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Quasiparticle spectrum in superconducting YBa2Cu307
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We have used the real-axis Eliashberg equations for an anisotropic superconductor to study the quasiparticle
density of states of superconducting YBazCu307 in a temperature range from 0 up to 120 K. A first-principles

electronic structure and a nonorthogonal tight-binding method was used to calculate the electron-phonon
interaction. The large variation we found in gap energies for different bands and directions on the Fermi
surface and strong frequency dependence of the gap explains broad features seen in the low temperature

tunneling density of states as well as structure seen close to T, . Above 50 K we have evidence for a gapless
superconductor with s-wave pairing.

I. INTRODUCTION

The quasiparticle density of states in high-T, supercon-
ductors has been extensively studied by tunneling
experiments' and photoemission measurements. ' Be-
cause of the importance in these materials of the condition of
the surface, the short coherence length, and anisotropy, the
experimental results are far more complex and much more
difficult to understand than for conventional low-T, super-
conductors. As a result, it has been difficult to provide ex-
perimental confirmation for any of the large number of theo-
ries that have been proposed to explain these materials. It is
our view that many experimental results cannot be under-
stood without accounting for the very complex band struc-
ture and electron-phonon coupling and large number of pho-
non modes in these materials.

In previous work, ' two of us used the strong coupling
theory of superconductivity and a nonorthogonal tight-
binding approach for the calculation of electron-phonon in-
teraction to calculate the transition temperature T, and the
zero-temperature anisotropic superconducting gap function
b, (k) for YBazCu&07 (YBCO). We found a value for T, that
was close to the experimental value and varied only slightly
with the value of the Coulomb pseudopotential p, *, we
found a T, of 89 K for p, *= 0, 1 and 92 K for p, *= 0.0. We
also found that the superconducting energy gap in YBCO is
quite anisotropic, with gap values varying from 10 to 25
meV for different points on the Fermi surface.

The present work extends this earlier calculation' to

study the temperature dependence of the quasiparticle den-
sity of states (DOS) in YBCO between 0 and 120 K. Our
results for the quasiparticle DOS at different points of the
Fermi surface are consistent with angle-resolved photoemis-
sion measurements, while the Fermi surface average of the
DOS can explain most of the features seen in tunneling ex-
periments. The only major feature that we do not reproduce
is the zero-bias anomaly. In particular, our results show that,
unlike conventional superconductors, the strong frequency
dependence of the gap leads to noticeable structure in the
quasiparticle spectrum even close to T, , in accord with ob-
servations.

In Sec. II of this paper we discuss our method of solving
the Eliashberg equations using a first-principles band struc-
ture and electron-phonon interaction. In Sec. III we discuss
our results for the quasiparticle DOS and compare our results
with tunneling experiments. Section IV contains our conclu-
sions.

II. CALCULATION

Our calculation of the superconducting properties is based
on solving the temperature dependent Eliashberg gap equa-
tion on real axis for an anisotropic superconductor. Because
of the anisotropy and the presence of several bands near the

Fermi surface, the gap function 5 (k, co) and renormaliza-

tion function Z (k, co) depend on the band index m and mo-

mentum k in addition to the frequency co. The Eliashberg

equations for Z (k, co) and 5 (k, to) are
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where the kernels for the electron-phonon coupling are given by

1 — 1
d~X lg k, k, ~l'4~ —~~(k' —k)] [n(p)+f( —~')] +„,+,+,0+ „„,,+,.0+

1 1
[»(P +f ~' ] „„,+,+,.0+ „+„, ,+,.0+ (2)

Here dS k=k dA/[(27r) lV Ekkl] is the unit of area on
the Fermi surface of band m, and f(cu) = 1/(eP" + 1) and

n( v) = 1/(e~' —1) are the Fermi and Bose functions,
respectively. ' The Coulomb pseudopotential is given by
p, *=N(0) U, and g f. k z is the electron-phonon matrix
element for phonons of frequency co&(k —k') to scatter elec-

trons from state (m, k) to state (I',k'). ' '
The quasiparticle density of states (DOS) n~'~(k, co) for a

state of energy ~ at the momentum k on the rnth band at the
Fermi surface is given by'

When convergence was achieved, the average change in the

gap function per interaction was less than 0.05 meV; the
largest change was seen in the vicinity of the peak at
co= b, (k, cu = 0) where a change of about 0.25 meV occurred
per iteration. We found that the solution converged most
slowly for temperatures close to T, , where about 50 itera-
tions were needed to get a converged solution. The T, value
obtained from this calculation was 89 K and was in good
agreement with that derived from a direct matrix diagonal-
ization of the linearized gap equation on the imaginary
axis.

