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High-resolution angle-resolved photoemission measurements are reported for YBa,Cu;O, when oxy-
gen stoichiometry x was varied between 6.3 and 6.9. Fermi surfaces were measured and their depen-
dence on oxygen stoichiometry was monitored by observing the dispersing behavior of spectral features,
scanning the entire first Brillouin zone. For x =6.9, measured Fermi surfaces correspond very well with
the plane-related Fermi surfaces calculated from band theory. Relatively small changes in Fermi sur-
faces were observed when oxygen stoiochiometry was varied in the range 6.5 <x <6.9, where the ma-
terial is metallic. However, significant changes in the spectral behavior were observed when the material

becomes insulating.

I. INTRODUCTION

In the study of high-T, copper oxide superconductors,
an understanding of the normal-state properties has gen-
erally been regarded as key to understanding the super-
conductivity. For the normal state, the central issue has
been whether a Fermi-liquid description is valid or not.
Anomalous behavior in the normal state has been
identified in various experiments, suggesting non-Fermi-
liquid character.! On the other hand, Fermi surfaces
(FS’s) were clearly observed in Bi,Sr,CaCu,Oy (Refs. 2
and 3) and YBa,Cu;O¢, (Refs. 4-7) by angle-resolved
photoelectron spectroscopy (ARPES). In addition, obser-
vations of FS’s were also reported for YBa,Cu;0Og g using
positron annihilation®® and de Haas—van Alphen tech-
niques.!%!! Generally, good correspondence was found
between the measured FS’s and the FS’s predicted by
band theory.!>”'> However, many other theoretical
models have also been proposed to describe these materi-
als.!®"! To date, no general agreement has been reached
on what theoretical framework provides the best descrip-
tion.?°

An apparently general property of the high-T, oxides
is that electrical conductivities can be readily controlled
by varying the carrier concentration. This is accom-
plished with ion substitution, oxygen stoichiometry varia-
tion, or controlled state of order. For the YBa,Cu;0,
system, T, monotonically decreases from 92 to 0 K as ox-
ygen stoichiometry x is varied from 6.9 to 6.4. Supercon-
ductivity is lost at the metal-insulator transition, which
occurs near x =6.4. Thus a range of behavior, from me-
tallic to insulating, can be systematically examined. This
variability provides us with a rich parameter space in
which to explore these materials.
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A unique structural feature of YBa,Cu;0, is the pres-
ence of quasi-one-dimensional CuO chains in addition to
CuO, planes which are common to all of the high-T,
copper oxides. With the chains fully occupied, at x =7,
the material defines the ideal orthorhombic (ortho I)
phase. As oxygen is removed from this structure, oxygen
vacancies appear in the chains, while the planes remain
relatively intact.?! For oxygen-deficient material, there is
a strong tendency for the vacancies to order.”>”%* Ap-
parently, this ordering affects the carrier concentration
and consequently 7T,.”>?® A dominant ordered form is
the double-cell orthorhombic (ortho II) phase, which is
characterized by alternately filled and empty chains in
the chain basal plane. At x =6, the chains completely
disappear since all oxygen is removed from the chain
basal plane.

In this paper we report an ARPES study of the FS’s of
YBa,Cu;0, when oxygen stoichiometry is varied in the
range 6.3 <x <6.9. We have acquired an extensive set of
ARPES measurements at three oxygen stoichiometries in
order to obtain a detailed mapping of the FS’s and to
study their dependence on oxygen content. We report
measurements for the stoichiometries, x =6.9, 6.5, and
6.3, which include, respectively, a 92-K superconductor
in the ortho I structure, an approximately 50-K super-
conductor in the ortho II structure, and an insulating
sample with stoichiometry very close to the metal-
insulator transition. We have reported more limited
studies of the FS and its variation with oxygen
stoichiometry in earlier publications.?”?*

Recently, Tobin et al.® reported an extensive ARPES
study of untwinned fully oxygenated YBa,Cu;Oq .
Those results provide a very useful reference work for the
present study, in which oxygen content is varied. Of par-
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ticular importance is the reported variation of spectral in-
tensity with photon energy. In the present study, we
have chosen to use those photon energies where spectral
features are most intense and hv=21.2 eV (coincident
with the energy of He I radiation). For the purpose of
consistency and convenience of comparison, we have also
performed measurements on x =6.9 samples. The acute
features observed by Tobin et al.® both near Er and
about 1 eV below E, were also observed in our twinned
samples. For the x =6.5 stoichiometry, spectra were
taken from both heavily twinned and from nearly twin-
free samples.

