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Abstract
The recently discovered superconductor LuNi2B2C is investigated in the context of strong electron-electron correlations modulated by a squeezed phonon mode propagating in the perpendicular direction to the layers with longitudinal polarization. The
squeezed phonons arise in the anharmonic lattice expansion since the linear electron-phonon
interaction vanishes due to the
structure of the NiB4 tetrahedra. The observed weak isotope effect and small dependence of T, on pressure is qualitatively
understood within the framework of this model.

The observation of a superconducting
phase transition in the intermetalic
compound LuNi2B2C has
been reported in a number of recent publications
[ l5 ]. There is strong evidence to believe that these Ni
based boride carbides are the first example of a new
family of superconductors
[ 6 1. Recently calculated
electronic band properties [ 6,7] suggest that the almost filled Ni d electron band (2-3 eV) has a peak
in the density of states slightly centered below EF. On
the other hand in the crucial valence level photoemission measurement
of the normal-state
electronic
structure of YNi2B2C [ 8 ] the peak [ 6,7 ] was not observed in the Ni electron density of states because of
the effects of strong electron-electron
correlations.
However, it was suggested that the interaction of the
high-frequency boron optical a,, mode with the unusually broad s-p band (30 eV) might play some role
in the superconductivity
of borocarbides.
The a,9
zone-center optical modes correspond to the vertical
displacement of boron atoms with respect to the Ni
* Corresponding author. Address: Institute for Molecular Science, Okazaki National Research Institutes Center, Myodaiji,
Okazaki 444, Japan.

planes. It should be noted that the presence of the
transition metal is the key to the important role of the
electron-electron
correlations in the formation of the
superconducting
state. On the other hand, the layered crystalline structure of this new type shows the
possible contribution
of transverse phonons as also
implied by the boron isotope effect measurements
[ 91. In fact several band features with respect to their
position around the EF are found to be extremely
sensitive to the NiB4 tetragonal geometry. Therefore,
in the present publication we would like to note the
main peculiarities
of electron-phonon
coupling in
borocarbides of the general class (LnC)[(NiB),.
The crystal structure [ 51 consists of the squareplanar Ni layers sandwiched between the B planes.
The boron atoms form the tetrahedra together with
the nickel atoms and Ni-B shear is sandwiched between the Lu-C planes. The alg phonons contribute
via deformations of the tetragonal NiB4 bond angles
and in the planes they modulate the hopping amplitude through second-order effects. Due to the strong
Ni-B coupling small shifts in the Ni atomic equilibrium positions can be separated into displacement in
the layers and displacement perpendicular to the lay-
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ers. Then it follows from a simple geometric
eration that [ lo]
r,i=ro+ull

+

consid-

$-zt:+O(u3),
0

where rij is the distance between two neighbors in the
Ni square planes, r. is the lattice constant (r. N 2.45
A [ 5]), u,, and uI are the displacements in the plane
and in the perpendicular directions, respectively. The
expansion of the hopping integral with respect to
small u,, and U, is,
~(b~,,i,+b_~,,A-~)~~_~~S~~’
%
.

where tg = tij( ro) and p> 0 is the absolute value of the
first derivative of tij with respect to the lattice constant. Because of the isotropy in the Ni layer the linear term in Eq. (2) is negligible in comparison with
the bilinear term in uL. Therefore the phonon contribution in the lowest order is represented by the square
of the displacement in the transverse direction to the
Ni layers. This type of higher-order electron-phonon
interaction can lead to an effective electron-electron
interaction
produced by the phonon exchange. In
transition-metal
superconductors
the influence of the
e-e interactions on the electron-phonon
interaction
and visa versa is more important than that in conventional metals with high screening [ 11,12 1. There
the lattice vibrations lead to the variations of tunneling amplitude t and site energies E [ 131 as

kt-to+;,.

(4)

Here the delta symbols indicate the total phononmomentum
conservation
independently
from the
electron momentum
since q is orthogonal to the
planes. All possible intra-atomic interactions of electrons in different orbitals v are included in the last
term. The operator bq,A (bd,A) annihilates
(create)
phonons with momentum q in the phonon branch indicated by A. The IS,* represents the phonon energy.
“+ ” is the number operator of electrons
The a:, = c,,,cI,,
in the v orbital with spin projection r~at site i of the
Ni plane. In Eq. (4) we have

(5)
where N is the number of unit cells and M is the reduced mass of the nickel and boron atoms. The
ground-state eigenfunction can be chosen in the simplest form of a direct product of electron and phonon
wave functions
(6)
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_
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where uii describes the relative displacement of ions
between neighboring sites i, j and y - 1. Considering
that uI /r. - 0.1, our electron-phonon
contribution to
the site energies 86, - 10m2U1: 0.1 eV for Coulomb
interaction U- 10 eV (according to Ref. [ 8 ] the lower
threshold value is about U- 5 eV) and 6t - 0.1 t is essential in calculating the ground-state properties. For
non-degenerate
electrons of one kind the hamiltonian of this phonon-assisted
interaction can be written as