n~'l(k, o))=Re
co~ —b, (k, co)

(3)

To properly account for the complicated electronic struc-
ture of YBCO, the bands and matrix elements in Eqs. (1)
were calculated by a self-consistent first-principles linear
combination of atomic orbitals (LCAO) method using a non-
orthogonal atomic basis of 47 orbitals. The calculated elec-
tronic structure agrees with other well-converged calcula-
tions to better than 10%. This LCAO calculation also
provides the electron wave functions used to evaluate the
matrix elements g & I, z of the electron-phonon interac-
tion. Since both the LCAO band structure and the electron-
phonon interaction are evaluated using a nonorthogonal
tight-binding atomic basis, the ambiguity in the orthonormal-
ity encountered in the previous calculation' is absent here.
The phonon frequencies and eigenvectors were computed us-

ing a shell model adopted by Humlicek et al. ' that agrees
well with neutron scattering data.

Since the electron states involving the electron-phonon
interaction are near the Fermi surface, the energy depen-
dence of the normal state electronic DOS was ignored in the
calculation, but the anisotropy on the Fermi surface was re-
tained. The momentum integrations in Eqs. (1) were done
using a mesh of 72 points in the irreducible Brillouin zone.
Computer memory and CPU time limited the calculation to
this number of points, although previous experience indi-
cates that a substantially larger number of points would not
result in significant improvements. The calculation error was
estimated at about 20% and must be considered when mak-
ing a quantitative comparison with experimental data. The
major computational error came from the nonorthogonal
tight-binding fit to the electron-phonon interaction. But the
main structure of the calculated quasiparticle spectrum is re-
liable and agrees with experimental results.

Equations (1) were solved by repeated iteration using a
value of p, *=0.1 until the quasiparticle DOS calculated
from Eq. (3) changed by less than 0.5% in a single step.

III. RESULTS

To compare our calculated DOS with the tunneling ex-
periments, we note that in most experiments the anisotropic

k dependence is not detected, so we have computed the ef-
fective tunneling DOS as a Fermi surface average using

n ' (co) = g N~" (k)n ' (k, cu) g N'"'(k),

where N~"~(k) is the electronic density of states in the nor-

mal state for band I at k point on the Fermi surface and is
obtained from the first-principles band structure.

The averaged quasiparticle DOS n~'~(co) we have found
for YBCO is shown in Fig. 1 for temperatures of 0, 30, 60,
89, and 120 K. Figure 1(a) shows the density of states at 0 K.
Because of the large variation in gap energies over the vari-
ous pieces of the Fermi surface, the low temperature spec-
trum has very broad features. The density of states is zero

(e) T= 120K

0
T=89K

(c) T=GOK

0
(b) T=30K

0
T=OK

0
50
(meV)

100

FIG. 1. The averaged isotropic quasiparticle DOS for YBCO at
T = 0, 30, 60, 89, and 120K.
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below 9 meV. At about 25 meV there is a sharp peak which
we attribute to the superconducting gap values of about 22 to
25 meV at some of the k points on the Fermi surface. We
will discuss this in detail later when the k dependence of
quasiparticle spectrum is discussed. At higher energy, there
are minor features at about 47 and 88 meV that arise from
the strong electron-phonon interaction and are related to the
peaks of o. F(cu) at phonon energies of about 25 and 65
meV. We suspect for reasons discussed below that some of
the fine structure in the low energy region may result from
the use of a finite number of k points in the computation.

The density of states at 30 K, shown in Fig. 1(b), differs
from that at 0 K only in the thermal smearing of some of the
fine structure. Figure 1(c) shows that at 60 K, the fine struc-
ture in the region of 10 to 20 meV has been smoothed out,
while the structure at 86 meV remains. This suggests that the
fine structure at low energy may be a computational artifact,
while the high energy features are intrinsic. In addition to a
discernible drop in the magnitude of the gap, we now see
some weight in the DOS at zero energy. This gapless behav-
ior arises from the vanishing of the real part of gap function

b (k, co) as co —+0 and the rising of the imaginary part of the

gap function at some points on the Fermi surface where the
superconducting gap value (referred the value at T = 0 K)
are relatively small compared to other k points. We will give
a detailed discussion of exactly where in the Fermi surface
this occurs below.

