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In order to understand the role of Ni site substitution on the electronic structure and chemical bonding in
YNi2B2C, we have made systematic electronic-structure studies on YNi2B2C as a function of Co and Cu
substitution using the supercell approach within the local density approximation. The equilibrium volume, bulk
modulus (B0) and its pressure derivative (B08), Grüneisen constant (gG), Debye temperature (QD), cohesive
energy (Ec), and heat of formation (DH) are calculated for YNi22x(Co/Cu)xB2C (x50,0.5,1.0,1.5,2). From
the total energy, electron-energy band structure, site decomposed density of states, and charge-density contour
we have analyzed the structural stability and chemical bonding behavior of YNi2B2C as a function of Co/Cu
substitution. We find that the simple rigid band model successfully explains the electronic structure and
structural stability of Co/Cu substitution for Ni. In addition to studying the chemical bonding and electronic
structure we present a somewhat speculative analysis of the general trends in the behavior of critical tempera-
ture for superconductivity as a function of alloying.@S0163-1829~98!07525-0#
at

ul

di
h

ity

ig

d

sta
is
r

is
er
o
gh
th
e
uc
s

ke

d

ese
the
r
in
tter
heir
er
on-
nd

to
per-
der-
ural

ocus
ical
are

uc-

has
le

in
Ni
ue

of
I. INTRODUCTION

Following the initial observation of superconductivity
12 K in multiphase samples of YNi4BxCy ,1 the supercon-
ducting composition has been identified2 and a whole new
class of layered intermetallic compounds of general form
RT2B2C (R5rare-earth,T5transition metal! has been dis-
covered.3 Considerable excitement was generated by the
covery of superconductivity in a number of suc
compounds,4–6 and the interplay between superconductiv
and magnetism in some of these systems.7 This class of ma-
terials exhibits a variety of phenomena such as fairly h
superconducting transition temperature (Tc) in RNi2B2C
(R5Sc,Y,Lu),1,2,4 coexistence of superconductivity, an
magnetism inRNi2B2C (R5Ho,Er,Tm,Dy),8–11,7 with re-
markable double reentrant behavior in HoNi2B2C,12 mag-
netic order in RNi2B2C (R5Nd,Sm,Gd,Tb),13–15 valence
fluctuations in CeNi2B2C ~Refs. 16,17! and UNi2B2C,18

heavy fermion behavior in YbNi2B2C,19 etc.
Although these materials have a layered-type cry

structure, suggesting that they may share the strongly an
tropic properties of the cuprates, band structu
calculations20–22 indicate that their electronic structure
much more three dimensional. Within this framework, sup
conductivity in these materials can be described by a c
ventional electron-phonon mechanism with relatively hi
transition temperatures due to a van Hove-like peak in
density of states~DOS! at EF . In order to understand th
correlation between superconductivity and electronic str
ture of YNi2B2C Leeet al.23 made systematic investigation
of the electronic structure for YNi2B2X (X5B, C, N, and O!
using the LMTO method and found that a rigid-band-li
shift of the Fermi level takes place, as the atomX is varied.
PRB 580163-1829/98/58~6!/3381~13!/$15.00
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From detailed band structure studies Mattheisset al.24 ob-
served an energy band feature within the Ni-B-Cs-p mani-
fold which is sensitive to the NiB4 tetrahedral geometry an
the position of this key feature relative toEF is mainly
thought to be responsible for the superconductivity in th
compounds. As the band structure calculations show
dominance of Ni-d character at the Fermi level fo
YNi2B2C,20–22 substitution of Ni by its nearest neighbors
the periodic table, such as Co or Cu should give a be
understanding about the metal-metal interactions and t
role in electronic structure, superconductivity, and oth
transport properties. In contrast, the conduction electron c
tribution coming from the rare-earth site is rather small a
hence, the effect of rare-earth ions onTc comes mainly from
the pair-breaking effect7 through de Gennes scaling. Due
frequent experiments on superconducting and other pro
ties of Co and Cu alloyed compounds one needs to un
stand the electronic properties, phase stability, and struct
aspects of Co and Cu alloyed YNi2B2C. It is the purpose of
this paper to answer some of these questions. We thus f
on the general trends in electronic structure and chem
bonding as a function of Co and Cu substitution and comp
with available experimental results.

The replacement of Ni by Pd or Pt shows supercond
tivity where the mixed phase Y-Pd-B-C yields the highestTc
~23 K! in these systems.5 The replacement of Ni by Co, Ir
and Rh gives stable phases, but no superconductivity
been detected.25 When Y is replaced with La another stab
compound is obtained, LaNi2B2C, which is found to be non-
superconducting. The absence of superconductivity
LaNi2B2C is believed to be due to the increase of the Ni-
distance which reduces the Ni-Ni wave function overlap d
to the large ionic radii of La compared with Y. In support
3381 © 1998 The American Physical Society
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the above view point, the 23 K superconductor YPd2B2C has
a Pd-Pd distance of 2.652 Å and this value increases to 2
Å when Y is replaced with La. This reduces theTc to
1.8 K.26 From systematic studies of the superconducting
havior of RNi2B2C (R5Sc, Y, La, Lu, or Th! Lai et al.18

found a correlation between the Ni-Ni distance andTc with a
maximumTc for a Ni-Ni distance of 2.45 Å and the supe
conductivity completely disappears for a Ni-Ni distance
2.683 Å. This result may indicates the importance of
Ni(3d) dominated conduction band nearEF for the super-
conducting behavior of these materials.

