
PHYSICAL REVIEW B 1 AUGUST 1998-IIVOLUME 58, NUMBER 6
High-pressure studies on YNi2B2C at room temperature
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The electronic and lattice structure, and equation of state behavior of YNi2B2C has been investigated by
electrical resistivity, thermoelectric power, and angle-dispersive x-ray-diffraction measurements. The electrical
resistance under pressure has also been measured for other lanthanide-nickel borocarbides~RNi2B2C, R5Ho,
Er, and Tm!. The high pressure behavior is analyzed by electronic band-structure@tight-binding linear muffin-
tin orbital ~LMTO! and full-potential LMTO# calculations on YNi2B2C. The measured thermoelectric power
shows a peak around 2 GPa pressure. X-ray powder diffraction measurements of the lattice parameter under
pressure reveal that the carbon-filled variant of ThCr2Si2-type tetragonal structure prevailing under ambient
conditions is preserved in YNi2B2C up to 6 GPa. Pressure-volume data on YNi2B2C yielded a bulk modulus
of 200 GPa. This is in agreement with the value computed by the first-principles electronic-structure calcula-
tions. It is also shown that the observed peak in the thermoelectric power in YNi2B2C and the weak pressure
dependence of the superconducting-transition temperature can be correlated with the details of the electronic
density of states.@S0163-1829~98!04430-0#
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I. INTRODUCTION

The family of lanthanide nickel borocarbide~RNi2B2C
whereR5lanthanide! superconductors have attracted mu
attention during the last few years.1–4 Their crystal structure
is a carbon-filled variant of the ThCr2Si2-type tetragonal
body-centered~space groupI4/mmm! structure.5 The nickel
boride framework of the structure is modified by the ins
tion of carbon in the lanthanide layer, directly between
boron atoms, thus forming a cage of the lanthanide. T
addition of carbon in the lanthanide plane manifests itsel
the expansion of thec-axis lattice parameter and the contra
tion of thea-axis lattice parameter. These structural mod
cations lead to some interesting features, such as~i! short
B-C separation of 1.46 Å;~ii ! near ideal tetrahedral coord
nation of Ni atoms with four neighboring B atoms; and~iii !
Ni-Ni separation of 2.45 Å, which is shorter than in N
metal, indicating that the Ni-Ni bonds might be very stron
The superconducting transition temperature,Tc , of these
materials shows interesting high-pressure behavior.6,7 For
example, in Ho and Tm borocarbides,Tc decreases with
pressure~dTc /dP at ambient pressure is20.25 K/GPa for
HoNi2B2C, and20.45 K/GPa for TmNi2B2C!, whereas in
ErNi2B2C Tc increases with pressure~dTc /dP510.17
K/GPa!.7 But in YNi2B2C there is only a weak variation o
Tc ~dTc /dP510.03 K/GPa at normal pressure! with pres-
sure. The larger pressure dependence ofTc in Ho and Tm
based borocarbides has been attributed to magn
correlation.7 It is well known that the pressure affectsTc via
PRB 580163-1829/98/58~6!/3377~4!/$15.00
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changes in the phonon density of states and electron de
of states at the Fermi level~EF!.8 Also, the changes in the
electronic and phonon spectra might lead to structural tr
sitions and affect the transport properties like electrical re
tance and thermoelectric power~TEP!. Hence, we have car
ried out the angle-dispersive x-ray-diffraction~ADXRD!
measurements at room temperature and high pressure
YNi2B2C to obtain the equation of state and to look for a
signature of structural transition in it. Electrical resistan
and TEP measurements have also been performed. We
carried out electronic-structure calculations~at 0 K! at high
pressures, which include the experimentally applied press
conditions to interpret the experimental data. Band-struct
calculations for ambient pressure have been reported ea
on LuNi2B2C ~Refs. 9 and 10! and YNi2B2C.11

II. EXPERIMENTAL DETAILS

For electrical resistivity and TEP measurements, pellet
the samples of approximate size, 335 mm with a thickness
of 0.2 mm, were taken, and then pressed between tung
carbide anvils to a load of 5 tons. The well-compacted m
terial was then trimmed to pieces of 1.5 mm long and
mm wide. An opposed Bridgeman anvil setup,12 consisting
of 12 mm face diameter tungsten carbide anvil pairs, w
used. Resistance was measured by the four-probe techn
Pressure calibration was donein situ by using Bi. The
samples, along with a talc pressure medium, were enca
lated in two 0.15-mm thick pyrophylite gaskets. Thin myl
3377 © 1998 The American Physical Society
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3378 PRB 58S. MEENAKSHI et al.
sheets protected the sample from direct contact with talc
also ensured good electrical contact by preventing talc fr
entering the sample and electrical leads. For T
measurements,13 chromel-alumel thermocouple wires of 0.2
mm f were employed. No corrections for the variation of t
thermo-emf of chromel alumel were applied, as they are n
ligible. Thermocouple wires were held in position within th
gaskets by grooves on it and over the sample by a thin m
sheet taped to the anvil. The ADXRD measurements e
ployed a photostimulable fluorescent plate~commonly
known as an imaging plate! as an area detector.14 Resistivity
measurements under pressure were carried out on YNi2B2C,
HoNi2B2C, ErNi2B2C, and TmNi2B2C. High-pressure x ray
diffraction and TEP measurements were made only on
YNi2B2C samples. For ADXRD measurements, a YNi2B2C
powder sample of 5m size, along with a ruby pressur
marker, was loaded in a Bassett-type diamond-anvil cel
which an ethanol-methanol mixture was used as a pres
transmitter.