Figure l(d) shows the quasiparticle DOS at the nominal
transition temperature of 89 K. The quasiparticle DOS at co
= 0 is about half of that of high energy. The real part of the

gap function b, (k, 0) for all the k points on the Fermi surface
become zero and the material is not superconducting. How-

ever, the energy gap function A(k, co) is still nonzero for
co~0 on some of the bands. Furthermore, the dispersion in

b, (k, co) in the low energy region gives a large imaginary part

Im[h(k, co)]= cu. When this is included in Eq. (3) we find a
quasiparticle DOS that is roughly half of the normal state
DOS. This behavior is consistent with the structure seen ex-
perimentally in the tunneling spectrum of high-T, supercon-
ductors at or slightly above T, . ' ' For example, the
tunneling spectrum of YBa2Cu307 reported by Gurvitch
et al. and others, ' has a sharp peak at about 24 meV which
is very close to the sharp peak in our calculated quasiparticle
DOS as in Fig. 1. The tunneling data show a systematic
change with temperature and are not fIat even above T, .
Similar behavior to what we calculate here for YBCO has
also been seen in tunneling data on Bi-Sr-Cu-0 systems. '

In order to make quantitative comparison with the experi-
ments, we would need information on the energy dependence
of the tunneling matrix element. This information may be
extracted from measurements above 120 K, where the qua-
siparticle DOS shown in Fig. 1(e) appears fiat. There is no

remnant gap function A(k, cu) on any of the branches of the
Fermi surface. The small variation of the calculated curve
from a Oat line is primarily due to computational error, and
gives an idea of the quality of the calculation. Thus one can
see the effect of the frequency-dependent gap function in
YBCO by taking the difference of the measured spectrum at
low temperature from that of normal state.

18.0 c h,,& 25.0 meV
14.0 & h, o& 18.0 meV
10.0 (gp( 14.0 meV

FIG. 2. The Fermi surface and the distribution of the supercon-
ducting gap values at T = 0 K for YBCO, with various points
identified for later reference.

In order to show how the unusual features of the quasi-
particle DOS shown in Fig. 1 can arise, we turn to a detailed
examination of the variation of the quasiparticle DOS over
the Fermi surface. The features that we will describe below
should be visible in high-resolution angle-resolved photo-
emission spectroscopy (ARPES). There are four bands cross-
ing the Fermi energy in YBCO, yielding four pieces of Fermi

surface. We will present the quasiparticle DOS nt'~(k, co) at
selected k points on each of the four pieces of the Fermi
surface. The points are labeled in Fig. 2.

Figure 3 displays the quasiparticle DOS at T=0 for these
selected k points. Figure 3(a) shows the spectrum for the four
k points that are on the small piece of the Fermi surface
around the 5 point. Since all four k points have quite large
energy gap values of about 22 to 25 meV, we conclude that
the gap on this piece of the Fermi surface is s wave with
little anisotropy. The small features at 47 and 88 meV are
related to the peaks at about 25 and 65 meV in o. F(cu).
Figure 3(b) shows the DOS of four k points (labeled e-h on
Fig. 2) on the second piece of Fermi surface away from 5
point, this band being mainly derived from orbitals in the
Cu-0 plane. These four points have quite different gap val-
ues, with point e having a gap of 25 meV, similar to that of
Fig. 3(a), but all show characteristic BCS behavior in the
DOS. The results for the third piece of Fermi surface away
from the S point (points i, j, k, and l) are shown in Fig. 3(c),
and are also consistent with anisotropic, but essentially
s-wave, pairing. Figure 3(d) shows the results for the three k
points (m, n, o) on the fourth piece of Fermi surface which
is close to the I -X line. While the gap value of point o is
about 18 meV, the other two points have considerably
smaller gaps of about 9 to 13 meV. The quasiparticle DOS at
T= 30 K is shown in Fig. 4, and is essentially the same as at
T= 0 except for the decrease in the height of the peak at the

gap due to thermal smearing.
At T=60 K, the calculated results are shown in Fig. 5,
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FIG. 3. The quasiparticle DOS for T = 0 K. (a) DOS on four

k points on a piece of Fermi surface around the S point in the

Brillouin zone. (b) DOS on the selected four k points on the second

piece of Fermi surface away from the S point; the solid line for
point e, dashed line for point f, dashed-dot line for point g, and

dashed-dot-dot-dot line for point h. (c) Four k points on the third

piece of Fermi surface away from the S point; the solid line

for point i, dashed line for point j, dashed-dot line for point k,

and dashed-dot-dot-dot line for point I. (d) Three h points on the

Fermi surface near the I -X line; the solid line for point m, dashed
line for point n, dashed-dot line for point 0. All the symbols

(e, f, g, h, i, . . . ) used here are the same as in Fig. 2.

which clearly show a change from the results in Fig. 3 and
Fig. 4. The peaks in the DOS become much smaller, continu-

ing the trend seen in Fig. 4, and all the gaps tend to decrease
somewhat. Interestingly, at some points on the Fermi surface
the gap collapses entirely, leading to a nonzero quasiparticle
density of states at zero energy. This can be seen in Figs,
5(b), 5(c), and 5(d). However, this gaplessness clearly occurs
only on parts of the Fermi surface, with other points retain-

ing a nonzero gap.

