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We report angle-resolved photoemission studies on YBa,Cu;0, with oxygen stoichiometry varied in
the range 6.2=<x <6.9. The distinct 1-eV peak, observed with Av=24 eV at the X (Y) point(s), shifts
monotonically toward higher binding energies (as much as 0.20 eV) as oxygen stoichiometry is reduced
from x =6.9 to 6.3. The direction and the magnitude of the shift are consistent with a simple rigid-band
filling picture. However, another distinct peak observed at the X (Y) point(s), but with energy very close
to Er, remains at nearly the same energy when the oxygen stoichiometry is varied from 6.9 to 6.4. This
behavior is not consistent with a rigid-band picture. The intensities of the 1-eV peak and the peak at Ey
are significantly attenuated when the material becomes insulating.

A common feature of the high-T, copper oxide super-
conductors is that electrical conductivity can be con-
trolled by varying doping levels through ion substitution
or oxygen stoichiometry variation. A range of phases, in-
cluding high-T, superconductors, nonsuperconducting
(overdoped) metals, and antiferromagnetic insulators can
be obtained. For the insulating phases, a band theory
description is not appropriate since it predicts metallic
behavior. Apparently, the electronic structure in the in-
sulating phases is governed by strong electron-electron
correlations which are not adequately treated in band
theory. The importance of electron correlation in the su-
perconducting phases is still a subject of controversy.
High-resolution angle-resolved photoemission studies on
YBa,Cu30,_5 (Refs. 1-5) and Bi,Sr,CaCu,0O; (Refs. 6
and 7) report observations of Fermi surfaces that are con-
sistent with the results predicted by band theory. These
observations suggest that the Fermi-surface dimensions
obey Luttinger’s theorem and that the electronic struc-
ture can be described with Fermi-liquid theory. Howev-
er, it was pointed out that a non-Fermi-liquid theory can
also have a Fermi surface that obeys Luttinger’s
theorem.® An important question is, how does the elec-
tronic structure evolve from an antiferromagnetic insula-
tor to a superconductor as the doping level is varied?
Photoelectron spectroscopy has been extensively used to
address this issue and diverse views were present-
ed.2 49712 Based on angle-integrated photo-
emission studies of optimally doped and undoped
Nd,_,Ce,CuO,_, and La,_,Sr,CuO,, Allen et al.’® sug-
gested that the Fermi level lies at nearly the same energy
for both electron and hole doping, in new states that fall
in the insulating gap at zero doping. Shen et al.!° stud-
ied Bi,Sr,CaCu,04.5 with a small variation of §. They
reported observation of a shift in the chemical potential
of 0.15 to 0.2 eV. They concluded that a rigid band
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filling picture can describe the behavior in the high-
doping regime.

In this paper, we report angle-resolved photoemission
(ARPES) studies of YBa,Cu;O, (YBCO) with oxygen
stoichiometry varied in the range 6.2=<x <6.9.
YBa,Cu,0, is an excellent system for the study of doping
behavior. High quality single crystals with precisely con-
trolled oxygen stoichiometries can be readily prepared.
The material has maximum T, (92 K) near the maximum
oxygen stoichiometry (x ~6.9).3 (Note that the material
can be slightly overdoped to produce a weak maximum in
T..) When oxygen is reduced from x=6.9, 7, monotoni-
cally decreases, showing two “plateaus,” one near x=6.9
and another near x=6.5. (Note that this description is
traditional; neither feature actually defines a plateau.) A
metal (superconducting)-insulator (nonsuperconducting)
transition occurs near x=6.38. We carried out ARPES
studies on a series of samples with different oxygen
stoichiometries representing different regions in the phase
diagram. In our previous papers,”> we examined the
electronic structure in narrow energy windows near the
Fermi level. In this paper, we shall place more emphasis
on the broad valence band.