It is known in the context of narrow band polaron
modes that the hamiltonian
(4) supports the formation of the squeezed vacuum ground state in the form

=

~exp{~(bt_,b~-b-,b,))IO)

,

(7)

with rq being the variational
squeezing parameter.
This new squeezed phonon state has first been applied to condensed matter physics in the intermediate valence problem [ 14,15 1, bipolaron superconductivity
[ 161 and the superconductivity
in the
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Hubbard model [ 171. In Refs. [ 16 ] and [ 171 the
variational procedure was applied to calculate the superconducting
state induced by the e-ph interaction.
In our model due to the nature of the e-ph interaction the electron momentum
is not coupled to the
phonon momentum. This indicates that the phonons
are not of conventional
exchange type, therefore the
ground state of the electrons is not of BCS but of metallic type. We will study the superconductivity
in our
suggested borocarbide model caused by the interaction of d electrons. In conventional
superconductors
due to the large coherence length only properties averaged over a large number of unit cells are important. In new superconductors,
however, the coherence length is typically defined by few ( N 1O-30) unit
cells and the complexity of different branches in the
phonon spectrum with different ion masses is very
high. Here we consider the simplest and natural starting point and assume only the phonon branches
transverse to the Ni planes with an averaged dispersion given by
(8)

$=&$.

In our one-parameter
variational
ground state, the
ground-state energy Eg is calculated by minimizing
EB=(~eI(~~hI,~l(~h)l~e)

The expectation values in Eq. ( 12) are taken in the
metallic ground state. The renormalization
of the
hopping amplitude tz and the site energy t? are finally found as
St=-

(13)

where ?I/w,= ( KI~MNo,)
describes the energy scale
for the anharmonic e-ph coupling. In the calculation
of Eqs. ( 13) we consider the phonon density of states
p(w)
as a one-peak broadened
function
which
smoothly vanishes for w I 2& and for o 2 wo. In Fig.
1 (a) the first of Eqs. ( 13 ) (8t as a function of q/c& )
is given. Fig. 1 (b ) is the shift in the ground state energy A& described by the full electron-phonon
part
of the hamiltonian
( 11) with squeezed coupling from
that without, as a function of the squeezed coupling
the
rllc-4. It can be seen that for Ol~/o$10.08

(9)

with respect to the squeezing
help of the relation
~“t(&)&~(&)

(12)

parameter

=c4b4+&bt--4,

&. With the

(10)

where c,= cash 2& and s,= sinh 2$, we first calculate
the effective hamiltonian
with one orbital electrons
(dropping the index v),
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4

Then using Eqs. (9) and ( 1 1 ), EB is found to be minimum for e-4cq= { 1 - ~KD,/w,}'/~ and

Fig. 1. (a) Renormalization of the hopping amplitude 6t as a
function of the squeezed coupling constant q/o&; (b) The shift
in the ground-state energy AE, of the electron-phonon part of the
hamiltonian ( 11) with squeezed coupling from that without a
function of the squeezed coupling constant s/c&.
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squeezed phonon ground state is energetically
favoured. The minimum of E, in Fig. 1 corresponds to
V/W:, N 0.04-0.05.
Because of the partially filled d shell of the Ni ion
embedded in the compound
(LnC)/(NiB),,
strong
d-d correlations are expected to be important in the
planes. In the layered superconducting
compound
La,_,Sr,NiO,
the octahedral oxygen surrounding
leads to splitting of the electron energy in the completely tilled lower tIg levels and partially filled upper
ep levels where diamagnetic anomalies are observed
[ 18,191. In borocarbides
tetrahedral
boron surrounding [ 51 leads to completely filled lower ep levels and partially filled upper tzs levels with electron
wave function of different angular symmetry xy, yz,
xz. Therefore the effective electron hamiltonian of our
problem is more complicated than Eq. ( 11). Because
of the ideal boron surrounding in borocarbides, let us
assume three-fold orbital degeneracy of Ni electrons
participating
in the superconductivity
(contrary to
the two-fold e, degeneracy in nickelates [ 201). The
basis functions of electrons will be classified corresponding to the irreducible
representation
of tz,:
a=(xy),
b= (yz), c=(zx).
Let us take for the
vacuum
state the half filled shell t& of ion
M(d7)=M(ezt:,)=Ni3+,
Pd3+, .... Then the quartet ground state can be expressed as (four triplets)
loa~)=a~b~c~~O),
1T,)=

r
d

S,=a/2.

&=30/2,0=&l,

(at,b~cf,+a~b~c~+a~b~cg)

IO),

In the electronic structure of borocarbides the upper correlated band of tZg electrons (involving the
eighth d electron of Ni3+12+ ion) is formed due to
the transitions from polar “quadruplets”
to ground
state “triplets”. The expansion of the one-electron
annihilation
operator in terms of the orthogonal X
operators is determined by the genealogical coefficients gY [ 23 ]
4 = 1 &Xy(P, s)

= sXe+maX+$Tbc+aXz+...