Bonville et al.27 measuredTc for ErNi2B2C as a function
of Co, Pd, or Pt substitution and found thatTc decreases ten
times faster for Co substitution than for Pd or Pt substituti
They suggested that this difference may be due to a pos
magnetic moment formation on the Co site in this mater
Nagarajanet al.28 found that 10 at. % Y replaced with Gd o
2.5 at. % Ni replaced with Fe decreasesTc of YNi2B2C by
nearly the same amount. This indicates that the supercon
tivity in this material is more sensitive to Ni site substitutio
than to Y site substitution. Kadowakiet al.29 measuredTc of
Y(Ni12xCox)2B2C as a function ofx and found that the su
perconductivity is uniformly suppressed as a function ox
with a rate of20.64 K/at. % Co and that it disappears
x>0.20. From the susceptibility measurements they c
cluded that the decrease of N(EF) is mainly responsible for
the suppression of superconductivity. Bud’koet al.30 also
made systematic studies of the influence of Ni site subs
tion with Co,Fe,Ru on the superconducting behavior
YNi2B2C and found a decrease ofTc with increasing the
concentration of dopants. They arrived at the conclusion
the shift of Fermi energy (EF) with changes in the valenc
electron concentration may be the primary cause for the s
pression of superconductivity. Schmidt, Mu¨ller, and Braun31

measured the superconductivity of the pseudoquarter
system Y(Ni12xCox)2B2C and they found that theTc
value decreases from 15 K for the pure Ni compound
Tc,1.2 K for x.0.2. Gangopadhyay, Schuetz an
Schilling32 investigated the effect of substitution at the
site onTc in YNi22x(Co/Cu)xB2Cand found thatTc drops
steeper for Co substitution (dTc /dx5245.5 K! than for Cu
substitution (dTc /dx5219.5 K!. From this observation
they expected that either the peak in the DOS is asymme
in energy, or that alloying affects bothN(EF) and the
electron-phonon coupling strength. In the past alloying
Ni atoms with Co and Cu has been done in order to g
additional information about the superconducting proper
of this interesting system. However, when alloying new
sues arise, such as phase and structural stability. These i
may or may not be related to the superconducting proper

The rest of the paper is organized as follows. The det
about the construction of supercells and the computatio
method used in the present calculations are described in
II. From the site decomposed DOS studies and the cha
density analysis, the chemical bonding nature and the st
tural stability of YNi2B2C as a function of Co/Cu substitu
tion are investigated in Sec. III. The experimentally observ
changes inTc by Co/Cu substitution is analyzed by our ba
structure results within the BCS formalism in Sec. IV. T
results from our calculations are discussed in Sec. V.
97
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important conclusions from our calculations are given in
last section.

II. STRUCTURAL ASPECTS AND DETAILS
OF OUR CALCULATIONS

A. Crystal structure of YNi 2B2C and construction
of supercells

The crystal structure of YNi2B2C can be viewed as a filled
variant of the ThCr2Si2 structure with the carbon atoms oc
cupying the 2b position in the I4/mmm lattice given in
Table I. This structure can be simply visualized as NaCl ty
YC layers alternating with inverse PbO-type Ni2B2 layers in
stoichiometry 1:1. Each Ni2B2 layer contains a square-plana
Ni2 array sandwiched between the boron plane with nic
atoms being tetrahedrally coordinated to four boron ato
The NiB4 tetrahedra are believed to be important for t
superconductivity in this material. The shortest bond len
is between B and C, which form a linear B-C-B unit with
nearest-neighbor distance~NND! of 1.55 Å. In the square
planar Ni array, the NND of Ni-Ni atoms is 2.49 Å, which i
close to that of Ni metal~2.50 Å! and the NND of Ni-B is
2.07 Å. The nearest-neighbor distances between Ni-Y
Ni-C atoms are both 3.17 Å. The crystal structure
YNi2B2C is depicted in Fig. 1~a!, where the covalent bond
ing between boron and carbon as well as between nickel
boron are illustrated by bonds. In Fig. 1~a! the Ni2B2 layers
are connected by short boron-carbon covalent bonds. Du
this strong covalent bond, the calculated band structures
found to have three-dimensional character,20,21,33,22despite
the fact that the structure looks similar to a layer
material.3,34

The simple way of constructing a supercell in aI4/mmm
lattice is to assume a primitive tetragonal lattice with spa
group P4/mmm instead of a body centered tetragonal~bct!
lattice. This is equivalent to adding one additional cell in t
z direction of the primitive cell of the bct lattice. Accordin
to the symmetry of theP4/mmmlattice, the Y atoms will be
in 1a and 1d positions, the Ni atoms will be in the 4i posi-
tion, the B atoms will be in 2g and 2h positions, and the C
atom will be in the 1a as well as 1c positions. As all the four
Ni atoms are in the same equivalent position, this super
does not fit our requirement. From a chemical picture, if
substitute Co/Cu for some of the Ni atoms in YNi2B2C, the
Ni atoms closer to the substituent will behave differen
than the others. This requires that we construct a superce
the P4m2 lattice with atom positions given in Table I, sinc
then it is possible to treat all the four Ni atoms indepe
dently. It should be noted that the boron atoms which ha
only one position type in the primitive cell have two diffe
ent inequivalent positions in the supercell, depending up
their position parameterz given in Table I. As a result there
are 12 atoms of 8 different types involved in our superc
calculations.

For the supercell calculation we have constructed t
types of cells. First we have calculated the minimum ene
configuration of the supercells by comparing different cry
tallographic sites for the Co and Cu substitution. Further
tails about these calculations are described later. From
study, the constructed first supercell is of Y2Ni3CoB4C2 type
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TABLE I. The structural parameters for YNi2B2C and the supercell used in the present calculations.
boron atoms in the supercell are in two equivalent 2g positions with differentz values. To distinguish these
two boron atoms we have represented them by (2g)-a and (2g)-b. The lattice parameters are in Å.

