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We characterize the nature of the Van Hove singularity near the Fermi energy (Er) in YBa;CuyOs
using ultrahigh energy resolution (10 meV) angle-resolved photoemission spectroscopy, together with
corresponding first-principles spectra intensity computations. The singularity, related to CuO, planes,
is located about 19 meV below Er at the Y point in the Brillouin zone and arises from a band which

is nearly dispersionless along the I' to Y direction. Such an “extende

i1

saddle point would render

the band structure quasi-1D and yield a power law divergence in the density of states, allowing the
occurrence of 7,’s of order 100 K even in a weak coupling BCS scheme.

PACS numbers: 74.72.Bk, 74.25.Jb, 79.60.Bm

Ever since the discovery of high-T, superconductiv-
ity, one of the most intensely debated questions has
been: What is the reason for the critical temperature in
the new materials to be much higher than in the ear-
lier superconductors such as Hg, Pb, Nb, and the A15’s?
Many mechanisms have been proposed to explain these
high transition temperatures, some exotic and others of a
more conventional nature [1]. Of interest to this Letter
is the so-called Van Hove scenario [2—9], in which the
occurrence of high-T.’s is tied to the presence of Van
Hove singularities in the density of states (DOS) close
to the Fermi energy. So far, there has only been indirect
evidence for the existence of such peaks in the DOS, for
example, from the discontinuity of the specific heat at T
[6], studies of the isotope effect [7], of the thermopower
[8], and of the quasiparticle lifetime broadening [9].

In this Letter, for the first time, we give direct
evidence for the presence of a Van Hove singularity
in YBa;CusOg near the Fermi energy. The nature
of the singularity is characterized by determining
its location in the Brillouin zone and the dispersion
of the associated spectral density peak by ultrahigh
resolution angle-resolved photoemission spectroscopy
(ARPES). Here we show data at an energy resolution
better than 10 meV. Most of the previously published
synchrotron-based work has involved resolutions of
25-30 meV. Since the Van Hove singularity lies very
close to the Fermi energy, a high energy resolution is
essential for these measurements. The experimental
spectra are compared with corresponding first-principles
ARPES intensity calculations, and it is clearly estab-
lished that the measured spectral feature arises from
bulk energy bands of the crystal related to the CuO,
planes. The conclusions are therefore generally rele-
vant to the cuprate superconductors, particularly since
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we have found similar behavior in YBa,Cu3;0;_s,
BizCﬁSI‘zCUzOg, and leBElzCllOG [10]

The common Van Hove scenario assumes that the di-
verging DOS arises from a saddle point in the underlying
2D CuO; plane bands (i.e., a minimum along one direc-
tion and a maximum along the perpendicular direction).
Our results provide a new twist to this picture in that the
bands are measured to be nearly flat (within 1 meV) in
one direction, so that the situation may be described as
a family of simple saddle points (critical line), or an ex-
tended saddle point, with profound consequences for the
normal and superconducting properties of the material.

Van Hove [11] showed that in a two-dimensional sys-
tem a simple saddle point yields a logarithmic diver-
gence in the DOS. However, for an extended saddle
point, the DOS singularity would diverge as the much
stronger (E — E.)~'/2, where E_ is the critical point en-
ergy [12,13]. It is then straightforward to show that when
the distance between the Fermi energy and the saddle
point energy is less than 7., the phonon energy scale is
replaced by an electronic energy scale in a weak cou-
pling BCS scheme. In this case, the transition temperature
scales as T, ~ wA? [12], where w denotes the band width
and A the usual coupling constant. For a reasonable value
of w of order 1 eV, a coupling constant of 0.1 would al-
ready yield 7. ~ 100 K. Thus any coupling mechanism,
even phonons, could easily explain the occurrence of high
T.’s.

The specific system investigated in this study is
YBa,Cu,O3 (Y124), which is closely related to the more
familiar YBa,Cu30¢9 (Y123). The crystal structure of
Y124 is the same as that of Y123, except that the former
contains two CuQ; chains per unit cell. The Brillouin
zones (BZ) in the two cases are also similar, with the I'-Y
line being parallel to the direction of the CuO chains.
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The symmetry points at the zone boundary are X(w,0),
Y(0, 7), and S(m, 7). The crystals of Y124 are, however,
naturally untwinned and more stable compared to Y123,
making Y124 attractive from an experimental viewpoint.
We have compared the detailed spectra in Y124 with the
corresponding results for Y123 in a number of cases and
find the results to be quite similar, indicating that our
conclusions are relevant for Y123.