ARPES data were taken on single crystals of typical di-
mensions 1X1X0.1 mm3 grown in gold crucibles using a
self-flux technique.!® To obtain the oxygen stoichiometry
x 2 6.9, samples were heated in O, for six days at 480°C
followed by a four-day treatment at 420 °C and a furnace
cool to room temperature. Oxygen stoichiometries
x <6.9 were normally fixed by quenching from 520°C
after equilibrating (for at least 48 h) in a controlled
oxygen-nitrogen atmosphere. '* After quenching to liquid
nitrogen, samples were aged at room temperature for at
least one week to achieve a stable vacancy-ordered condi-
tion.'* ARPES measurements were made on the Ames-
Montana ERG-Seya beamline!® at the Synchrotron Radi-
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ation Center at Stoughton, Wisconsin. Photoelectrons
were energy analyzed using a 50-mm-radius hemispheri-
cal analyzer mounted on a goniometer. The angular reso-
lution of the analyzer is 2°. For the spectra shown in this
paper, the energy resolution varies between 20 and 100
meV. Before mounting in the sample chamber, sample
orientations were determined by Laue x-ray diffraction.
Samples were cleaved in situ in a vacuum better than
4% 107! Torr with the sample temperature at about 20
K. The cleaved surfaces contain the a-b plane. Since
twinned samples were used, I'-X and I'-Y are indistin-
guishable in these experiments. All samples were mount-
ed with the a(b) axes in the horizontal direction. Be-
cause spectral features and their intensities are highly
dependent on the measurement conditions (photon ener-
gy, photon polarization), 1 it is important to compare
spectra measured under the same conditions when moni-
toring spectral changes as a function of oxygen
stoichiometry.

Figure 1 shows a set of energy distribution curves
(EDC’s) measured on a fully oxygenated sample (x=6.9).
The analyzer angle is varied so that the corresponding k
vector is scanned along the I'-X (Y) symmetry line(s) as
indicated by the solid dots in the inset. (There is a one-
to-one correspondence between the EDC’s and the dots
shown in the inset.) Photons of energy hv=24 eV were
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FIG. 1. Energy distribution curves (EDC’s) measured on

YBa,Cu;04, for k points along I'-X (Y), using hv=24 eV. The
photoelectron emission angles (6 and ¢) relative to the surface
normal are marked next to each curve. The corresponding k
points are marked as dots in the Brillouin zone in the inset.

used. The valence band displays distinct and dispersive
features. At the I" point (§=0°), a prominent peak ap-
pears at 1.3 eV below E. As k is moved away from the
I’ point toward the X(Y) point(s), this peak disperses
slightly toward higher binding energies. At 6=7°, this
peak clearly splits into two peaks. As k is further
scanned toward the X (Y) point(s), the peak at the lower
binding energy side disperses toward E, while the peak
at the higher binding energy side does not show much
dispersion. As X (Y) point(s) are approached, the lower
binding energy peak becomes extremely sharp. This peak
has its lowest binding energy at the X(Y) symmetry
point(s). For this fully oxygenated sample, this binding
energy is 0.09 eV. In the following, we shall examine the
behavior of this peak in more detail. Since this peak is
approximately 1 eV below E, we shall call this peak the
1-eV peak for convenience.

The 1-eV peak was observed by Tobin et al. at both
the X and the Y points using twin-free samples,’ which
suggests that this feature is unlikely to be associated with
the Cu-O chains but could be associated with the CuO,
planes. We also note that sharp spectral features are ob-
served between 1 and 2 eV binding energies at all symme-
try points of the Brillouin zone, namely, the X, Y, I', and
S points.! The intensities of these features are found to
be highly dependent on the photon energy and the rela-
tive orientations of the sample crystallographic axes and
the photon polarization, ''® apparently a manifestation of
matrix element effects. The distinct features disperse
symmetrically around the symmetry points in the Bril-
louin zone, which indicates that these states are a direct
consequence of the crystallographic periodicity of the
material. Some studies have suggested that the 1-eV peak
at the X and Y points might be attributable to a surface
state. 18 However, other studies indicate that the
features are more likely to be characteristic of the bulk.!
We note that the identification of surface states is difficult
for this material. One of the crucial tests for a surface
state is that the feature should be nondispersive in the
direction perpendicular to the surface. This test is mean-
ingless here because the bulk material under study is also
highly two dimensional. Gas adsorption studies using O,
and Ar do not show any preferential attenuation of the
1-eV peak.! The fact that the 1-eV peak is observed con-
sistently in many samples with different cleaves also sug-
gests that this feature cannot be of surface origin, since
different cleaves are likely to expose different layers of the
crystal structure on the topmost layer.* The appearance
of the feature through much of the Brillouin zone also in-
dicates that it is of bulk origin, since a surface state can
only exist in certain parts of the zone where there exists a
bulk band gap.

