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Ab initio pseudopotential calculations are performed for the electronic structure of the low-

T, intermetallics LuNiqB2C and the related nonsuperconducting compound LuNiBC. Electronic
structures of the two compounds are compared in great detail, especially in terms of the Fermi
surfaces and the symmetry-decomposed density of states (DOS) near the Fermi level. The esti-
mated electron-phonon coupling constant A (0.8—1.1) from the heat-capacity data as well as from
the calculated DOS at 8& indicates that T, of LuNi282C is reasonably well explained by the con-
ventional Bardeen-Cooper-Schrie8'er mechanism with intermediate coupling strength. The relatively
high T arises from the large DOS at the Fermi level. Absence of superconductivity in LuNiBC
may be understood to be due to the reduced DOS at Ez. Unlike the high-T cuprates, the low-T
LuNi282C does not have the half-filled o-antibonding bands and its electronic structure is almost
three dimensional despite the layered atomic structure.

I. INTR, ODUCTION

Recently Cava et al. investigated superconductivity in
the Ni-based quaternary intermetallics INi282C with I
= Y, La, Ce, Sm, Tb, Dy, Ho, Er, Tm, and Lu. Supercon-
ductivity was found not only in the nonmagnetic Y and
Lu but also in the magnetic rare-earth Tm, Er, and Ho
compounds. For other magnetic rare earths, LNi2B2C
compounds were not superconducting down to 4.2 K. The
highest T among the single-phase crystals has been re-
alized in LuNiqB2C with T = 16.6 K. Siegrist et al.
have observed that this superconducting compound is a
member of a homologous series of compounds of general
formula (LuC) (NiB), where the rn = 1, n = 2 member
is the 16.6 K superconductor and the m = n = 2 mem-
ber is nonsuperconducting. This series exhibits a layered
atomic structure, reminiscent of the high-T cuprates.
The superconducting compound LuNi282C crystallizes
in the body-centered tetragonal (bct) structure and its
space group is I4/rnrnrn. The LuC (NaC1-type) layers al-
ternate with (NiB) 2 layers in a stoichiometry of 1:1.The
(NiB)2 layers contain a square-planar Ni2 array sand-
wiched between the boron planes with nickel atoms be-
ing tetrahedrally coordinated to four boron atoms. The
Ni-Ni in-plane distance is 2.45 A. , which is shorter than
that found in the metallic nickel (2.50 A.). This suggests
strong Ni-Ni metallic bonding. The atomic structure
of LuNiBC is formed by substituting the rocksalt-type
(LuC)2 bilayer for the LuC monolayer in LuNi2B2C and
the Bravais lattice is changed Rom bct to simple tetrago-
nal (st) and the resulting space group is nonsymmorphic
P4/nmm.

On the theoretical side, three works based on the
linear augmented-plane-wave method and one using
the augmented-spherical-wave method have been pub-
lished recently. They all indicate that LuNi282C is a

three-dimensional metal belonging to the family of con-
ventional superconductors. Mat theiss has presented
the electronic structures of LuNi2B2C, LuNiBC, and
YNi282C and pointed out that these borocarbides do
not satisfy the ad hoc band criteria for identifying po-
tential high-T candidates. Pickett and Singh4 have de-
duced a strong electron-phonon coupling constant A

2.6 &om resistivity data and calculated the frequency

( 106 meV) of the boron aqua phonon mode. They have
suggested that superconductivity in LuNi282C may in-
volve either soft modes or phonon contributions &om
heavier atoms. Mattheiss et a/. have suggested that
the high-frequency B aug phonon mode (B-C stretching
mode in nature) and its strong coupling to the s-p band
near E~ are essential to superconductivity in LuNi282C.
Coehoorn has analyzed the character of the states in the
energy range of —0.2 to 0.2 eV with respect to the Fermi
level. In the present work, we intend to provide more de-
tailed information on the electronic structure, i.e., map-
ping of the whole Fermi surface (FS), and a thorough in-
vestigation of the character of the Fermi-level states via
the charge-density plots and. the analysis of partial den-
sity of states near E~, and to determine unambiguously
essential ingredients to the relatively high T in this fam-
ily of quaternary intermetallic borocarbides. In doing so,
we hope to establish that the ab initio pseudopotential
method with the plane-wave basis set is at least as com-
petitive as other methods 6 for the electronic structure
calculation of complex materials.