In the remaining text of this paper, we will present, in
separate sections, results for each of the three oxygen
stoichiometries: x =6.9, 6.5, and 6.3. In Sec. IIT A we
discuss the ARPES data measured on a x =6.9 sample
taken at numerous k points in the first Brillouin zone
(BZ). We discuss how the FS’s were determined. The
measured FS’s are compared with the predictions of
local-density-approximation (LDA) calculations and oth-
er model theories. In Sec. III B we compare the spectra
measured on x =6.5 samples with those on x =6.9 sam-
ples at equivalent k points. We discuss the results with
consideration for structural variations associated with
changes in oxygen content. For x =6.5, ARPES data are
compared to results of LDA calculations for the ortho II
structure. In Sec. IIIC measurements on insulating
x ~6.3 samples are presented and compared with those
from metallic samples. We point out the fundamental
spectral changes that occur at the onset of the metal-
insulator transition.

II. EXPERIMENTAL DETAILS

The ARPES data were taken on single crystals of
YBa,Cu;0,, with typical dimensions 1X1X0.1 mm’
grown in gold crucibles using a self-flux technique.”” To
obtain oxygen stoichiometry x = 6.9, samples were heat
treated in O, for 6 days at 480°C followed by a 4-day
treatment at 420°C and a furnace cool to room tempera-
ture. 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 1 week to achieve a
stable vacancy-ordered condition.”’> Superconducting
transition temperatures were measured, on warming, in a
0.5-Oe field after cooling in zero field, with a supercon-
ducting quantum interference device (SQUID) magne-
tometer.’® For the x =6.9 samples, T.’s were approxi-
mately 92 K; at x =6.5, T,’s were about 50 K. Transi-
tion widths were less than 2 K. One x =6.5 sample was
detwinned by cooling it from 425°C under uniaxial
stress.>! The stoichiometry was then reduced to x =6.5
by a heat treatment of 10 days duration at 450°C in a
sealed quartz tube containing about 1 g of ceramic
x =6.5 sample. The ceramic acts as a buffer to fix the
stoichiometry of the small (<1 mg) single crystal. The
crystal remained nearly twin free after the heat treat-
ment. Other crystals in this study were twinned.

ARPES measurements were made on the Ames-
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Montana ERG-Seya beam line’? at the Synchrotron Ra-
diation Center at Stoughton, Wisconsin, using the Seya
monochromator with photon energies in the 15-30-eV
range. Photoelectrons were energy analyzed using a 50-
mm-radius hemispherical analyzer mounted on a goniom-
eter. The analyzer has two degrees of rotational freedom.
The angular resolution of the analyzer is 2° (full apex an-
gle of acceptance cone), which corresponds to a k resolu-
tion of 0.073 A™! (about & of the I'-to-X distance in k
space) for hv=21.2 eV. Numerous spectra were ac-
quired using hv=21.2 eV radiation and a 5-eV pass ener-
gy for the electron analyzer. This photon energy was
used so that comparison could be made with data collect-
ed by utilizing He I radiation. With these measurement
conditions, the total-energy resolution (electron and pho-
ton) AE was 55 meV. Additional high-energy-resolution
data (AE =20-30 meV) were taken along symmetry lines,
using hv=21.2, 17, and 28 eV, and a 2-eV pass energy
for the analyzer. The position of the Fermi level was
determined by measuring the Fermi edge of a clean plati-
num foil which was in electrical contact with the
YBa,Cu;0, samples.

Before mounting in the sample chamber, sample orien-
tations were determined by Laue x-ray diffraction.
Mounted samples were cleaved in situ in a vacuum better
than 4X 10" Torr with the sample temperature at
about 20 K.3* The cleaved surfaces contain the a-b plane.
The samples were mounted with the ¢ and a (b) axes in
the horizontal plane. After cleaving, the alignment of the
surface normal was confirmed (or adjusted slightly, as
needed) using ARPES spectra. The normal was readily
obtained by monitoring the position and symmetry of the
highly dispersive feature at about 1.5 eV binding energy
that appears with high intensity at the T point when us-
ing hv=24 eV.2® The photon beam from the monochro-
mator was in the horizontal plane, striking the sample at
an angle of approximately 40° from the surface normal;
the beam was almost completely linearly polarized with
the electric vector in the horizontal plane.