Shown in Figs. 2(a)-2(d) are EDC’s measured on sam-
ples with oxygen stoichiometries x=6.5, 6.4, 6.3, and 6.2,
respectively. The corresponding k points for each set of
spectra are approximately the same as in Fig. 1. It can be
seen that, for oxygen stoichiometries x=6.5 and 6.4
[Figs. 3(a) and 3(b)], spectral features have intensities
comparable to those in Fig. 1 (x=6.9) and similar disper-
sions. When the oxygen stoichiometry is reduced to
x=6.3 where the sample is barely insulating (i.e., the a-b



52 ELECTRONIC STRUCTURE AS A FUNCTION OF DOPING IN . . . 555

intensity (arb. units)
intensity (arb. units)

g | *

& P

4° 5

2° ¥

1° (I)"
1 1 1 1 I 1 1 1

10 8 6 4 2 0 2 s 6 4 =2 0 2
binding energy (eV) binding energy (eV)
T T T T T T T T T T
x=6.3 (c) x=62 (d)

intensity (arb. units)
intensity (arb. units)

8 6 -4 2 0 2 8 -6 -4 2 0 2
binding energy (eV) binding energy (eV)

FIG. 2. EDC’s measured on YBa,Cu;O, samples with oxy-
gen stoichiometry (a) x=6.5, (b) x=6.4, (c) x=6.3, and (d)
x=6.2, for k points along I'-X (Y). hv=24 eV were used for all
spectra. The corresponding k points for each set of spectra are
(nearly) the same as those shown in the inset of Fig. 1.
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FIG. 3. EDC’s measured on a series of samples with different
oxygen stoichiometries which are marked along each curve. All
spectra are taken at the X (Y) point(s).

plane resistivity shows a semiconducting upturn at low
temperature), spectra start to show dramatic change.
Notably, the 1-eV peak at the X(Y) point(s) is
significantly attenuated. The 1-eV peak is no longer dis-
cernible at x=6.2 where the sample is even more insulat-
ing. For this sample, nearly all sharp features are dimin-
ished and the spectra appear mostly featureless. Clearly,
the spectral behavior as a function of oxygen
stoichiometry is distinctly different in the metallic and in
the insulating regimes. In the following, we shall exam-
ine and discuss the behavior in each regime in more de-
tail.

Although the general appearances of the valence-band
spectra are similar when oxygen stoichiometry is varied
between x=6.9 and 6.4, there do exist subtle yet finite
and systematic changes. Shown in Fig. 3 is a set of
EDC’s measured at the same k point [the X (Y) point(s)]
for a series of samples with different oxygen
stoichiometries. The vertical dashed line indicates the
binding energy of the 1-eV peak for the fully oxygenated
(x=6.9) sample. It can be seen that, as oxygen is re-
moved, the 1-eV peak shifts nearly monotonically toward
higher binding energies. Plotted in Fig. 4 are the mea-
sured 1-eV peak binding energies as a function of oxygen
stoichiometry. The error bar (+0.02 eV) is a conserva-
tive estimate of the uncertainty in the binding energy
determinations. The amount of shift relative to x=6.9 is
0.08 eV for x=6.7, 0.07 eV for x=6.6, 0.08 eV for
x=6.5,0.13 eV for x=6.4, 0.15 eV for x=6.35, and 0.20
eV for x=6.3. The position of the 1-eV peak cannot be
tracked below x=6.3 since the peak is no longer well
defined.

In these experiments, the position of the Fermi level,
our energy reference for all samples, is taken as the mid-
point of the rising edge of the EDC measured from a
clean platinum foil which is in electrical contact with the
YBCO samples. The validity of this procedure is based
on the simple fact that equilibrium requires that the Fer-
mi levels of electrically connected materials be the same.
If we consider the distinct 1-eV peak as an energy refer-
ence and force this peak to line up for samples with
different oxygen stoichiometries, then the observed shifts
can be interpreted as an increase of the Fermi level for
decreasing oxygen content. This trend is consistent with
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FIG. 4. Measured binding energies of the 1-eV peak vs oxy-
gen stoichiometry.
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the hole doping picture. Based on the calculated density
of states obtained using the self-consistent linearized aug-
mented plane-wave method and assuming rigid band
filling, Krakauer, Pickett, and Cohen'® estimated the
Fermi-level difference between x=6.7 and 6.9 to be 0.056
eV. This value is slightly smaller than the observed shift
which is 0.08 eV. The observed amount of shift might in-
dicate that the actual density of states is slightly lower
than the calculated value.