II. COMPUTATIONAL METHOD

We make a comparative study of the electronic struc-
tures of LuNi282C and LuNiBC by means of the ab ini-
tio pseudopotential plane-wave calculation within local-

0163-1829/95/52(6)/4592(5)/$06. 00 52 4592 1995 The American Physical Society



gg initio pSEUUDOPQ TENTIAL CALCU LATIQNS FOR THE . ~ . 4593

III. R.ESUITS
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FIG. 3. Contour plots of the
symmetrized probability ampli-
tude for LuNi282C. (a) The
21st band and (b) the 22nd
band at the k point (1, 1,
0). Contour values run from
0.002 to 0.02 in steps of 0.002
electrons/unit cell.
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trate the characteristic electronic states near E~ in this
compound. In Fig. 3(a), the Ni(d 2 y2)-B(p, )-C(p, ) hy-
bridization, the near-neighbor Ni(d„~, ) hybridized or-
bitals, and Lu(d„,, ) orbitals are clearly shown. Those
are the characteristic charge distributions on the con-
stricted cylindrical FS. Shown in Fig. 3(b) are the
Ni(d „)ddo. hybridization and the Ni(ds, 2 2) B(p „)-
Lu(d„,, ) hybridization which are the characteristics of
the states on the square-planar pancakes.

The total density of states (TDOS) and the local
(or site-projected) density of states (LDOS) are shown
in Fig. 4(a). (The radii of the spherical volume used
to calculate the LDOS are 2.60, 1.83, 1.38, and 1.40
a.u. for Lu, Ni, B, and C, respectively. ) The Fermi
level lies just below a DOS peak. The TDOS at E~
[K(E~)] is 3.88 states/(eV unit cell) and the resulting
DOS per Ni atom [1.94 states/(eV Ni)] is larger than
1.41 states/(eV Cu) for YBa2CusOr. [A somewhat
larger K(Ep) (- 4.8) reported in Refs. 3 and 4 is pre-
sumably due to their use of a relativistic scheme. ] Un-
der the assumption of the rigid band, an additional
0.43 electron per unitcell would shift the Fermi level

to the DOS peak (located 0.094 eV above the present
Fermi level) with N(E~) 4.83 states/(eV unit cell).
The Ni(3d) DOS peak around Ep- is separated from the
main body of the Ni(3d) DOS by 1 eV. The LDOS
at E~ are 0.33, 0.94, 0.12, and 0.14 states/(eV atom)
for Lu, Ni, B, and C, respectively, which shows that
all atoms more or less contribute to the states near E~
with the dominant contributions from Ni. The par-
tial (or site-projected and symmetry-decomposed) den-
sity of states (PDOS) is shown in Fig. 4(b) in an ex-
panded scale and clearly exhibits both Ni(d „,ds, ~ „2)-
Lu(d„,, )-B(p,„)hybridization and Ni(d ~ „~,d&, , )-
Lu(d„.. . ds 2 2)-B(p )-C(p, ) hybridization near E~.
These hybridized states near E~ are not confined to two-
dimensional atomic layers and the electronic properties
of this material are truly three dimensional. Coehoorn
has extracted the same conclusion via the analysis of the
PDOS integrated in the interval &om —0.2 to 0.2 eV
with respect to E~. The partial charge of Ni(3d) within
the spherical volume of radius 1.83a~ is 7.7 electrons/Ni
which is smaller than that of Cu(3d) in high-T, cuprates
(typically 8.6 electrons/Cu). ~s
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FIG. 4. (a) TDOS and LDOS, (b) TDOS and PDOS of
LuNi282C in an expanded scale. Note that vertical scales
vary among figures.