When twinned samples are used, [-Y and T-X are, of
course, indistinguishable in ARPES since both a and b
directions are probed simultaneously. Thus measure-
ments taken at different electron-emission angles, ac-
quired when the analyzer’s vertical position (¢ angle) or
horizontal position (6 angle) is held fixed at 0°, corre-
sponds to k vectors measured along the superimposed T-
Y(X) symmetry lines in the BZ. However, because polar-
ized light was used, a measurement acquired with the
analyzer set at a horizontal position (8=86,, ¢=0) is not
equivalent to a measurement taken with the analyzer set
at an equivalent vertical position (=0, ¢=0,). At
equivalent binding energies, spectral weights for the com-
plementary emission angles will differ.

ARPES measurements were made with the sample
temperatures maintained at about 20 K. Unlike
Bi,Sr,CaCu,0;, where a superconducting gap was ob-
served when the sample was cooled below T,,>* 3¢ no
significant difference was observed in the photoemission
spectra of YBa,Cu;04 o when data were taken above and
below Tc.‘s’27 Therefore the spectra measured at 20 K,
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even for samples with 7.=92 and 50 K, are considered
to represent properties of the normal state.

III. RESULTS

A, YB82CU306. 9

In angle-resolved photoemission, an energy distribu-
tion curve (EDC) is obtained by analyzing the energies of
the photoelectrons emitted from a crystal surface in a
well-defined emission angle while the incident-photon en-
ergy is held constant. In the photoemission process, the
component of electron momentum parallel to the crystal
surface (k) is conserved upon escaping from the solid.
In the simple case of a two-dimensional crystal, the elec-
tron state is completely determined by k;. Thus, by mon-
itoring the dispersion of a spectral feature in the EDC as
a function of emission angle, the .energy-versus-
momentum dispersion of a two-dimensional electron state
can be mapped. A point on the FS is defined as a value of
k at which a peak disperses across the Fermi level. In
practice, a dispersing spectral feature is identified in a
series of EDC’s for a set of k points along some direction
in k space. As the dispersing feature passes through E,
an abrupt dropoff in spectral intensity occurs since pho-
toemission only measures occupied electron states. Thus,
to determine a point on the FS, we look for the combina-
tion of a dispersing spectral feature that signals an energy
band moving toward E, followed by an abrupt intensity
falloff as the spectral feature (energy band) passes
through the Fermi level. Also, EDC’s with a sharp
Fermi-edge cutoff indicate that a band (or bands) lies at,
or very close to, the Fermi level.

In general, accuracy of the FS measurements from
ARPES is limited by errors in crystal alignment (estimat-
ed to be £1°) and by the finite angular resolution of the
detector (in our experiments, +1°). Also, we note that it
is relatively easier to locate the k value of a Fermi-level
crossing when a peak has large dispersion. (The dispers-
ing feature points toward the Fermi-level crossing.) If a
peak is very close to E and shows little dispersion, then
the error in the FS measurement might be relatively
large. The difficulty is that the observed peak shape is
determined by the spectral function in the sampled ener-
gy and momentum window convoluted by the Fermi and
instrument functions. Thus one cannot determine, by in-
spection of one spectrum, if a peak near E results from a
band lying entirely below E or from a band which over-
laps E within the (energy and momentum) measurement
window. One must look for abrupt changes in spectral
intensity, as k is varied, to determine the FS. We also
note that because of matrix elements and polarization
selection rules, it is common for photoemission to fail to
“see” a feature. On the other hand, if a distinct feature is
observed, it is almost certain that the feature contains in-
formation about the occupied electronic structure of the
material. A thorough investigation of the FS would re-
quire measurements along different directions in the BZ,
using different photon energies as well as different sym-
metry configurations with respect to photon polarization,
in order to obtain redundancy in the FS measurements.
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As noted above, band mapping by ARPES is straight-
forward only for two-dimensional systems. YBa,Cu,0,
appears to be sufficiently two dimensional so that varia-
tions in k, may, to good approximation, be ignored. This
approximation is supported by results of band calcula-
tions where it was shown that the electronic structure of
YBa,Cu;0, has a rather small dispersion along k, in
most regions of the BZ.!2"15 We note that the typical k
resolution (0.08 A ') of our instruments is about + of the
I'-to-Z distance in the BZ of YBa,Cu;0,_;, in contrast
to about J; of the I'-to-X or the I'-to-Y distance. Conse-
quently, in studying in-plane dispersion, a significant
fraction of the I'-to-Z distance is routinely probed. In
this paper we make the two-dimensional approximation
and use the notations T', X, Y, and S to designate symme-
try points in the two-dimensional BZ.