III. THEORETICAL CALCULATIONS

We have carried out the first-principles total-energy c
culations by the tight-binding linear muffin-tin orbital~TB-
LMTO! method15 within the framework of the atomic spher
approximation~ASA!. Within this approximation, the atom
and orbital decomposition of the electron density of state
well defined. This decomposition will be used below~Sec.
IV ! in interpreting some experimental observations. The s
consistent band-structure calculations were done
YNi2B2C using the scalar relativistic version of TB-LMTO
with the frozen core approximation. The atomic leve
4d15s2 of Y, 3d94s1 of Ni, 2s22p1 of B, and 2s22p2 of C
were treated as valence electron states. Lattice constant
atomic positions in the unit cell were obtained from Ref. 1
The ratios of atomic sphere radii were optimized so that
theoretically estimated equilibrium volume would agree w
the experimental data. We obtained the ratios as Y : Ni : B :
C 5 1.0 : 0.79 : 0.52 : 0.5, which are in agreement with
earlier work.17 The Barth-Hedin exchange18 was used
throughout. The eigenvalue problem was solved by con
ering thes, p, andd partial waves only without downfolding
any of the orbitals. Apart from this, the combined correcti
terms, which account for the nonspherical shape of
atomic cells and the truncation of higher partial waves~l.2!
inside the spheres, were also included to improve the a
racy of the LMTO method. The tetrahedron method for t
Brillouin-zone integrations~k-space integrations! was used.
The eigenvalues were obtained with a set of 349k points in
the irreducible wedge of the first Brillouin zone~BZ! of the
body-centered tetragonal lattice of YNi2B2C. The total ener-
gies at various volume fractions were fitted to a polynom
to calculate the pressure.

In order to improve upon the accuracy in the total ene
and equation of state, we carried out the calculations by
full-potential LMTO ~FP-LMTO! method. The all electron
FP-LMTO calculations employed no shape approximation
the charge density or potential.19 The spherical harmonic ex
pansion of the charge density, potential, and basis funct
were carried out up tol max58. Thus, the basis set comprise
augmented linear muffin-tin orbitals containing 4s, 4p, 5s,
d
m
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5p, 4d, 4f of Y; 3p, 3d, 4s, 4p of Ni; 2s, 2p, and 3d of B and
C. Further, two sets of energy parameters, one with ener
appropriate to the semicore bands and the other with ener
corresponding to the valence bands, were used to calcu
the radial functions in the muffin-tin spheres. Also, two t
energies were used for every state. Approximate orthogo
ity between bases with the samel value was maintained by
energy separation. Integration over the BZ was done us
‘‘special point sampling.’’20 The results reported here use
75 k points in the irreducible wedge of the BZ. The se
consistent iterations were continued until the total-ene
differences between two consecutive iterations were
than 1026 Ry. The equation of state obtained with FP-LMT
calculations show better agreement with our ADXRD es
mates at higher compressions. However, the calculated e
librium volume by FP-LMTO departed more from the e
perimental value~see discussion in Sec. IV below!. It was
felt that the nonlocal corrections to the local-density appro
mation, as adopted in the generalized gradient approxima
~GGA! for the exchange correlation terms, may be import
here.21 Hence, we carried out additional FP-LMTO calcul
tions with GGA. The gradient terms were evaluated in the
calculations for the full nonspherical charge density in t
muffin-tin spheres as well as in the interstitial region.19

The atom and orbital decomposition of the electron d
sity of states~DOS! was carried out by the LMTO-ASA
method. In view of the anisotropic nature of the structure,
value of the ratioc/a of the lattice parametersc and a at
various compressions was optimized by the FP-LMTO to
energy calculations. These accurate full-potential calcu
tions are necessary as the changes involved are small.
c/a value that gives the minimum total energy at the chos
compression was then used in the LMTO-ASA calculatio
to get the atomic and orbital components of the DOS.