System YNi2B2C Z52 Space groupI4/mmm~No. 139! Pearson symboltI12
Lattice Parameters a53.526 b510.538 c/a52.9886

Atom Position x y z

Y 2a 0.0 0.0 0.0
Ni 4d 0.0 0.5 0.25
B 4e 0.0 0.0 0.353
C 2b 0.0 0.0 0.5

System Y2Ni3CoB4C2 Z52 Space groupP4m2 ~No. 115! Pearson symboltP12

Lattice Parameters a53.5245 c510.504 c/a52.9802

Atom Position x y z

Y 2g 0.5 0.0 0.75
Ni~1! 1d 0.0 0.0 0.5
Ni~2! 1a 0.0 0.0 0.0
Ni~3! 1b 0.5 0.5 0.0
Co 1c 0.5 0.5 0.5
B~1! 2g-a 0.5 0.0 0.103
B~2! 2g-b 0.5 0.0 0.397
C 2g 0.5 0.0 0.25
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@see Fig. 1~b!#, where we have substituted the Co atom at
1d position and the three Ni atoms are occupying the 1a,
1b, and 1c positions given in Table I. The second one is
Y2Ni2Co2B4C2 type @see Fig. 1~c!#, where the two Ni atoms
occupy the 1b and 1c positions and two Co atoms the 1a
and 1d positions given in Table I. For YCo3NiB4C2 we have
just interchanged the Co and Ni atoms in the first struct
type. However, we have used the same positions as give
Table I for B, Y, and C in all our supercell calculations. F
Cu substitution, we have replaced the Co atom by Cu in
above mentioned supercells. At the theoretical equilibri
volume in Y2Ni3CoB4C2, each Co(1d) atom is surrounded
by four boron atoms (2g2b) as nearest neighbors at a di
tance of 3.952 a.u. and 4 Ni atoms (1d) as second neares
neighbors at 4.763 a.u. Thec/a values for our calculations
are taken from the experimental studies.32,29 However, for
higher Cu substitutions no experimental lattice parame
are available due to that metastability then arises. Hence
have extrapolated thec/a values from the available exper
mental values and they are given in Table II.

B. Computational details

For solving the one-electrons Schro¨dinger-like equation
self-consistently we have used the scalar-relativistic lin
muffin-tin ~LMTO! orbital method in the atomic sphere a
proximation ~ASA! including the combined correctio
terms.35 In ASA the choice of sphere radii is important,
particular for the open structures such as that of YNi2B2C.
Because of the layered nature of the crystal struct
Coehoorn33 introduced empty spheres in the 4(e) position
~0,0,0.225! in the I4/mmmlattice in oreder to fill space with
spheres in a close packed manner. If one uses the Wieg
e
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Seitz radii given in Tables II and III, without an empt
sphere addition, the overlap volume of the atomic sphere
less than 9% of the permissible limit of the use of the AS

The basis set consists of Y 5s, 4d, Ni~Co,Cu! 4s, 4p, 3d,
and boron, as well as carbon 2s and 2p LMTO’s. The Y 5p,
4 f , and boron as well as carbon 3d partial waves were in-
cluded in the tails of the above mentioned LMTO’s. Th
basis functions were calculated at fixed energiesEn which
were chose to be at the center of gravity of the occupied p
of the site and angular momentum projected bands. The
states are treated relativistically, while the valence sta
were calculated scalar relativistically, i.e., except for t
spin-orbit coupling all the other relativistic effects were i
corporated. The tetrahedron method for the Brillouin zo
~i.e., k space! integrations was used in its latest versio
~Blöchl et al.36!, which avoids misweighing and corrects e
rors due to the linear approximation of the bands inside e
tetrahedron. We have used 447k points in the irreducible
wedge of the first Brillouin zone~IBZ! of the bct lattice for
our conventional cell calculations and 333k points in the
IBZ of the simple tetragonal lattice for our supercell calc
lations. The von Barth–Hedin parametrization is used for
exchange correlation potential within the local density a
proximation. The self-consistency iterations are continu
until the total energy difference between two consecut
iterations is less than 1026 Ry/f.u.

In order to check the reliability of our ASA calculations
we have also used the all-electron full-potential line
muffin-tin orbital ~FPLMTO! method37 for the calculation of
the equilibrium volume of YNi2B2C and YCo2B2C. In the
FPLMTO method, no shape approximation is made to
potential and the charge density; the warping terms in
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interstitial region and the nonspherical contribution at
nuclei sites are explicitly taken into account. The density a
potential are expanded in cubic harmonics inside nono
lapping muffin-tin spheres and in a Fourier series in the
terstitial region. Spherical harmonic expansions were car
out throughl max58 for the bases, potential and charge de
sity. The exchange and correlation potential was treated
ing the generalized gradient approximation~GGA! as pro-
posed by Perdew and Wang.38 The basis set was comprise
of augmented linear muffin-tin orbitals.35 The tails of basis
function outside their parent spheres were linear comb
tions of Hankel or Neumann functions with nonzero kine

FIG. 1. The crystal structures of YNi22x(Co/Cu)xB2C. ~a!
YNi2B2C, ~b! YNi1.5(Co/Cu)0.5B2C, and ~c! YNiCoB2C. The big
black circles represent Ni, the small black circles represent C,
big white circle is Y, and the small white circle represents the bo
atoms. The grey circles denote the substituent Co/Cu atoms.
transition metal and boron atoms as well as the boron and the
bon atoms are connected by bonds.
e
d
r-
-
d
-
s-

a-

energy. The basis contains 4s, 5s, 4p, 5p, 4d, and 4f or-
bitals of yttrium, 4s, 3p, 4p, and 3d orbitals of nickel, and
2s, 2p, and 3d orbital of boron and carbon. All orbitals wer
contained in the same energy panel, with the 4s and 4p of Y
and 3p of Ni/Co were treated as a pseudovalence state in
energy set which is different from the rest of the basis fu
tion. Further, we used a so-called ‘‘double basis’’ where
used two different orbitals ofl ,ml character each connecting
in a continuous and differential way, to Hankel or Neuma
functions with different kinetic energy. The integration ov
the Brillouin zone is done using the special point samplin39

with a Gaussian width of;10 mRy. We have used 75k
points in the IBZ for our self-consistent calculations.

