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We have studied the electronic structure of the superconductor YNi,B,C by photoemission and inverse-
photoemission spectroscopy. The spectra show a prominent Ni 3d band centered around 1.5 eV below the
Fermi level (Ef), whose top crosses Er, and B, C 2sp-derived states at higher binding energies, generally
consistent with band-structure calculations. However, the Ni 3d-derived conduction bands are narrower than
calculated and are accompanied by a satellite, signaling electron-correlation effects within the d bands. The
density-of-states peak at Ep predicted by band-structure calculations is suppressed and its spectral weight is
transferred away from E, presumably due to an electron-phonon interaction and/or electron correlation.

The discovery of superconductivity in boride-carbide sys-
tems, Y-Pd-B-C (T.=23.2 K) (Ref. 1), RNi,B,C (R=Y, Lu,
Tm, Er, and Ho, T,=16.6 K for R=Lu) (Ref. 2), and
Y-Ni-B-C (T.~13 K) (Ref. 3) has invoked renewed interest
in the search for high-temperature superconductivity in mul-
tinary intermetallics. Each family of superconductors so far
discovered, including A15 compounds, Chevrel-phase com-
pounds, cuprates, and fullerides, possesses characteristic
structural and electronic features, which have been thought
to be related to the appearance of superconductivity. The
electronic structure of transition-metal borides and carbides
has generally been characterized by strong covalent bonding
between the constituent elements.* The layered structure of
RNi,B,C, which consists of alternating stacks of RC and
Ni,B, units,’ and the presence of the late transition element
Ni suggests some analogy with the cuprate superconductors.
The extent to which electron correlation and two-
dimensionality play roles in the Ni boride carbides is there-
fore of primary interest and has to be clarified experimen-
tally. Mattheiss® has performed band-structure calculations
on RNi,B,C using the local-density approximation (LDA),
and has shown that the energy bands which cross the Fermi
level (Ef) are dominated by Ni 3d character. Most remark-
ably, the calculated density of states (DOS) shows a peak at
Ep, arising from a relatively dispersionless energy band
which is located close to E . Photoemission spectroscopy is
well suited to study energy-band structures, electron correla-
tion, and other interaction effects. In this paper, we report on
our photoemission and inverse-photoemission studies of
YNi,B,C. We have chosen R=Y (T.=15.6 K) because the
presence of rare-earth 4f states would obscure spectral fea-
tures from other valence- and conduction-band states which
are relevant to the superconductivity.

Polycrystalline samples of YNi,B,C were prepared by arc
melting and subsequent annealing. Details of the sample
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preparation are given in Ref. 2. Photoemission experiments
were performed at beamline BL-2 of the Synchrotron Radia-
tion Laboratory, Institute for Solid State Physics, University
of Tokyo. The total instrumental resolution varied from
~0.3 eV at hv~40 eV to ~0.6 eV at hv~100 eV, deter-
mined by the width of the Fermi edge of evaporated Au. The
position of the Au Fermi edge has been used to calibrate the
binding energies. Measurements were also made on a spec-
trometer equipped with a He discharge lamp (hv=21.2 eV)
with a resolution of ~0.1 eV. Inverse-photoemission spec-
troscopy or bremsstrahlung-isochromat spectroscopy (BIS)
measurements were made at hv=1486.6 eV using a quartz
monochromator. The E position and the energy resolution
(~1 eV) were determined by measuring the Fermi edge of
Au evaporated on the sample. The samples were cooled to
liquid-nitrogen temperature and scraped in situ with a dia-
mond file. The base pressures in the spectrometers were
1-2Xx107!° Torr.

Figure 1 shows photoemission spectra measured using
synchrotron radiation. The photoionization cross section of
the Ni 3d orbitals relative to the B and C 2sp orbitals rap-
idly increases with increasing photon energy’ (except for the
Ni 3p—3d resonance at hv~65-70 eV discussed below).
Therefore, from comparison between the hv=63 eV and
hv=100 eV spectra, one can conclude that the prominent
emission centered at ~1.5 eV below E is largely due to Ni
3d, and that the structures at ~6, ~10, and ~ 14 eV have
significant B and/or C 2sp character, confirming the result of
the band-structure calculations.5® In accordance with the cal-
culations, the BIS spectrum shown in Fig. 2 shows the un-
occupied part of the Ni 3d-derived conduction bands extend-
ing from E to ~1.5 eV above it, and the almost empty Y 4d
band centered at ~6 eV above Er. Thus the Fermi level is
located in the upper part of the Ni 3d-derived conduction
bands and results in the sharp Fermi cutoff both in the pho-
toemission and BIS spectra.
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FIG. 1. Photoemission spectra of YNi,B,C.