We note that the trend of the 1-eV peak binding energy
as a function of oxygen stoichiometry (Fig. 4) has some
similarity to that of the superconducting transition tem-
perature T,. In particular, note that the binding energy
of the 1-eV peak displays a plateaulike behavior near
x=6.6, mimicking the lower “plateau” in the T, vs oxy-
gen stoichiometry curve. If the observed energy shifts of
the 1-eV peak can be attributed to changes in carrier con-
centration as discussed above, the similarity suggests that
T, and carrier concentration are directly related. Corre-
lation between T, and carrier concentration has, of
course, been noted in many previous studies. Further, it
is commonly believed that the “plateau” in T, near
x=6.5 is due to oxygen vacancy ordering in the Cu-O
chains.' A simple model calculation,® incorporating
the assumption that two coordinated Cu atoms (chain
Cu’s) are monovalent, indicates that carrier concentra-
tion varies with oxygen ordering.

We now turn our attention to the insulating regime.
Shown in Fig. 5 is a direct comparison of three EDC’s
taken at the same k point [the X (Y) point(s)] on samples
with oxygen stoichiometries x=6.4, 6.3, and 6.2, respec-
tively. The intensities are normalized to the average
emission intensities above the Fermi level.* It can be
seen that the intensity of the 1-eV peak is significantly at-
tenuated when oxygen stoichiometry is reduced from
x=6.4 to 6.3. The features at higher binding energies
also become less well defined. Note that the difference in
oxygen content between these two samples is relatively
small. However, one sample is a superconductor (7, =33
K) and the other is an insulator (semiconductor). Evi-
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FIG. 5. Comparison of three EDC’s measured on samples
with oxygen stoichiometries x=6.4 (solid line), 6.3 (short
dashed line), and 6.2 (long dashed line), respectively. The corre-
sponding k point is the X (Y) point(s) for all spectra. hv=24 eV
were used for all spectra. The spectral intensities are normal-
ized to the average emission intensities above the Fermi level.

dently, dramatic spectral changes occur at the onset of
the metal-insulator transition. At x=6.2, the 1-eV peak
is diminished to merely a shoulder.

Figure 5 also shows that the spectral intensity at the
Fermi level is strongly attenuated when the material be-
comes insulating. In our previous papers, > it was shown
that, for the fast dispersing bands near Ey along the zone
diagonal I'-S, both the peak intensities and the Fermi
surfaces they define (the places where the bands cross the
Fermi level), are nearly invariant (i.e., independent of
oxygen stoichiometry), in the metallic regime. However,
the intensity at E, decreases abruptly at the onset of the
metal-insulator transition. The flat bands observed at Ej
along the zone edge I'-X (Y) have similar behavior. To il-
lustrate, we show, in Fig. 6, EDC’s along '-X (Y)-T"’ for a
narrow energy window near Ep measured on samples
with oxygen stoichiometries (a) x=6.5 and (b) x=6.3. At
x=6.5, when k is scanned from I' toward Y, a peak
disperses from below E to near E, and stays very close
to Ep for an extended region, then disperses back below
Ef as I'" is approached. The peak dispersion and peak
intensities are similar to those observed in a fully oxy-
genated sample.!® This flat band is interpreted as evi-
dence for an extended van Hove singularity (VHS).?! It
was suggested that the VHS might play a significant role
in enhancing T,.?> As can be seen in Fig. 6, most of the
peak intensity is lost when x=6.3. Only a hint of the un-
derlying dispersion can be seen.