(15)

and similarly for b, and c, by cyclic permutation
of
the indices. In the presence of strong intraatomic dd correlations the effective hamiltonian describing the
normal phase of borocarbides is
.gv=

1

gFg;XrXJ-fi

1 ?Zi

(16)

I

Y.<l,J>,a

where tz, is given by Eq. ( 13) and p is the chemical
potential which includes the effect of narrowing of
the energy bands due to phonon squeezing. Because
of the angular symmetry of the basis functions I,u~~~~,,
the interorbital
hopping vanishes (i.e. tjlb = tgc =
t& =O).
Here the lifetime effects due to retardation and spin
flip processes [ 24,25 ] are ignored. Due to the strong
intraatomic
correlations
(U> t) we may also conline intraatomic
transitions
defined in Eq. (15)
forming the upper correlated band of tzs electrons with
single-particle energies,

(14)

In the tight-binding
method of correlated electrons
[ 2 1,22 ] the general intraatomic hamiltonian
can be
diagonalized in terms of triplets ( 14)) “quadruplets”
(2--),
(2++),
(2,T,,)
where 2,=au~u~lO)
is
the Hubbard
“doublet”
of the a orbital
and
TbC=ffi(bzc&+b&c$)
is a triplet state with &=O
“doublets” etc. The corresponding eigenenergy levels
interace, of &WI include all essential intraatomic
tions (Hubbard, Coulomb, Hund). In terms of these
eigenenergies we have Y&,,= 1, epX$ the generalized Hubbard-Okubo
X operators [ 23 ] X$’= X,<p,
s) project the energy state p into s differing by one
electron configuration.
The correlated energy bands
are formed due to the itinerary character of the intraatomic transitions.

5,=fCs:t,-~=f(f+3+l)t,-~,
Y

(17)

where&=&
t”ep’6=2t0(cosp,ro+cospyro)
andf=
n3 + n4 is the end factor [ 231 of the generalized DT,
consisting of populations of the ground-state “triplet” levels Y/~and polar “quadruplet”
levels n4. Taking into account the four-fold and six-fold degeneracy of “triplets” and “quadruplets”
in the expansion
of Eq. ( 15 ) we obtain
4n3+6n4=1,
4n3+3n4=

J$)

(18)

where n is the number of electrons in the upper correlated band of Ni3+12+ (d7+n) plane. Therefore as-
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suming in the compound
( Ln3+C2- )r(Ni3-“B3-),
the same distribution
of charge as in Ref. [ lo], the
charge balance requires n = I/ m and

f=n3+n,=
The equation

y.

(19)

for the chemical potential

follows from

n=3+2f C g:T C G,(p, uM)eiuM”
PAM.4
Y

0.

(20)
where WM are the Matsubara frequencies. For rectangular density of states p( w) = ( l/2 W) (0( W* - t2)
we get from Eq. ( 19)
P
-=

W

9-16n
18’

(21)

where the half band width W=2t and t is given by
Eqs. (3) and (13). Eqs. (17), (19) and (21) determine the one-particle energies &,, forming the upper
correlated band in the normal state. With decreasing
temperature, the superconducting
transition is found
from the self-consistent solution of the homogeneous
Bethe-Salpeter vertex as the (kinematical
superconductivity [ 23,241)

(22)
In the logarithmic
scribed by

approximation

T,= T,/mn)
-{

the solution

is de-

exp - 9(i)”
i6 -n 1

The superconductivity
exists for n=l/m < 2 (i.e. superconducting
compound
with chemical formula
LuCNi, ( 3d7)B2). In agreement with the baric measurements we get an only dT,/dp in agreement with
the experiment
[ 2 1. The unusual isotope effect [ 9 ]
can also be explained by the boron mass dependence
of the prefactor in Eq. (23).
The renormalized half band width W can be computed from Eqs. ( 12) and ( 13). The boron isotope
effect can be found from the mass dependence of the
dimensionless
parameter q/w’,. In Fig. ( 1 (a) ) 6t is
shown as a function of the dimensionless
ratio u = ~1
I&. Due to the large band width, we have or,/ t O-=+z
1.

0

0.05

0.15

0.1

Fig. 2. The boron isotope exponent
squeezed coupling constant q/w;.

q,

as a function

of the

If we also reasonably assume POZM- ” one finds that
the boron isotope exponent, (Yn= -a In TJi3 h M can
be approximately written as
~

_M

B

awto)

~=yp--V~

1 6t

COD- a
- 6t
t aln2.4 ( up > ’

(24)

In Eq. (24) the last term can be calculated from the
Fig. 1. Since &/to- 0.1, and the derivative of lit/w,,
with respect to u is negative, an has a positive but
small value. The isotope exponent as a function of
the dimensionless
squeezing parameter r]/wL is presented in the Fig. 2 for v= 1. At the value of the
squeezing parameter where the ground-state energy
is minimum (i.e. r]/w& N 0.04-0.05) the isotope exponent yields (r,-0.25-0.30
which is very close to
the experimental value an N 0.27 [ 91.
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