The measurements were carried out at the Aladdin
synchrotron. The high energy resolution was obtained
using a commercial spectrometer, but with improved
shielding and electronics and a 4 m normal-incidence
monochrometer. The measurements employed untwinned
Y124 single crystals with 7. of 82 K and transition
widths of 1 K as determined by a SQUID magnetometer.
The crystals were cleaved at 12 K in a vacuum better
than 4 X 107!! Torr and the ARPES spectra taken below
T. in order to avoid difficulties of oxygen loss and
sample degradation. A number of experiments were
carried out above 7. but did not show the presence of
a superconducting energy gap, consistent with previous
studies, even though peak shifts bigger than 1 meV
are detectable by our instrument [14]. The specimens
were oriented to an accuracy better than 1° by Laue
diffraction and the orientation further confirmed in the
experimental chamber via the observed symmetry of sharp
photoemission features around high symmetry points.

In order to carry out first-principles computations of
ARPES intensities in structures of the complexity of the
high-T, superconductors, we have generalized the one-step
Green’s function based photoemission approach which
considers a semi-infinite solid of nonoverlapping muffin-
tin potentials separated from the bulk by a potential step
[15]. Our specific muffin-tin potentials are obtained via the
semi-relativistic self-consistent Korringa-Kohn-Rostoker
Green’s-function (KKR) band structure methodology [16]
and yield the bulk band structures and Fermi surfaces
of Y124 and Y123 in reasonable accord with the well-
known results [17]. Given the close similarity of the
electronic structures and ARPES spectra of Y124 and
Y123, the present computations on Y124 follow along the
lines of our earlier study of Y123 [15], where an excellent
accord was obtained between the computed and measured
shape, polarization, and k dependence of the calculated
and measured spectral peaks associated with the CuO,
plane bands. Accordingly, we have assumed the surface to
possess an ideal BaO/CuO, termination (i.e., the topmost
layer is BaO, followed by the CuO; layer) and have chosen
the imaginary part of the self-energy parameter to reflect
an energy dependent broadening of initial and final states
representative of the experimental spectra.

Figure 1 shows ARPES measurements in two perpen-
dicular directions centered on the ¥ symmetry point. The
spectra in Fig. 1(a) clearly show an intense peak, nearly
dispersionless along the I'-Y-T'; direction (I'; is in the
second BZ). The peak position remains fairly constant
for a region of kj values centered on Y extending to

(@ hv=28eV k=00k= [(b) Y
206
1.96| Alb
185
b
— : Alb
2 %
g L7 =Y 50
"g "’"‘"""\k.:_—o 32
= Lot 021
"é 0.85
."'E’ Y o.11
= 0,68
0.52 00d Y
g:i‘sl 011
. : ool "\ -0al
-1.5 -1.0 05 0.0 -04 0.0
Energy [eV] Energy [eV]

FIG. 1. Experimental ARPES spectra from untwinned
YBa,Cu,O4 along (a) I'-Y and (b) Y-S directions. Note the
large peak in the spectra very close to Er in the vicinity of
the Y point. The spectra are labeled with momenta at Er in
units of A~!. The inset in (b) shows that the band is excited
only when the light is polarized along the b axis, having even
symmetry with respect to the mirror plane containing the b and
c axes (I'-Y plane).

about % of the I'-Y-T'; distance [18]. When moving from
Y toward S [Fig. 1(b)], the band loses intensity as it
crosses the Fermi level. This can be seen more clearly if
we expand the energy scale by 1 order of magnitude, as
shown in Figs. 2 and 3. Figure 2 shows the measured
and computed spectra for k; values varying along the
same direction as in Fig. 1(a). The experimental spec-
tra [Fig. 2(a)] show the peak lying 19 meV below the
Fermi energy at the Y point. The characteristic features
of the measured and computed spectral peak are very
similar, in that both become more intense around the
Y point, with the intensity remaining quite high as we
move away from Y towards either T’ or I';, but decreas-
ing rapidly and broadening as the feature disperses to
higher binding energies. The theoretical peak, however,
displays more dispersion than the experiment, consistent
with the notion that the associated band in the real mate-
rial becomes flatter, presumably due to electron-electron
correlations beyond the local density approximation used
in the present calculations. Figure 3(a) shows that as we
vary kj in a perpendicular direction to that of Fig. 2(a)
from the Y point (to the BZ corner S, as opposed to
I'), the spectral peak rapidly moves above the Fermi en-
ergy. As noted above, a convincing demonstration of
this behavior is crucially dependent on the ultrahigh en-
ergy resolution achieved in this experiment. As in Fig. 2
above, the dispersion of the theoretical peak in Fig. 3(b)
is greater than that of the experimental feature, presum-
ably also due to electron-electron correlations.