C. Calculation of ground state properties

1. Structural disorder effect

Both Co and Cu are chemically closer to Ni than Y, B,
C. Hence, it is expected that Co/Cu will prefer to occupy t
Ni site in YNi2B2C. As mentioned above, the Ni atoms in th
supercells occupy four inequivalent sites such as 1a, 1b, 1c,
and 1d. In order to understand the site occupancy of Co/
in YNi2B2C we have performed total energy calculations
Y2Ni3(Co/Cu)B4C2 by substitution of Co/Cu in the 1a, 1b,
1c, and 1d positions. From this study we found that the tot
energy is almost the same, irrespective of the abovem
tioned four sites of Co or Cu occupation i
Y2Ni3(Co/Cu)B4C2 and Y2(Co/Cu)3(Ni)B4C2 supercells.

e
n
he
ar-

TABLE II. The Wigner Seitz radii for the atomic spheres~in
a.u! corresponding to the theoretically obtained equilibrium v
umes (V0 in a.u3/f.u.) andc/a for YNi1.5Co0.5B2C @A, whereT(1d)
Co#, YNiCoB2C @B, where T(1d,1a) Co#, YNi0.5Co1.5B2C @C,
where T(1a,1b,1c) Co#, YNi1.5Cu0.5B2C @D, where T(1d) Cu#,
YNiCuB2C @E, where T(1d,1a) Cu#, and YNi0.5Cu1.5B2C @F, where
T(1a,1b,1c) Cu# used in the present calculations.

Parameter A B C D E F

V0 455.434 449.751 447.973 459.482 464.179 467.
c/a 2.980 3.007 3.017 3.003 3.007 3.01
Y 3.765 3.737 3.728 3.766 3.777 3.78
T(1d) 2.741 2.731 2.711 2.701 2.711 2.80
T(1a) 2.732 2.731 2.720 2.742 2.711 2.75
T(1b) 2.732 2.714 2.720 2.742 2.792 2.75
T(1c) 2.724 2.714 2.728 2.782 2.792 2.71
B(1) 1.686 1.696 1.700 1.706 1.714 1.72
B(2) 1.686 1.696 1.700 1.706 1.714 1.72
C 1.699 1.708 1.711 1.718 1.726 1.73

TABLE III. The Wigner-Seitz radii for the atomic spheres~in
a.u! corresponding to theoretically obtained equilibrium volum
(V0 in a.u.3/f.u.) andc/a for YCo2B2C, YNi2B2C, and YCu2B2C
used in the present calculations.

Compound V0 c/a Y Ni/Cu/Co B C

YCo2B2C 446.195 3.026 3.719 2.717 1.704 1.71
YNi2B2C 455.967 2.988 3.763 2.734 1.692 1.70
YCu2B2C 471.817 3.026 3.789 2.768 1.736 1.74
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FIG. 2. The total energy versu
volume curves for ~a!
YNi22xCoxB2C and ~b!
YNi22xCuxB2C. The equilibrium
volumes are indicated by arrows
The total energies are scale
through the corresponding ene
gies given in each figure.
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However, in the case of Y2Ni2(Co/Cu)2B4C2, from all six
possible combinations of atomic arrangement, we h
found that the affinity of Co or Cu towards Ni is larger tha
the Co-Co or Cu-Cu attraction. In other words, our calcu
tions show that the total energy of Y2Ni2(Co/Cu)2B4C2 with
separated Ni2B2 and (Co/Cu)2B2 layers is around 10
mRy/f.u. higher in energy than that with@Ni(Co/Cu)#2B2
layers. For this reason, we have in the calculations to
discussed below used the supercell which has an altern
layer of Ni is replaced by Co/Cu as shown in Fig. 1~c!.
However, we note that the energy difference between Co
Cu substitution on different sites is quite small compared
the properties we are interested in here, i.e., change in e
tronic structure, equilibrium volume, and cohesion due
Co/Cu substitution.

2. Equilibrium properties

The total energy as a function of volume fo
YNi22xCoxB2C and YNi22xCoxB2C is plotted in Figs. 2~a!
and 2~b!, respectively. From the minimum in these total e
ergy curves the equilibrium volume as a function of Co/
substitution is derived and shown in Fig. 3. To check
reliability of our ASA results, we have repeated our to
energy studies of YNi2B2C and YCo2B2C using the general
e
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FIG. 3. The calculated equilibrium volumes for YNi2B2C as a
function of Co/Cu substitution. The experimental open circles w
reported by Gangopadhyayet al. and the experimental close
circles were reported by Kadowakiet al.
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FIG. 4. The total and site projected density of state for YT2B2C (T5Co, Ni , or Cu!. The dashed line denotesEF .
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ized gradient corrected full-potential LMTO method. O
full-potential results, shown in Fig. 3, underestimate t
equilibrium volume with 1.1% for YNi2B2C and 1.7% for
YCo2B2C. The ASA calculations overestimate the equili
rium volume with 3.1% for YNi2B2C and 1.3% for
YCo2B2C. Generally the LDA underestimates the equili
rium volumes and hence, the overestimation of equilibri
volume is due to a limitation of the use of ASA. Howeve
what is important to note is that both ASA and full-potent
calculations are able to reproduce the experimental trend.
this reason it seems safe to draw conclusions from the
LMTO calculations about the changes in the chemical bo
ing due to Co/Cu alloying. Further, the overall topology
the DOS curves for YNi2B2C and YCo2B2C obtained from
our FPLMTO calculations is very similar to those obtain
from our ASA calculations. We have also calculated thec/a
changes in YNi2B2C as a function of volume in the
FPLMTO method. Our calculations show that a 5% decre
in volume increase thec/a with 0.48% only. This shows tha
the assumption of using the experimentalc/a in our super-
cell calculations will not affect considerably the properti
studied here, and our conclusion about equilibrium volu
and bulk modulus, to be discussed below, are reliable.

