) has Lu, B, and C character complementing the strong
Ni d character. The peak at ——0.3S Ry is from the Lu Sf
bands.
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xvF;, i =x,y, z, are also nearly equal, at 5. 1 eV. (Indi-
vidual sheets of Fermi surface are more anisotropic than

their sum. ) The Hall tensor R calculated in the con-

stant relaxation time approximation [11] (often valid ex-

cept at low temperature) is also nearly isotropic, with a

value R = —3x10 m /C that is representative of me-

tallic behavior but also reAects canceling contributions
from various parts of the Fermi surface.

Bloch-Gruneisen transport theory leads to the relation

dp/dT=(8tr /hQp)kttli,

at moderate to high temperature, where kt, is similar to
the electron-phonon interaction (EPI) strength k but

weighted by angular (scattering) factors. The experi-
mental temperature coefficient 0.4 p Q cm/K and the cal-
culated plasma energy leads to the remarkably large
value At, =2.6. We return to this quantity below.

The EPI coupling strength is given by

(to ) =toe1/Co&h,
ga (2)

a

where M, is the mass of atom a. tosh=(to )' is a

coupling-strength-weighted mean square phonon frequen-

cy that is difficult to estimate the multicomponent com-

pounds, and M,„,to, t is a total "electronic stiffness" de-

fined by Eq. (2) (M,, is the average atomic mass). The

strongly metallic, 3D character suggests that electron-

phonon coupling may be estimated using the Gaspari-

Gyorffy ("rigid muffin tin") theory [12]. The Mc-

Millan-Hopfield factors ri, =iV(EF)(I, ) and dominant

scattering channels (l I+ I) are found to be, in eV/A,
0.33 for Lu (p d), I.16 for Ni (comparable p d and

d f), 0.67 for B (p d), and 0.84 for C (p d). Al-

though these values will be somewhat dependent on the

sphere sizes used in the evaluation, they indicate contri-

butions from all atoms and a substantial contribution

from the Ni atoms. For comparison, the corresponding

value [13] for elemental Ni is riN;=1. 76 eV/A2, while

values for C in the metal carbides [14] extend up to 3

eV/A for the high DOS compounds. The resulting value

is co,i=31.3 meY; due to the inverse mass weighting the

contributions to to, i are roughly 50% B, 30% C, and 20%

Ni, i.e., the light atoms contribute strongly.
We have calculated the energy versus displacement of

the Raman active Rig mode that involves only symmetric

B motion along the c axis, finding that the predicted posi-

tion of the B atom is within 0.025 A of the measured

value. The calculated frequency is 850 cm ' (=106
meV); since this is the B-C bond stretching mode it may

be the highest frequency in the material. If, as in conven-

tional 3D metals X, -A, t, =2.6, the required mean frequen-

cy is m&h=20 meY which suggests either soft modes or

strong contributions from the heavier atoms.
It is instructive to learn what is necessary to account

for the observed value of T, within conventional super-

conductivity theory. We use the Allen-Dynes [15] equa-

tion T, =f(k, lt*, tosh, toi, s), assuming as is common a

Coulomb pseudopotential p* =0.15 and taking
=0.7m~h. Our general conclusions are not sensitive to

these choices. Using the calculated co,i and varying ~~h,

we find T„=30K for k=2.6 (i.e., to~h=20 meV). To
obtain T, =17 K requires (i) ).=1.2 (i.e., ta~h=30 meV)

with to, l as calculated, or (ii) with k fixed at 2.6, reduce

~,i to 18 meY. This latter scenario seems to require

much too small a mean lattice frequency, however. Since
)i,

„

is proportional to (dp/dT)Q&, either improved sam-

ples (which would likely have a reduced temperature

coefficient) or renormalization effects (which would lower

Q„)could result in somewhat smaller derived values of
The results we obtain provide a convincing indication

of 3D metallic character of LuNiqB2C, nothing like the

high-T, cuprate superconductors but similar in this sense

to conventional superconductors. The multicomponent

nature of this compound is central in producing an unusu-

ally complex band at EF, strongly coupled to phonons,

that appears to be responsible for its robust superconduc-

tivity. It is pertinent to review these new materials in

terms of the conditions, compiled by Geballe [5], that

might be expected of new high-T, materials. The condi-

tions are the following: (1) multicomponent structures

satisfi—ed; (2),(3) near a Mott insulating phase

appar—ently not satisfted; (4) strongly antibonding

states without extended metal-metal bonds not —well

satisfted; (5) two dimensional or cluster structures

satisfte—d, although the electronic properties are not 2D.
The search for higher T, in this new class of materials

should further clarify our understanding of conditions

conducive to superconductivity.
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