FIG. 5. Quasiparticle DOS at 60 K. All the selected k points and

line styles are the same as in Fig. 3.

This "gapless s-wave" superconducting state appears at
first sight to be d-wave pairing in disguise. We have checked
that the gap does indeed vanish, but since we impose the full

symmetry of the crystal on the gap function and see no sign
change in the irreducible portion of the Brillouin zone where
we calculate, the gap does not change sign anywhere on the
Fermi surface. Thus this behavior is not the same as d-wave
pairing where the gap should change sign. Gaplessness in an
s-wave superconductor usually arises from magnetic impuri-
ties or other pair-breaking mechanism and involves the dis-

appearance of the gap everywhere on the Fermi surface.
The gapless s-wave state we see arises from the complicated
electron-phonon coupling and band structure that we have
used. Computational limitations prevented us from examin-

ing the possibility that the gap had d-wave component with
the same accuracy as our s-wave calculation. We did perform
a less detailed calculation for the gap at zero temperature
using fewer points but including the full Brillouin zone gap
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FIG. 4. Quasiparticle DOS at a temperature of 30 K. All the

selected k points and line styles are the same as in Fig. 3.
FIG. 6. Quasiparticle DOS at T,=89 K. All the selected k

points and line styles are the same as in Fig. 3.
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and found no evidence for a d-wave component. The possi-
bility of d-wave pairing will be explored in a future publica-
tion.

Figure 6 shows the quasiparticle DOS at a temperature
very close to T, (T = 89 K) using the same k points as in
Fig. 3. At all of these points the real part of the gap function

5(k, O) has vanished. The imaginary part of the gap function
is quite large at low frequencies. The values of the imaginary
part of the gap function at all the k points are larger than the
excitation energy co. However, the real part of the gap func-

tion A(k, co) for co)0 is not zero for all the k points on the
Fermi surface. Some minor structures in the low energy of
the spectra still can be seen. Thus even above T, , we have a
kind of "transient" superconductivity existing at finite fre-
quency on some parts of the Fermi surface that will affect the
tunneling DOS. While this behavior in normal superconduct-
ors (with no noticeable gap structure) is what gives rise to
the fIuctuation conductivity, in these strong-coupling systems
we also see the effect in the tunneling density of states.
These explain the tunneling DOS results in Fig. l and also
the tunneling experiments at or slightly above T, .'

IV. CONCLUSIONS

We have calculated the quasiparticle spectrum for YBCO
and compared with experimental results. We find that the
quasiparticle DOS is strongly momentum and band depen-
dent. The broad structure in the tunneling data can be under-
stood by solving the anisotropic, several-band version of the
Eliashberg equations using electronic bands, phonon disper-
sion, and electron-phonon interactions derived from realistic
calculations. The sharp peak seen at about 25 meV in the
tunneling spectrum is reproduced in this calculation. We also
found weaker features at about 45 meV and 90 meV that are
related to particular features in the electron-phonon interac-

tion. The broad foot in low energy region seen at low tem-
peratures is related to the wide distribution of gaps on the
different bands including some parts of the Fermi surface
where the gap vanishes completely. The wide variation in
gap energies and the persistence of the gap at nonzero fre-
quency above T,. also explains the structure in the tunneling
data near T, .

These gapless regions are different from the nodes that are
indicative of d-wave pairing, because there is no sign change
of the gap in our calculations [Re b. (k, co —+0))0]. How-
ever, they affect the density of states in the same way as
d-wave pairing and will thus lead to similar power-law be-
havior (except at very low temperatures) in the temperature
dependence of the NMR relaxation and other
quantities depending primarily on the quasiparticle
DOS. Other experimental results claimed as evidence for
d-wave pairing ' should be reexamined to see if they can
be explained with an anisotropic, gapless s-wave pairing
state.

While we have accounted for many of the features seen in
the tunneling data, we still cannot account for the zero bias
anomaly or the curvature in the normal state DOS. It is per-
haps here that the strong electron correlations postulated in
some theories plays a crucial role. In our calculations we
only see gaplessness arising from structure in the electron-
phonon interaction above a certain temperature. It is possible
that many-body effects or localized magnetic moments com-
bined with strong anisotropy of the pairing interaction
within the plane could extend the gapless behavior down to
zero temperature.
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