We note that the spectral behavior at Ey is not quite
consistent with a rigid band picture. In the rigid band
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FIG. 6. EDC’s for a narrow energy window near Er mea-
sured on samples with oxygen stoichiometry (a) x=6.5 and (b)
x=6.3. hv=28 eV were used. The corresponding k points are
along I'-Y-T".
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picture, one would expect to see the peak (VHS) at Ep
shift toward higher binding energies, just as the 1-eV
peak does, when oxygen stoichiometry is reduced. What
is observed, however, is that the peak (VHS) remains very
close to the Fermi level when oxygen stoichiometry is
varied. The shift, if any, is less than 10 meV within the
metallic regime. When oxygen stoichiometry is
sufficiently reduced so that the material becomes insulat-
ing, only the intensity drops. Clearly, the doping mecha-
nism is more complicated than the simple rigid band pic-
ture suggests. Abrikosov?® has argued that the Fermi en-
ergy with respect to the VHS peak will be expected to in-
crease, to approximately 30 meV, as T, declines to 40 K
with composition (see Fig. 4 in Ref. 23). It would appear,
however, that the observed shift in oxygen-deficient me-
tallic YBCO is less than this predicted value. The fact
that the VHS is observed very close to Ep in the x=6.5
sample (7,=50 K) suggests that the link between VHS
and T, either is not simple or does not exist. T, might be
a very sensitive function of the details of the VHS, such
as its extent and energy position, as suggested by King
et al.?* More detailed studies are under way.

Could the intense spectral features at E, be of nonin-
trinsic origin? It has been suggested that they might
originate from spatially localized impurities in the sam-
ples. This is unlikely since spatially localized impurity
states would be k independent in reciprocal space. These
features are observed to disperse in the Brillouin zone.
Furthermore, the features are very robust in that they ap-
pear consistently in many different samples, which also
suggests that they are not of impurity origin. It was also
suggested that these states appear at the Fermi level as a
result of a surface Madelung potential that is different
from the bulk; in other words, these states are surface
states. We think that this is unlikely for the same reasons
presented above in the discussion of the 1-eV peak.

It is not clear why distinct spectral features, both at E
and 1 eV binding energy, disappear when the material be-
comes insulating. We caution that the loss of the spectral
intensity observed here should not be interpreted as a
reduction of the density of states, because only states in a
small momentum window are sampled in the angle-
resolved photoemission experiments. In the metallic re-

gime, the intense features at Ep can be interpreted as .

quasiparticle peaks. A reasonable explanation for the
loss of these features in the insulating regime is that the
quasiparticle weight is diminished as a result of strong
electron-electron correlation.

It is possible that the 1-eV peak is attenuated as a re-

sult of disorder in the severely oxygen-deficient samples.
For oxygen-deficient samples, some degree of disorder ex-
ists in the chain basal plane due to oxygen vacancies. At
x=6.5, the oxygen vacancies have a strong tendency to
order into alternately filled and empty chains to form the
Ortho II structure.'* At different stoichiometries, other
ordered structures also exist (e.g., Ortho III at x=6.67).
Possibly, in the metallic region, with x> 6.4, oxygen va-
cancies may be only moderately disordered, and conse-
quently have little effect on the 1-eV peak. For severely
oxygen-deficient samples, such as those with x=6.3 and
6.2, the degree of disorder could be more severe. It is
conceivable that the 1-eV peak, whose dispersing
behavior shows a clear connection with the crystallo-
graphic periodicity, might be destroyed by the increased
disorder. However, oxygen ordering clearly occurs with
x <6.4,%?7 though possibly with a smaller tendency to
form linear chains of vacancies. The rather abrupt loss of
the 1-eV feature for x < 6.4, near the metal-insulator tran-
sition, and the observation of order in extremely oxygen-
deficient samples, suggests that the existence of metallic
conductivity is a more important condition than the state
of order for observation of the feature.

In summary, the ARPES spectra show very different
behavior as a function of doping in the metallic and in
the insulating regimes. The distinct 1-eV peak at the
X () point(s) shifts monotonically toward higher binding
energies as oxygen stoichiometry is reduced from x=6.9
to 6.3. The direction and the magnitude of the shift are
consistent with a simple rigid-band filling picture. How-
ever, it is shown that such a picture is not consistent with
the observed spectral behavior at E;. Spectral features at
Ep remain at nearly the same position as oxygen
stoichiometry is varied. Distinct spectral features, both
at 1 eV below E and at Ep, are significantly attenuated
when the material becomes insulating. We suggest that
the attenuation of the spectral features at E if a conse-
quence of strong electron-electron correlation in the insu-
lating samples.
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