III. CHEMICAL BONDING AND STRUCTURAL
STABILITY FROM DOS STUDIES AND CHARGE

DENSITY ANALYSIS

A. DOS studies

Due to the presence of strong covalent hybridization
tween the transition metal~TM! nontransition metal~NM!
valence orbitals in binary compounds, a deep valley in
vicinity of EF called a pseudogap has often be
observed.40,41There appears to be strong correlation betwe
e

l
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e

e

-

e

n

stability and the position of the Fermi level with respect
the pseudogap in the DOS curve for binary alloys; that is
EF falls within this pseudogap region, which separates bo
ing states from the antibonding-nonbonding states in a p
ticular structure, the system will be more stable.41 In fact this
type of behavior is partly the reason for why simplified mo
els, such as the structural energy difference theorem42 work.
The total DOS given in Fig. 4 illustrates that YCo2B2C as
well as YNi2B2C have a pseudogap and that this feature
disappeared in YCu2B2C.

It is well established that the bonding nature of solids c
be usefully illustrated by partial density of state analysis.43 In
order to understand the electronic structure and bonding
havior of YNi2B2C as a function of Co/Cu substitution th
site projected density of states of YT2B2C (T5Co,Ni,Cu)
are given in Fig. 4. The DOS curve of YCo2B2C to the left in
Fig. 4 shows that most of the atom projected DOS over
over a large energy range. This illustrates the existence
strong covalent bonding between Y, Co, B, and C. Let us
simplicity now consider the Cod states, the Yd states, Bp
states, and Cp states as one degenerate energy band wh
can contain a total of 48 electrons. Half of these states
bonding whereas the other half are antibonding. In YCo2B2C
there are approximately 23.5 electrons/f.u. whereas
YNi2B2C there are approximately 25.5 electrons/f.u. in t
valence band. This illustrates that almost all the bond
states are filled in YCo2B2C whereas some antibonding stat
are filled in YNi2B2C. This is consistent with the lower equ
librium volume of YCo2B2C and the higher cohesive energ
The DOS curve of YCo2B2C given in Fig. 4 shows that the
pseudogap is 0.5 eV away from the Fermi level~i.e., EF lies
within the bonding states!. This is consistent with the discus
sion above and indicates that not all the bonding states
filled. For YNi2B2C the pseudogap is belowEF and anti-
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bonding states are occupied. From our DOS analysis we
clude that a maximum bonding is found fo
YNi1.12Co0.88B2C.

It is interesting to note thatEF falls on a peak in the DOS
curve in the superconducting YNi2B2C and that this feature

FIG. 5. The heat of formation (DH) and cohesive energy (DEc)
for YNi22x(Co/Cu)xB2C. The cohesive energy for YNi2B2C has
been set equal to zero.
n-

appears neither in the nonsuperconducting YCo2B2C nor in
YCu2B2C. It should be mentioned that this kind of pea
structure in the vicinity ofEF has been observed for conve
tional high-Tc superconductors such as transition metal co
pounds with structureA15, L12, E21, etc.44,45,22Our angular
momentum~not shown here! and site decomposed DOS fo
YCu2B2C shows that the Cu-3d states are almost filled an
also thatEF falls on the antibonding region of the DOS curv
~see DOS of YCu2B2C in Fig. 4!. Hence, the covalent inter
action between Cu and B is much weaker than for Ni-B a
Co-B. This is most likely the explanation for the fact th
YCu2B2C has not been found experimentally.32

In order to understand the structural stability and bond
behavior of YNi2B2C as a function of Co/Cu substitution th
cohesive energy of YNi22xCo/CuxB2C is shown as a func-
tion of x in Fig. 5. The cohesive energy of YNi2B2C is the
reference level and is set to zero. From Fig. 5 it is clear t
the bond strength increases with Co substitution and
creases with Cu substitution. Consistent with the above c
clusion, the calculated value of the heat of formation~see
Fig. 5! for Co substituted systems is more negative than
YNi2B2C as well as for Cu substituted systems. Further,
increase trend of the bulk modulus and Debye tempera
by Co substitution discussed later also indicates the incre
of bond strength.

In order to understand the changes in the electronic st
ture as a function of Co/Cu substitution in YNi2B2C we show
the site projected density of states of YNi22xCoxB2C in Fig.
6. In YNi1.5Co0.5B2C, each Co atom is surrounded by fo
FIG. 6. The site projected density of state of YNi22xCoxB2C (x50.5,1,1.5). The dashed line denotesEF . The atom positions 1a, 1b,
etc. are the same as given in Table I.
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B(2g-b) atoms as nearest neighbors and four Ni(1c) atoms
as next-nearest neighbors. From this figure it is clear that
boron atoms closer to Co are behaving different from th
which are closer to Ni atoms in YNi1.5Co0.5B2C. The site
decomposed DOS in Fig. 6 also shows thatEF falls within a
pseudogap region in the DOS curve for boron atoms clo
to Co and thatEF falls on a peak of the DOS for boron atom
closer to Ni. Further more, the spectral weights are tra
formed to the lower energy side in the DOS of B(2g-a)
compared to B(2g-b). Even though the Ni(1c) atoms are
present as next-nearest neighbors at a distance of 2.52
from Co, the DOS is affected significantly by the interacti
with Co. In particular, the DOS of Ni(1a and 1b) are much
narrower than that of Ni(1c). Further, EF falls in a
pseudogap region in both Co(1d) and Ni(1c) in
YNi1.5Co0.5B2C which indicates that there is a strong cov
lent hybridization between Ni(1c) and Co(1d) compared
with that between Ni(1a) and Ni(1b). Due to the equal
number of Co and Ni in YNiCoB2C the bonding between th
transition metals is more homogeneous than that
YNi1.5Co0.5B2C. As a result, the local DOS of nickel in tw
inequivalent sites is similar to each other. It is of cour
obvious that the number of Co-Ni bonds in YNiCoB2C is
larger than in YNi1.5Co0.5B2C. As mentioned above th
Co-Ni bonds show a more stronger covalent hybridizat
than Ni-Ni, the pseudogap in the DOS curve of YNiCoB2C is
much more pronounced than that of YNi1.5Co0.5B2C. Similar
to YNi1.5Co0.5B2C, the Co(1c) and Ni(1d) DOS in
YNi0.5Co1.5B2C also has theEF falling on a pseudogap. But
due to the decrease ofe/a ~electron per atom! ratio, theEF in
Co(1a) and Co(1b) falls to the shoulder of the maind DOS
in YNi0.5Co1.5B2C.