IV. RESULTS AND DISCUSSION

In all cases, YNi2B2C, HoNi2B2C, ErNi2B2C, and
TmNi2B2C, electrical resistance showed a smooth variat
with pressure with no discontinuity up to about 8 GPa. F

FIG. 1. Variation of the electrical resistance with pressure
YNi2B2C.
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ure 1 shows the typical data for YNi2B2C. This kind of
smooth variation indicates the absence of a structural ph
transition and is consistent with ADXRD measurements d
cussed below. The initial sharp fall up to 2 GPa is in contr
to the resistance versus pressure behavior seen usua
metals like Ag and Au.

The ADXRD measurements on YNi2B2C showed that the
structure prevailing at ambient conditions, i.e., a variant

FIG. 2. Equation of state for YNi2B2C.

FIG. 3. Borons- andp-component density of states~per primi-
tive cell! in YNi2B2C at~a! normal volume, and~b! relative volume
ratio V/V050.92 ~corresponding to a pressure of about 22 GP!.
The insets at the top right-hand corners show the boronp-
component peak near the Fermi level in an expanded scale.
se
-
t
in
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the layered ThCr2Si2-type tetragonal structure with carbo
atoms in theY plane,5 is retained up to 6 GPa. The equatio
of state obtained from the measured lattice parameter
shown in Fig. 2. This yields a bulk modulus of 200 GP
which is large compared to the value for most of the met
~which is in the range of 50 to 100 GPa!.

The equilibrium volume calculated by the TB-LMTO
method is less by 1.5% of the experimental value, which
typical of the local-density approximation based calculatio
The theoretical equation of state compares well with
measured (P-V)data for initial compressions, and yields
bulk modulus of about 210 GPa.22,23 However, the theoreti-
cal equation of state is stiffer at higher compressions~Fig. 2!.
The FP-LMTO calculations yield the equation of state cur
that is slightly in better agreement with our ADXRD me
surements. The equilibrium volume, however, is undere
mated by about 6%. Further, the application of GGA in t
FP-LMTO calculations lowers this deviation from the e
perimental value from 6% to 2% and gives excellent agr
ment with our ADXRD data. The FP-LMTO calculation
with GGA yield the bulk modulus of 190 GPa.

The calculatedc/a ratio at various compressions agre
within 1% of the estimates from our ADXRD experiment
For example, atV/V050.97, the theoretical estimate give
c/a 5 2.931 as compared to our ADXRD value of 2.94
Both the FP-LMTO calculations and the ADXRD data sho
less than a 1% increase in thec/a ratio for the 3% compres-
sion in volume~i.e., an increase in pressure by about 6 GP!.

It has been shown that, in this class of materials,Tc is
influenced by the boron component of the electron DOS
EF .10 This is because these states couple strongly to
phonons involving boron displacements in NiB4 tetrahedra.10

Our calculations~TB-LMTO! give the DOS at ambient pres
sure in reasonable agreement with those available in the
erature for YNi2B2C.11,24 They also show that the boro
component of the DOS is reduced at EF on compression.
Apart from the usual band broadening effect, the DOS p
that is just above EF moves slowly away from it to highe
energies under compression@compare Figs. 3~a! and 3~b!#. In
the pressure range up to 2 GPa~where Tc data are
available6,7!, the change in the boron component DOS atF
as obtained by the present calculations is so small that alm

FIG. 4. Thermoelectric power as a function of pressure
YNi2B2C.
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no change inTc is expected. This is consistent with the e
perimental findings.6,7

Our TEP result, shown in Fig. 4, exhibits a peak aroun
GPa pressure.25 As is well known, the diffusion based the
mopower depends on the energy derivative of the DOS
EF , and is dominated by thed component.26 Our calcula-
tions show a sharp Nid-component peak in the vicinity of EF
~not shown!. This peak also shifts slowly away from EF to
higher energies under compression, as does the borop-
component peak shown in Fig. 3. Thus, we conjecture
the observed broad peak in the pressure dependence of
is due to a slow shift of the Nid-based bands with respect
EF to higher energies which leads to changes in the Fer
surface topology.27

In summary, we have performed high-pressure invest
tions at room temperature for the borocarbide superc
ductor YNi2B2C, by electrical resistivity, thermoelectri
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power, and angle-dispersive x-ray-diffraction techniqu
The electrical resistivity up to 8 GPa does not indicate a
structural transition. This is confirmed by ADXRD measur
ments up to the pressure of 6 GPa. FP-LMTO calculatio
with GGA give the best agreement with the pressure-volu
data from ADXRD measurements which yield a bulk mod
lus of 200 GPa. The observed broad peak in the TEP m
surements may be related to the shift of the Nid- based
bands with respect to EF to higher energies. The weak de
pendency on pressure ofTc in YNi2B2C is consistent with
insignificant changes, due to compression, in the calcula
DOS at EF of the boron component peak.
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