In order to see to what extent the calculated band structure
is appropriate, or to what extent electron-electron and other
interaction effects neglected in the band-structure calcula-
tions are important in describing the electronic properties of
YNi,B,C, we have made detailed comparison between the
measured spectra and the band-structure calculations® as
shown in Figs. 3 and 4. To obtain the theoretical spectra from
the band-structure calculations, the partial DOS of each
atomic-orbital component has been weighted by the corre-
sponding atomic-orbital photoionization cross section.” The
instrumental resolution and the lifetime broadening have
been taker. .nto account through convolution of the DOS
with Gaussian an. Lorentzian functions, respectively;’ inte-
gral backgrounds have also been superimposed. The calcu-
lated and measured photoemission spectra are approximately
normalized to the integrated intensities. In Fig. 3, the photo-

T T T T T T T T T

YNiB.C| BIS ~.-.*u»..r‘\s‘q_.._
«n .
£ >
: L]
Qo o
3 o

& A3
= s
n )
c o
2
E ]
..
g’ 1 1 1 1 L 1 !

2 4 0 1 2 3 4 5 6 7
Energy relative to Er (eV)

FIG. 2. BIS spectrum of YNi,B,C.

The Ni 3d emission centered at ~1.5 eV is shifted to-
wards Er by ~0.2 eV compared to the LDA band-structure
calculations, whereas the B- and C-hybridized features at
~6, ~10, and ~14 eV are all shifted away from Ep by
~1 eV (e.g., the observed ~6 eV corresponds to the calcu-
lated shoulder at ~5 V). In Fig. 3, the most remarkable
discrepancy between theory and experiment is that the ob-
served width of the Ni 3d band is reduced by ~20% as a
whole compared to the calculations. Furthermore, the mea-
sured spectra show extra spectral weight at 5-10 eV below
Er. Since at hv=100 eV, the photoionization cross sections
for the B and C orbitals are negligibly small compared to that
of Ni 3d, the extra spectral weight is attributed to a Ni 34
origin. It is well known that in Ni metal, the Ni 3d bands are
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FIG. 4. Comparison of the photoemission spectrum near Ep
‘(dots) with the band-structure calculations by Mattheiss (Ref. 6)
(solid lines). The same as Fig. 3. The spectra have been normalized
to the peak intensities.
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narrowed by ~30% compared t ™ DA band-structure calcu-
lations, and that a satellite appears at 6 eV below Ey due to
electron correlation within the d bands.'® The present result
therefore indicates that electron correlation is significant in
YNi,B,C (although it is paramagnetic while Ni metal is fer-
romagnetic). The satellite in Ni metal has been attributed to a
two-hole bound state and is enhanced for photon energies in
the Ni 3p—3d core-excitation region via resonance-
photoemission effects. Indeed, the Av=68 eV spectrum in
Fig. 1 shows an enhancement around ~8 eV below E . This
satellite position is deeper than that in Ni metal, shallower
than in NiO (~10 eV below E ), ! and nearly the same as in
NiS,'? suggesting that the d-d Coulomb energy U is inter-
mediate between that in Ni metal (U~2 eV) (Ref. 10) and
that in NiO (U~7-8 eV) (Ref. 13), and is similar to that in
NiS (U~4 eV) (Ref. 12). A crude estimate using the binding
energy of the satellite, E g(d®)~8 eV, and that of the Ni 3d
band, Ez(Ni 3d)~1.5 eV, also leads to a similar value:
U~Eg(d®)—2E(Ni 3d)~5 eV. The U value of YNi,B,C
indicates that the screening of the Coulomb interaction is
more efficient than in NiO, which is highly insulating, while
it is less efficient than in Ni metal (and its alloys), where d-d
Coulomb interaction is screened by 4s conduction electrons.
As for the discrepancy between experiment and theory for
the energy positions of the B- and C-derived features, similar
discrepancies have been found for sp states in other
transition-metal compounds'* and would also be attributed to
a limitation of the LDA calculations.