Shown in Fig. 1 are the EDC’s measured on a x =6.9
sample using hv=21.2 eV, with k scanning along (a) T'-§
and (b) T-Y(X) symmetry lines, respectively. The spec-
tra are normalized to photon flux. The photoelectron-
emission angles relative to the surface normal (6 and ¢)
are marked next to each curve. The k points, corre-
sponding to each of the measured EDC’s, are shown in
the insets as open and solid circles in the BZ section.
[Since this sample was twinned, k points are marked
along both T-Y and T-X in the inset of Fig. 1(b)]. The
value of k for a given 6 and ¢ was obtained from

k,=0.514 A""W/E,;, (sin0%+ sing §) ,

where Ey;, is the kinetic energy in eV, k; is the com-
ponent of electron momentum parallel to the sample sur-
face, and % and § are the unit vectors along the T-X and
T-Y directions, respectively.

Figure 1 shows that, along both the T'-S and T-Y(X)

YBa,Cu3049, hv =212 eV
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FIG. 1. Energy distribution curves (EDC’s) measured on a
x =6.9 sample using hv=21.2 eV, for k points along (a) T-§
and (b) T-Y(X). The photoelectron-emission angles relative to
the surface normal (6 and ¢) are marked next to each curve.
The corresponding k points are marked as open and solid cir-
cles in the Brillouin zone in the insets, along with the calculated
Fermi surfaces (shaded regions) of Ref. 15. The solid circles in-
dicate Fermi-level crossings observed in the spectra.
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directions, when the analyzer is moved away from nor-
mal emission (T point), spectral features develop and
disperse toward the Fermi level. Along T'-S, we identify
two bands that disperse through the Fermi level. A
prominent feature first appears with high intensity at
about 0.25 eV binding energy when 6=¢=4" and crosses
the Fermi level at about 6=¢=9°. The spectral intensity
abruptly falls off as this band crosses Ep. Another
feature, which appears as a shoulder at lower binding en-
ergies (most apparent when 0=¢=6°), also disperses
across Ep. This feature is not well resolved because of its
relatively low intensity and proximity to the neighboring
peak. While it is not obvious at which k point this
feature crosses Er, we argue that the crossing occurs near
0=¢=7°. We observe that, at 6=¢=7°, the spectrum
has a sharp Fermi edge, indicating that the low-binding-
energy peak is cut off by the Fermi-Dirac function; how-
ever, the spectrum is still quite broad because of the near
proximity of the neighboring peak at higher binding ener-
gy. At the next k point, 6=¢=28°, the spectrum also has
a sharp Fermi edge, but a significantly narrower spectral
feature now appears near E. This suggests that the
band responsible for the first (low-binding-energy) peak
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has dispersed through Ey and the higher-binding-energy
peak is now very close to Er. We emphasize, however,
that while the band crossing at 6=¢=9° is quite clear
(and closely agrees with the interpretation of Mante
et al.”), the Fermi-level crossing assigned to the shoulder
feature (at 6=¢=7°) is much more subjective. Mante
et al. have also noted the presence of the shoulder, but
do not assign a Fermi-level crossing.

The values of k for these two Fermi-level crossings
(points on the FS) are indicated as solid circles on the BZ
section in the inset of Fig. 1(a). Also shown in the inset
are the calculated FS’s projected along the k, direction
(shaded regions).!> This presentation of the FS’s (Ref. 15)
reflects the amount of k, dispersion in various regions of
the BZ. For those FS’s where the shaded regions are rel-
atively narrow, the k, dispersion is negligible and the
two-dimensional approximation is well justified. We
compare our measured FS’s with this presentation, since
in the ARPES measurements, information is integrated
over a substantial fraction of the BZ length along k,.
Also, the value of k, is not determined in ARPES. As
seen in the inset, the two observed Fermi-level crossings
are consistent with the two calculated FS’s associated
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FIG. 2. EDC’s measured on a x =6.9 sample using hv=21.2 eV. The photoelectron-emission angles relative to the surface nor-
mal (0 and ¢) are marked next to each curve. Each vertical column of EDC’s was measured with the ¢ angle held constant; thus, the
corresponding k points fall on a line parallel to T-¥(X) in the Brillouin zone shown in Fig. 3. All the spectra are normalized to the
photon flux and are displayed on the same horizontal and vertical scales, but zeros are offset for clarity.
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with the plane bands. Along T-Y(X), a fairly narrow
peak disperses through E at about 6=15° [solid circles
in the inset of Fig. 1(b)].