Similarly we have analyzed the changes in DOS
YNi2B2C as a function of Cu substitution. Due to the almo
filled nature of the Cu-3d state in YNi1.5Cu0.5B2C the DOS
of Ni closer to Cu has not changed much~not shown here!
compared with Ni closer to Co in YNi1.5Co0.5B2C. Our cal-
culations show that instead of an hybridization effect,
shift in EF is more important to explain the changes in phy
cal properties by Cu substitution.

B. Charge density analysis

The main types of chemical bonding in YNi2B2C are ana-
lyzed with the help of Figs. 7~a! and 7~b!; where valence
charge density maps in the 001 plane@Fig. 7~a!#, i.e., the
Y-C layers and the plane parallel to thez axis @Fig. 7~b!# are
shown. The contours shown in Figs. 7 are from ASA cal
lations but the full potential calculations give similar co
tours. From Fig. 7~a! we notice that the charge density
essentially spherical around the different atoms, with sm
covalent features and together with our calculated occupa
numbers we conclude that the bonding between Y and C
dominantly ionic. This result is consistent with the rece
core level energy measurements.46 The observed ionic natur
of the bonding between Y-C is reasonable because the P
ing electronegativity difference between Y and C is qu
large ;1.2. Moreover, a finite nonspherical charge dens
~covalent! distribution exists between Y and C. Hence, t
bonding between Y and C has a dominant ionic chara
with a small degree of covalency. The special feature of F
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7~b! is the presence of strong directional bonding betwe
the boron and carbon atoms connecting the two Ni2B2 layers
above and below. Hence, carbon plays an important role
the stability of this system. This may be the reason wh
synthesis of the noncarbide YNi2B2 has not been successfu
Further, from Fig. 7~b! it is also seen that the covalent cha
acter in the bonding between nickel and boron is clear. T
is consistent with interpretation of photoemission47 and x-ray
absorption48 measurements. The existence of covalent bo
ing between Ni, B, and C has also been confirmed very
cently by high resolution core electron spectrosco
studies.49

In order to understand the role of the Co/Cu substitut
on the bonding behavior of YNi2B2C, the valence band
charge density for YT2B2C (T5Co,Ni,Cu) around 1 eV nea
the Fermi level is given in Fig. 8. From this figure it is cle
that there is a strong directional bonding between Co an
which is reduced for Ni-B and Cu-B. Our calculations th
show that the bond strength between the transition metal
boron atoms decreases in the order Co-B. Ni-B . Cu-B
and this is consistent with the bond order obtained from
embedded-cluster approach by Zenget al.50 The site decom-
posed DOS given in Fig. 4 clearly shows that the Cud
states are almost filled in this compound. This is one of
reasons why the covalent bonding between Cu-B is wea
than that of Ni-B as well as that of Co-B. Due to the fallin
of EF in the antibonding region in the DOS curve~see Fig. 4!
for YNi2B2C and YCu2B2C, the antibonding states appear
the corresponding charge density plots in Fig. 8. The cha
density distribution between boron and carbon in all the th
compounds given in Fig. 8 shows that B-C directional bon
ing is much stronger for YCu2B2C than for the other two

FIG. 7. The valence charge density for YNi2B2C in ~a! 001
plane and~b! 100 plane. 50 contours are drawn between 0.01
0.25 electrons/a.u3.
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compounds. The reason is that the decreased Cu-B inte
tion leaves more Bp states available for hybridization wit
C p states. Using the equilibrium volume and thec/a given
in Table III the calculated transition metal-boron bond leng
decreases from 2.091 Å for YNi2B2C to 2.075 Å for
YCo2B2C indicating that the Co substitution increases
bond strength of the tetrahedra. In contrast, the transi
metal boron distance is increased to 2.114 Å for YCu2B2C
indicating that the Cu-B bond is weaker than the Ni-B bon

IV. ANALYSIS OF CHANGES IN Tc IN YNi 2B2C
BY Co/Cu SUBSTITUTION

To understand the microscopic origin of the changes inTc
with substitution, a knowledge about the changes in the
erage phonon frequency by alloying is also important. T
average square of the phonon frequency^v2& may be ap-
proximated by the Debye temperature through the follow
relation:

^v2&'0.5QD
2 . ~1!

Using this approximate relationship we have calculated
average phonon frequency. As suggested by Moruzzi, Ja
and Schwarz,51 an approximation of the Debye temperatu
at the equilibrium volume can be defined at low temperatu
in terms of the equilibrium bulk modulus, WS radius (r 0),
and the average atomic weight (M ) by

QD5CS r 0B

M D 1/2

. ~2!