B. LuNiBC

The calculated energy band structure of LuNiBC is
shown in Fig. 1(b). An interesting feature here is that
all the bands are doubly degenerate on the BZ bound-
aries whose normal vectors are perpendicular to the c-
axis direction. Nonsymmorphic operations in the space
group are responsible for this degeneracy. A pair of
C(2s) bands lie between —12 and —10.5 eV and B(2s)-
C(2p) hybridized bands range from —8.5 to —6.5 eV.
The main valence band complex is formed by the con-
tributions from all atoms as in LuNi~B2C. Near the
Fermi level, the energy bands are dispersive along the
c-axis direction, suggesting three-dimensional electronic
properties as in LuNi2B2C. We find five bands cross-
ing E~. These five bands produce six FS's: a pair
of hole pockets at I', one large hole FS centered at I',
two electron pockets at A, and one tiny needlelike elec-
tron pocket at Z. The two hole pockets at I' have
the character of Ni(d„,, )-C(p „)with small contribu-
tions from Lu(d 2 y2) and B(p „).The character of
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LuNiBC in an expanded scale. Note that vertical scales vary
among figures.

IV. DISCUSSION

The overall feature of the electronic structure of these
Lu-¹iB-C compounds indicates that these compounds
are three-dimensional metals and we will argue that su-
perconductivity observed in LuNi2B2C should be based
on the conventional Inechanism rather than an exotic one.
Our conclusion agrees with other theoretical works, al-
though details are somewhat different as described below.
Recently Carter et al. reported heat capacity measure-
ments on LuNi2B2C and found that fitting to the low-
temperature form pT + PTs yields p 19 mJ/molK
and P 2.67 x 10 J/mol K . Incorporating the De-
bye model for the phonon dispersion, the effective Debye
temperature 8ri is estimated to be 345 K (- 30 meV).
The electron-phonon coupling constant A can be esti-
mated using the relation p = (1 + A)pb „g.The band-
structure value of the Sommerfeld parameter pb „gde-
fined by s k&N(E~) is 9.15 mJ/molK and the esti-
mated A is 1.08. Or, with the observed T of 16.6 K, the
estimated Debye temperature, and the calculated DOS
at E~, we can estimate A backwards using one of the
following T equations:

the large hole FS (which is the main FS of this non-
superconducting compound) shown in Fig. 2(c) is rather
complex and Lu(ds~2, 2)-Ni(d„.. . d 2 y2)-B(2p)-C(2p)
hybridization prevails with some contributions from the
other Lu(5d) subbands and the Ni(d „)subband. Judg-
ing from the topology of the large hole FS, LuNiBC is
more three dimensional in its electronic properties than
LuNi2B2C. The two electron pockets at A have the char-
acter of Lu(dz, , )-Ni(d „,ds 2 2) B(2p)-C(2p).

The TDOS and the LDOS are shown in Fig. 5(a). The
Fermi level of LuNiBC lies at a valley of the TDOS in
contrast to the case of LuNi282C, resulting in a much
reduced N(Ey ) [= 1.95 states/(eV unit cell)] compared
with 3.88 for the superconducting LuNi2B2C. One no-
table feature is that the isolated peak of the LDOS
for Ni above E~ separated from the main one below
E~ is much broader than the corresponding peak in
LuNi2B2C. More details can be obtained from the PDOS
in Fig. 5(b) drawn in an expanded scale near E~. Un-
like in LuNi2B2C, the peaks of the five Ni(3d) PDOS
above E~ do not all coincide. The Ni(d „)subband and
the Ni(ds, 2,2) subband produce a coincident peak in
the PDOS at 0.3 eV above E~ with some hybridization
with Lu(d„,, ) subbands, and this peak is related to the
Oat band along the I'-M direction above E~. The other
three Ni(3d) subbands hybridize with B(2p), C(p, ), and
Lu(5d) subbands to form a pair of broad peaks at 0.6
and 0.9 eV. The high-energy peak refiects Ni(d 2 ~2)-
B(p, )-C(p ) hybridization with some additional contri-
butions from Ni(d„,, ) and Lu(ds 2 „2)states. The low-
energy peak has the character of Lu(d„,, )-Ni(d 2

d„,, )-B(p,)-C(p, ) hybridization. The fiat band
along I'-Z-A manifests itself as a peak at —0.3 eV in
the Ni(d „)PDOS. Another tiny peak of Lu(ds 2 2)-
C(p „)character found at E~ is related to the flat part
(encountered along Z-B) of the large hole FS.