In addition to the band narrowing and the satellite forma-
tion mentioned above, spectral features in the vicinity of
Er show further discrepancy between theory and experi-
ment: as can be seen from the high-resolution spectrum in
Fig. 4, the band-structure calculations predict a remarkable
DOS peak at E whereas the measured spectra show a Fermi
cutoff without any sign of such a peak. This behavior is also
evident in the BIS spectrum, if we take into account the
lower energy resolution of BIS: the Fermi-level position in
the calculated spectrum is located closer to the peak while
the measured Fermi-level position lies in the middle of the
leading edge as would be expected for a flat DOS. The dis-
crepancy between experiment and theory for the Av=100 eV
spectrum, whose resolution is also low, is consistent with this
interpretation. When the DOS peak at E . is suppressed in the
photoemission spectra, the lost spectral weight must be re-
distributed away from E . The comparison between the ex-
perimental and theoretical BIS spectra in Fig. 3 indeed im-
plies a spectral weight transfer from near Ex to ~0.5-1 eV
above it within the limited experimental resolution. The mea-
sured and calculated photoemission spectra in the same fig-
ure, which are normalized to the integrated intensities, also
imply a spectral weight transfer from E r towards 0.5-1 eV
below E, although it is not so obvious as in the BIS spectra
due to the overlap of the strong Ni d-band peak centered
~1.5 eV below E.

The suppression of the DOS peak at E - and the associated
spectral weight transfer on the energy scale of 0.5—1 eV may
be reminiscent of a pseudogap formation in the DOS on that
energy scale, as has been Gpredictcd for strongly coupled
electron-phonon systems'>!® and electrons interacting with
spin fluctuations.!” From comparison between the measured
and calculated photoemission spectra (Fig. 4), the DOS at
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Er is suppressed by a factor of ~0.5. Nevertheless, the qua-
siparticle DOS at Ep derived from the electronic specific
heat jump at T, (~25 mJ/mol K?) (Ref. 18) is larger than the
DOS given by the band-structure calculations (4.8 states/
mol eV) (Ref. 6) by a factor of ~2, which is even larger than
the inverse of the overall band narrowing factor ~ 1.2 for the
Ni 3d bands, indicating that the band narrowing becomes
more pronounced as the Fermi level is approached.!® The
mass enhancement or band narrowing on the low energy
scale should generally be accompanied by a reduction of the
quasiparticle spectral weight near Er; the lost spectral
weight should be redistributed away from E as incoherent
spectral weight on that energy scale. The origin of the mass
enhancement on the low energy scale may be due to electron
correlation (including spin fluctuation effects), which is gen-
erally energy dependent, and/or electron-phonon interaction,
which is effective only at low energies. If one considers
high-frequency optical phonons due to vibrations of light B
and C atoms and assumes a strong electron-phonon coupling,
the energy scale of 0.5-1 eV may be realized.

Finally, we note that the appearance of a DOS peak aris-
ing from a flat band near Ey in band-structure calculations,
and its intensity suppression in photoemission spectra, is a
rather common feature of various high-T. superconductors,
although the underlying band structures are quite different
between the different materials® (i.e., wide nondegenerate
p-do* or s-po* antibonding bands for cuprates and Bi ox-
ides and narrow d bands for the present boride carbides,
Al15 compounds, and Chevrel-phase compounds). For
BaPb, _,Bi,O; and Ba,_,K,BiO;, band-structure calcula-
tions predict a DOS peak at or close to E (Ref. 20) whereas
measured spectra exhibit an intensity decrease towards
Er.'InA15 compounds, a predicted sharp DOS peak close
to Er was not observed in a high-resolution photoemission
study?? while the quasiparticle peak of a flat band, although
considerably broadened, has been identified by angle-
resolved photoemission spectroscopy,23 suggesting a consid-
erable transfer of the quasiparticle spectral weight towards
high energies. In Bi,Sr,CaCu,0g, 5, band-structure calcula-
tions have predicted a DOS peak ~0.5 eV below E arising
from flat bands;** according to an angle-resolved photoemis-
sion study, such bands are located very close to Eg
(~within 0.05 eV) (Ref. 25) but have not been identified as
a peak in angle-integrated photoemission spectra.?®

In conclusion, the gross electronic structure of YNi,B,C
is well described by the LDA band-structure calculations,
while electron correlation manifests itself as a moderate nar-
rowing of the Ni 3d-derived conduction bands and the ap-
pearance of a two-hole bound-state satellite. Energy bands in
the vicinity of E are further narrowed due to coupling with
low-energy excitations, such as phonons and spin fluctua-
tions, and at the same time the DOS peak at Ep is sup-
pressed. More detailed information is clearly needed to char-
acterize the electronic states in the vicinity of Ex, e.g., by
angle-resolved photoemission. Comparison with Y-Pd-B-C
will also shed more light on the electronic structure and su-
perconductivity in the boride-carbide systems.
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