If B is in kbar andr is in a.u. the constantC for cubic
crystals is found to be 41.63. The low temperatureQD for
YNi2B2C has recently been reported to be 490 K.52 In order
to match our theoreticalQD with this experimental value we
adjust the constantC in Eq. ~2! to be 45 for our tetragona
lattice and this value is used for all systems considered h
The major assumption in estimation ofQD using the above
relation is that the shear term will not change by Co/

FIG. 8. The valence charge density for YT2B2C (T
5Co.Ni,Cu) in the energy range 1 eV around Fermi level for
theoretical equilibrium volume along 100 plane. 90 contours
drawn between 0.001 and 0.05 electrons/a.u3.
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substitution in YNi2B2C. In order to evaluate the bulk modu
lus and its pressure derivative from the binding energy cu
we have fitted our total energies with universal equation
states~UEOS!53 of the form

P~V!53B0 S 12X

X2 D eh~12X!, ~3!

whereX5(V/V0)1/3 andh53(B0821)/2.
An alternative approach to calculate the Debye tempe

ture from first principle studies is through the calculation
single crystal elastic constants. TheuD may be estimated
from the averaged sound velocitynm by the equation54

uDp
5

h

kF 3n

4pS NAr

M D G1/3

nm , ~4!

whereh is Planck’s constant,k is Boltzmann’s constant,NA
is Avogadro’s number,r is the density,M is the molecular
weight, andn is the number of atoms in the molecule. Th
average wave velocitynm in the polycrystalline material is
approximately given by54

nm5F1

3S 2

n t
3

1
1

n l
3D G21/3

, ~5!

wheren l and n t are the longitudinal and transverse elas
wave velocity of the polycrystalline material and are o
tained from Navier’s equation as follows55 ~using the poly-
crystalline shear modulusG and the bulk modulusB):

n l5FB14G/3

r G1/2

and n t5FG

r G1/2

. ~6!

The isotropic shear moduli and bulk moduli obtained fro
our full potential calculation gives@using Eqs.~4!–~6!# a
Debye temperature for YNi2B2C and YCo2B2C of 564 and
602 K, respectively. The predicted increasing value of
Debye temperature when one goes from YNi2B2C to
YCo2B2C is 38 K from the more eloborate full potential ela
tic constant study. The predicted increasing value of De
temperature obtained from the simpler approach@Eq. ~2!# is
21 K. This indicates the reliability of this empirical approac
to predict the trend in changes of Debye temperature w
substitution. Anharmonic effects in the vibrating lattice a
usually described in terms of a Gru¨neisen constant. At low
temperature it can be expressed as51

gG5212
V

2

]2P/]V2

]P/]V
. ~7!

The bulk modulus for YNi2B2C at room temperature ha
been obtained recently56 by the high pressure studies and t
value was 2 Mbar. This value is found to be in good agr
ment with our calculated value of 1.8 Mbar. The calculat
B0 and gG for YNi22x(Co/Cu)xB2C as a function ofx is
displayed in Fig. 9. Because of the weakening/strengthen
of the lattice with Cu/Co substitution one can expect th
]P/]V to increase or decrease with Co/Cu substitution. T
may be a possible reason for the increase of the value ogG
with Cu substitution and the decrease with Co substituti
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The average square of the phonon frequency and the the
dynamic Gru¨neisen constant are connected by the follow
relation;

gG52
] ln ^v2&1/2

] ln V
. ~8!

The above relation shows thatgG will be large when^v2&
and henceQD is small. This is consistent with our studies
the sense that thegG value increases~decreases! ~see Fig. 9!
with Cu ~Co! substitution in YNi2B2C and correspondingly
the QD value decreases~increases! as seen in Fig. 10. This

FIG. 9. The calculated bulk modulus and the Gru¨neisen constan
for YNi2B2C as a function of Co/Cu substitution.

FIG. 10. The Debye temperature and density of states at
Fermi level for YNi2B2C as a function of Co/Cu substitution at th
theoretical equilibrium volumes.
o-

figure also shows the value of the DOS atEF , which will be
discussed in Sec. V.

Now we will try to explain qualitatively the experimen
tally observed changes inTc with Co/Cu substitution in
YNi2B2C through our band structure results. Although w
point out that this analysis is rather speculative, within t
BCS limit the electron-phonon coupling constant can be
pressed as57

l5
N~EF!^I 2&

M ^v2&
, ~9!

where the numerator is a purely electronic quantity@N(EF)
is the density of states at the Fermi level and^I 2& the average
of the electron-phonon matrix elements# and the denominato
is mainly a phonon term@M is the mean atomic mass an
^v2& a square averaged phonon frequency which may
approximated through the Debye temperature using Eq.~1!#.
If we assume that̂I 2& does not depend on substitution, th
decrease inTc may be due to two reasons:~1! Decrease of
N(EF) and~2! increase of̂ v2& or the Debye temperature. I
order to understand the variation of the Debye tempera
andN(EF) as a function of Co/Cu substitution, those para
eters are plotted in Fig. 10. From this figure it is clear that
N(EF) value decreases both for Co and Cu substitution
YNi2B2C. Moreover, theN(EF) value drops very suddenly
in the low concentration range of Co in comparison with C
This may be one of the reasons for the experimentally
served large difference in thedTc /dx between Co and Cu
substitution.32 Further, the Debye temperatures calculat
from the bulk modulus given in Fig. 10 as a function
Co/Cu substitution increases for Co substitution and decre
for Cu substitution compared to pure Ni compound. The l
tice stiffening will in general decrease the electron-phon
coupling constant through Eq.~9!. Hence, apart from the
decrease ofN(EF), the phonon stiffening may also play a
important role for the steep drop inTc with Co substitution.
In contrast, the Cu substitution softens the Debye temp
ture~Fig. 10!. Hence, the decrease ofTc with Cu substitution
is a competition by two opposite effects, such as the decre
of N(EF) and the phonon softening. As a result of the abo
facts, the experimentally observeddTc /dx by Cu substitu-
tion is two times smaller than by Co substitution.