Having examined the spectra along the I'-S and T-
Y(X) symmetry lines, we now consider the spectra for k
in general regions of the BZ. Shown in Fig. 2 are the
EDC’s when k was scanned on a grid of points which en-
compasses the first BZ. The photoelectron-emission an-
gles relative to the surface normal (8 and ¢) are marked
next to each curve. Throughout most of the zone, EDC’s
were measured in 2° increments in both 6 and ¢. Each
vertical column of EDC’s was measured with the ¢ angle
held constant; thus, the corresponding k points fall on a
line parallel to T-Y(X) in the BZ shown in Fig. 3. In Fig.
3 we draw grids (dotted lines) for the k, and k, axes. The
separation of the grid lines corresponds to 2° (for
hv=21.2 eV) in 0 and ¢; thus, the value of k for each
EDC in Fig. 2 can be easily located in the BZ shown in
Fig. 3. These EDC’s were measured using hv=21.2 eV
and a 5-eV pass energy for the electron analyzer (AE =55
meV). All the spectra are normalized to the photon flux.
The spectra are displayed on the same horizontal and
vertical scales, but zeros are offset for clarity.

We observe, in Fig. 2, that the spectral weights near E
vary significantly throughout the first BZ. Spectral
features with strong dispersing character appear with
high intensity in approximately one quadrant of the zone
(containing T'). The variation of the spectral intensity
might be a result of matrix-element effects.

With this display, dispersing behavior along lines
parallel to T-Y(X) can be examined. In column 4, for ex-
ample, spectral dispersion and an abrupt intensity falloff
near (0=10°, ¢ =8°) clearly signals a Fermi-level crossing
(plotted as an open circle in Fig. 3). Similarly, in column
1, an abrupt intensity falloff near (6 =16°, $=2°) indicates
that a (relatively nondispersing) band has passed through
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FIG. 3. Comparison of the measured Fermi surfaces of

YBa,Cu;0¢ 4 (open circles) determined from EDC measure-
ments using hv=21.2 eV and the calculated Fermi surfaces of
YBa,Cu;0; (shaded regions) of Ref. 15. Since the data were
taken on twinned crystals, the Fermi-surface measurements
were determined for half of the zone (the triangle section left of
the T-S line) and mapped into the other half by symmetry.
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Er. While many of the band crossings are clearly discer-
nible in Fig. 2, we find, nonetheless, that the FS deter-
mination is substantially aided by examining band disper-
sion in different directions.

In Figs. 4(a)-4(d), we show EDC’s along the T-S line
and along lines parallel to T-S. As usual, k points corre-
sponding to the displayed EDC’s appear as solid circles
in the insets. It is clear that there are bands that pass
through E; along all these directions. As discussed
above, shoulders on the lower-binding-energy side are ap-
parent in some of the spectra, indicating that another
nearly parallel band also disperses through E, forming
the outer circle of the plane-related FS.

For k in the region near the Y(X) point (e.g., the upper
portions of the columns 2 and 3 in Fig. 2), the spectra ex-
hibit a low-intensity peak close to E that is relatively
nondispersing. Under these circumstances (as discussed
above), it is not clear whether the peak crosses Er. In
Figs. 5(a) and 5(b), we display the EDC’s for k along
different directions. Results are shown for two horizontal
lines where the angle 6 was held at constant at 22° and
16°, respectively. In Fig. 5(a) it is clear that at (0=22°,
¢=4%) and (6=22°, $=6°) a peak is observed close to, or
at, E;. Similarly, in Fig. 5(b), bands cross or lie in very
close proximity to Ep at (6=16°, $=2°), (6=16°, $=4"),
and (0=16°, ¢=16°).

Using these procedures to analyze EDC’s taken at
hv=21.2 eV (Figs. 1 and 2), we determined the FS’s in
the entire first BZ. The resulting FS’s are shown as open
circles in Fig. 3. Since the measurements were made on
twinned crystals, signals from two almost orthogonal
domains were superimposed. Consequently, we chose to
determine FS’s in one-half of the zone (the triangle sec-
tion left of the T-5 line); results were then plotted to the
other half symmetrically about the T'-S line. (Symmetry
about the T'-S line can be observed in the spectra.)