1+A
k~T~ = 1.13~ph exp

A —p, * 1+%

and

where ~~ g is chosen to be 0.7~ph and Mph is regarded to
be the same as w~ = k~8D/h. Assuming the Coulomb
pseudopotential p* = 0.13, the estimated A's are 0.80 and
1.08 using the renormalized Bardeen-Cooper-Schrieff'er
(BCS) formula [Eq. (1)] and the McMillan formula
[Eq. (2)], respectively. The electron-phonon coupling
constant in the range of 0.8—1.1 indicates that LuNi282C
is a conventional superconductor with intermediate cou-
pling strength in which the relatively high T, results
from the large value of the DOS at the Fermi level con-
tributed by Ni d electrons (but not too large to induce
ferromagnetic instability). According to our analysis on
A, very strong coupling A 2.6 obtained and discussed
in Ref. 4 (which would lead to unreasonably overesti-
mated T, ) is not necessary. The strong coupling of the
high-frequency B ajg phonon mode to the 8-p band near
E~ emphasized in Ref. 5 does not seem to be essential
either, though it does give some contributions to the su-
perconductivity in LuNi2B2C, because the LDOS at E~
indicates that contributions from B and C to N(EJ ) are
much less than that from Ni. In other words, a large
N(E~) contributed mainly from Ni and the moderately
strong electron-phonon coupling together account for T

17 K. Under the assumption that A is proportional
to W(E~), we can make a crude estimate of the T of
the related compound LuNiBC. The resulting T falls in
the range 0.7—2.6 K with use of the two T equations
mentioned above. Such a dramatic reduction of T by
taking into account the change in K(E~) alone is con-
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sistent with the absence of superconductivity in LuNiBC
down to the liquid helium temperature and supports the
BCS mechanism for the superconductivity in this family
of materials. Enhancing T further by optimizing ma-
terial variables here seems quite limited within the rigid-
band picture since the Fermi level of LuNi282C already
lies close to the local peak of the DOS. If we could shift
the Fermi level to the position of the DOS peak where
JV(EJ ) is 4.83 compared with 3.88 states/(eV unit cell)
in real LuNi2B2C, the T, would go up to 22—26 K, not an
impressive enhancement over 16.6 K. This value is also
close to the highest T, (23 K for Y-Pd-B-C) reported in
this family of quaternary intermetallic borocarbides so
far.

We mentioned in the Introduction that Mattheiss has
proposed an ad hoc band criterion for identifying possi-
ble high-T, candidates: the existence of almost half filled-
a* bands (typically due to strong nearest-neighbor hy-
bridization between nearly degenerate cation-anion lev-
els). The absence of cr* bands here can be attributed to
the weaker Ni-B bonds around the tetrahedrally coordi-
nated Ni atoms than the Cu-0 bonds in the Cu02 planes
of cuprates. This is also related to the three-dimensional
electronic character of LuNi282C originating from the
strong interlayer interaction via bridging carbon atoms
[mainly in terms of Ni(d 2 y2)-B(p, )-C(p, ) hybridiza-
tionj in contrast to the much weaker interlayer interaction
in high-T cuprates resulting in quasi-two-dimensional
electronic properties.

In summary, we report ab initio pseudopotential stud-
ies of the newly synthesized LuNi282C and LuNiBC
within local-density-functional theory. The band struc-

ture, TDOS, LDOS, PDOS, and FS are presented for
both compounds. The presence of a much constricted
cylindrical FS in LuNi2B2C is reminiscent of the two-
dimensional atomic structure of these compounds. Oth-
erwise, the electronic structures of both materials are
predominantly three dimensional. The estimate of the
electron-phonon coupling constant for LuNi2B2C &om
heat-capacity data as well as from theoretical considera-
tions yields 0.8 & A & 1.1, indicating a moderately cou-
pled conventional superconductor with the relatively high
T, resulting mainly &om the large N(E~). The reduced
N(E~) of LuNiBC compared with LuNi2B2C is proba-
bly the reason for the absence of superconductivity in
LuNiBC. The states near the Fermi level are dominated
by the Ni(3d) character, still with some contributions
from other atoms. Ni(3d) and B(2p) states hybridize
by a noticeable amount around E~, but the strength of
such a hybridization is not so great as that of Cu-0 hy-
bridization within the Cu02 planes in high-T cuprates.
Bridging carbon atoms provide strong interlayer interac-
tions which yield the three-dimensional electronic struc-
ture. Although both LuNi282C and high-T cuprates
have layered structures, LuNi282C lacks in nearly half-
filled o.* bands which are regarded as crucial to a high T
in cuprates.
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