The peak in the theoretical spectra of Figs. 2(b) and 3(b)
originates in a bulk band related to the CuO, planes. We
have established this via additional computations which
show that, unlike the case of surface related features, this
feature is insensitive to changes in the position of the
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FIG. 2. (a) Same as Fig. 1, except with the energy scale
expanded by 1 order of magnitude. The data show the
peak at the minimum binding energy of 19 meV at Y. The
emission angles vary by 2°. The Pt edge at the top shows
the ultrahigh energy resolution (10 meV) of the spectrometer.
This figure emphasizes spectra shapes. The quantitative E-

k values obtained from these spectra are given in Fig. 4. (b)
Corresponding first-principles computed intensities at ; the
momentum interval (= 1°) used in (a) in order to clearly

delineate the k; dependence of the spectral shape.

surface barrier and also to the z component of the incident
light. We have measured the detailed dependence of the
intensity on polarization and find the observed behavior to
be similar to the calculation. Bearing these considerations
in mind, we conclude that the experimental feature in
Figs. 2(a) and 3(a) is of bulk origin.

Figure 4(a) summarizes the dispersion of the state
around the Y point obtained from the peak positions in
the spectra of Figs. 2(a) and 3(a). A surface plot resulting
from additional measurements [19], in which spectra were
taken along several lines parallel to Y-S but offset along
the I'-Y direction, is shown in Fig. 5. The data show a
maximum around Y as one moves towards I' by varying
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FIG. 3. Same as Fig. 2, except that here the k; values are
varied from Y towards the S point in a direction perpendicular
to that of Fig. 2, showing the spectral feature dispersing
towards Er. Experimental and theoretical spectra are at the
same momentum intervals (the emission angles vary by 1°).
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FIG. 4. (a) Band dispersion around Y obtained from the
experimental spectra of Figs. 2(a) and 3(a). (b) Positions in
momentum space where the spectra in Fig. 2(a) were taken
superposed on a plot of the Fermi surface projected onto the
basal plane in the zone. Filled dots represent positions where
the band is flat. (c) Positions in momentum space where the
spectra in Fig. 3(a) were taken. Dots are filled when the band
is below the Fermi level. The arrows in (b) and (c) indicate the
direction of polarization of the photons.

ky, but a minimum when moving towards S by varying
k., and establish unambiguously an extended saddle point
behavior of the highest occupied CuO, band around the Y
point in Y124.

Additional information concerning the k. dispersion is
provided by changing the photon energy at fixed k. Our
studies show the k, dispersion to be small in the vicinity
of the Y point, indicating that the band structure is quasi-
two-dimensional. On changing the photon energy, we
also find a feature at a binding energy of 115 meV at the
Y point [19]. This feature also displays a saddle point
behavior and may arise from the second CuO,-related
plane band. We omit a detailed discussion here since

FIG. 5. A surface plot of the measured band dispersion
around the Y point. The k., and k, axes cover an interval of
1 A~! centered on the ¥ point. The binding energy axis spans
0 to 60 meV.



VOLUME 73, NUMBER 24

PHYSICAL REVIEW LETTERS

12 DECEMBER 1994

this second saddle point lies at a much higher binding
energy compared to the feature in Fig. 1, making it less
interesting from the viewpoint of superconductivity. The
peak nearest Er is excited strongly at 28 eV in the first
and second BZ, while both peaks are excited at 21.1 and
17 eV in the second BZ.

As already noted, the saddle point singularities appear
to be present in all the cuprates studied so far. They
lie at the zone boundaries, extended along the direction
of the Cu-O bonds. In materials such as Y124, Y123,
TI2212 [10], and Bi2212 [20], which possess T.’s of
~100 K, the saddle points lie within 20 meV of Er.
These cuprates also display linear resistivity in the normal
state, temperature independent thermopower, and other
“unusual” properties. On the other hand, in NdCeCuO
(T. = 23 K), the saddle point binding energy is a few
hundred meV [21], too high to significantly enhance T,
and this material has normal state resistivity exhibiting
the usual 72 dependence. These observations suggest that
the binding energy of the saddle point may be a useful
parameter in classifying the cuprates.

In summary, we have directly observed an extended
saddle point around the ¥ symmetry point in YBa,Cu,Og
and shown that it arises from bulk electronic states
related to the CuQO, planes. Such an extended Van
Hove singularity can easily explain the occurrence of
high transition temperatures even in a conventional weak
coupling BCS scheme. If this scenario is correct, one
could conceivably obtain higher 7.’s by “engineering”
the electronic structure so as to increase the number and
extension of saddle point singularities.
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A surface plot of the measured band dispersion

FIG. 5.
around the ¥ point. The k, and k, axes cover an interval of
1 A~ centered on the Y point. The binding energy axis spans

0 to 60 meV.