In YCo2B2C, our spin polarized calculation shows that t
paramagnetic state is favorable in this material. Thus,
believe the magnetic correlation effect is not important
the nonappearance of superconductivity in YCo2B2C. The
experimental susceptibility measurements show a Pauli p
magnetic behavior in this material and this is consistent w
our result.58,15Also, the increase of the cohesive energy~Fig.
5! and the bulk modulus by an increase of the Co concen
tion in YNi22xCoxB2C indicates the stiffening of the lattice
Hence the phonon stiffening may be responsible for the
sence of superconductivity in YCo2B2C.

V. RESULTS AND DISCUSSIONS

Both Co and Cu have ionic radii of 0.72 Å compared
0.69 Å of Ni, and hence one would expect an expansion
the YNi2B2C lattice by Co and Cu substitution, had it bee
merely a chemical pressure effect. However the experime
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x-ray diffraction measurements32,29 show that the Co substi
tution leads to a lattice contraction and this is against
expectation. Our theoretically estimated equilibrium volum
as a function of Co/Cu substitution are shown in Fig. 3. Fr
this figure we can see that the lattice expands with Cu s
stitution and contracts with Co substitution. This behavio
in complete agreement with recent experimental studies.32,29

Kadowakiet al.29 made systematic studies on the lattice p
rameter as a function of Co substitution in YNi2B2C and
found a deviation from Vegard’s law~i.e., a minimum in the
unit cell volume around 25% Ni replaced by Co!. They have
interpreted that this anomalous behavior may be attribute
the occurrence of magnetism in this region. Interestingly,
first principles calculations also show nonlinear behavior
Fig. 3. The detailed analysis of our results shows that
anomalous behavior is not due to any magnetism and ins
can be explained through simple band filling effects. In F
3 the minimum in the volume is situated between 25 to
at. % Co substitution. Our DOS analysis shows thatEF falls
on a pseudogap~i.e., all the bonding states are filled while a
the antibonding states are empty! in this concentration range
In general ifEF falls in a pseudogap region is an indicatio
of strong bonding. Hence, the anomalous behavior in
changes of the volume by Co substitution is purely a ba
filling effect rather than a magnetic transition. Furthermo
our spin polarized calculations also support this view po
since we do not get a spontaneous onset of magnetic o
ing. In binary systems, as one goes across the 3d series, the
transition metal-boron bond strength shows a peak aro
Co.59 Following this trend, as discussed by Gangopadhy
Schuetz, and Schilling,32 one would expect that the transitio
metal-boron bonds would weaken as a result of substitu
for Ni with Cu, and strengthen with Co. Our charge dens
studies, cohesive energies, heats of formation, and De
temperature calculations are consistent with the above ex
tation.

The complete replacement of Ni by Co is equivalent to
removal of two electrons/f.u and Cu replacement is equi
lent to add two extra electrons/f.u in YNi2B2C. Hence, if we
assume that the DOS curve will not change its shape
substitution~rigid band approximation!, the EF will shift to
lower energy with Co substitution and higher energy with
substitution. In order to illustrate the validity of the rigi
band approximation for YNi22x(Co/Cu)xB2C, we have plot-
ted N(EF) obtained from the rigid band filling approxima
tion along with the one obtained from the self-consist
supercell calculations in Fig. 10. It is interesting to note t
the overall trend in the variation ofN(EF) by Co/Cu substi-
tution has been reproduced in the simple rigid band fill
approximation. Apart from the trend, the absolute values
N(EF) have also been reproduced for Co substitution up
at least 75% substitution. The validity of the rigid ban
analysis indicates that the variation inN(EF) with substitu-
tion is mainly dominated by the shifting ofEF rather than
hybridization and other chemical effects. The decrease
N(EF) by Co substitution~see Fig. 10! is larger than by Cu
substitution and this trend is also consistent with the P
paramagnetic susceptibility obtained from normal state st
magnetic susceptibility measurements.60
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VI. SUMMARY

Based on our band structure results we have analy
many of the trends in chemical bonding and the effect
Co/Cu substitution. In particular we conclude the followin

~1! The equilibrium volume increases~decreases! with Cu
~Co! substitution in YNi2B2C, which is in good agreemen
with experimental observations. The sudden drop in volu
between 25–50 % Co substitution~i.e., deviation from Ve-
gard’s law! is not due to any magnetic transition and h
been explained through the band filling effect.

~2! There is strong hybridization between B-p, C-p, Ni-d,
and Y-d states in YNi2B2C. In this compound all bonding
states and some antibonding states are filled whereas
YCo2B2C a small fraction of bonding states is empty.

~3! Alloying YNi 2B2C with Co or Cu results in smal
changes in the electronic structure and the rigid band
proximation works well. Also, the site preference of for i
stance Co in Y(Ni12xCox)2B2C results in small changes i
the total energy;0.5210 mRy/f.u.

~4! The use of the atomic sphere approximation wo
quite well for these compound, even though the structur
layered. The trend in equilibrium volume is the same in AS
as it is using a full-potential method, although the ASA vo
umes are somewhat too big. Moreover, the DOS obtai
from both ASA and FPLMTO calculations are similar
each other.

~5! The variation ofN(EF) by substitution of Ni with Co
is different from that of Ni substituted by Cu in YNi2B2C.
N(EF) decreases drastically when 25% Ni replaced by
and afterwards increases for higher Co substitution. T
N(EF) value decreases gradually with an increase of Cu c
centration. The variation inN(EF) can been explained
through simple rigid band filling principle.

~6! Apart from the decrease ofN(EF) we speculate tha
the stiffening of the lattice plays an important role for sudd
drop in Tc by Co substitution.

~7! TheN(EF) value for nonsuperconducting YCo2B2C is
much closer to that of superconducting YNi2B2C. The ab-
sence of superconductivity in YCo2B2C may be due to a
stiffening of the lattice and/or different band filling. As ou
spin polarized calculation does not show any magnetic m
ment and the experimental studies suggest that YCo2B2C is
Pauli paramagnetic, we believe that the suppression of su
conductivity in YNi2B2C by Co substitution is not due to th
magnetic pair breaking effect.
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