Also shown in Fig. 3 are the calculated FS’s projected
along the k, direction (shaded regions),!® as described
previously. We observe in Fig. 3 that the measured FS’s
correspond remarkably well with the calculated FS’s la-
beled (2) and (3), which are primarily associated with the
plane bands.!? 13

In our data there is not clear indication of the small FS
pocket near the S point [labeled (4) in Fig. 3]. The EDC’s
for k near the S point are essentially featureless (Fig. 2).
We note, however, that spectral intensities can have a
strong dependence on photon energy and polarization
and can vary between the first and higher BZ’s. These
measurements (Fig. 2) were made using hv=21.2 eV
with photon polarization parallel to the crystallographic
a(b) axis. Recent measurements (with the same
configuration of photon polarization and sample orienta-
tion), varying the photon energy in both the low-energy
range (15-30 eV) (Ref. 37) and high-energy range (50-80
eV) (Ref. 38), also fail to show spectral features that
would indicate a Fermi-level crossing in the vicinity of
the S point in the first BZ. An early ARPES study® re-
ported the observation of this piece of the FS using
hv=50 eV. de Haas—van Alphen experiments'®!! also
reported observing this piece of the FS. Also, in the
hv=21.2 eV data (Figs. 1 and 2), there is no clear evi-
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FIG. 4. EDC’s measured on a x =6.9 sample, for k points (a) along the T-S line and (b)-(d) along lines parallel to T'-S. k points
corresponding to the displayed EDC’s appear as solid circles in the insets.
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FIG. 5. EDC’s measured on a x =6.9 sample, for k points
along lines parallel to T-¥(X) when the 8 angle was held at (a)
6=22° and (b) 6=16°. k points corresponding to the displayed
EDC’s appear as solid circles in the insets.

dence for the chain-related FS labeled (1) in the region
near the T point. Observation of this FS was reported in
positron-annihilation experiments.?’

The spectral behavior and FS’s near the X(Y) point are
complex. It was shown by Tobin et al.® that the appear-
ance of spectral features in EDC’s for k points in that re-
gion of the BZ depends strongly on photon energy. Ex-
traordinarily narrow and intense peaks were observed
very close to E near the ¥ point when using #v=17 and
28 eV. The strong spectral dependence on photon energy
may be a result of different values of matrix elements for
transitions to different final states or non-negligible k,
dispersion, since the value of k, is changed when the pho-
ton energy is varied. The relatively wide shaded region of
the projected FS near the X point indicates that
significant k, dispersion is expected near X. The depen-
dence of these intense features on oxygen stoichiometry
will be discussed in the later sections.

We note that the observed FS’s also have reasonable
correspondence with the FS’s predicted by Abrikosov
and Falkovsky'® using a model, considering a single
CuO, plane, where electrons belong to two groups: (1) 3d
electrons localized on Cu atoms with single occupation
(one hole per Cu atom) because of the large Coulomb in-
teraction and (2) conduction electrons in bands formed by
oxygen 2p states. The correspondence between theory
and experiment is particularly good for intermediate lev-
els of doping (middle panel of Fig. 4 in Ref. 19).

By monitoring spectral features in the vicinity of a
Fermi-level crossing at temperatures at 20 K (well below
T,) and above T,, we sought (unsuccessfully) to observe
and measure the superconducting gap.?’ Possible reasons
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for not being able to see a gap by photoemission were dis-
cussed at length by Tobin et al.® We note, however, that
Ratz et al.’® have recently reported observation of the su-
perconducting gap in YBa,Cu;0, (6.8<x <6.9) at a
Fermi-level crossing along T-X(Y). The authors corre-
late the behavior of a pronounced 1-eV peak near the
X(Y) point with the presence or absence of a gap. Their
data were taken using 18-eV incident photons. They re-
port that an apparent gap appears only when the 1-eV
peak is zero or heavily attenuated (a sample-dependent
phenomenon). Variations of the 1-eV peak and structure
near E are attributed to different surface terminations
that are obtained when samples are cleaved. In our ex-
periments we have extensively monitored the 1-eV peak
using 24-eV photons; at this energy, the peak appears
with much greater intensity than at 18 eV. In our sam-
ples the 1-eV peak is essentially always present, with high
intensity, after a fresh in situ cleave. For different cleaves
relative intensities of chemically shifted Ba 4d core levels
are seen to vary dramatically; this is often interpreted to
mean that different combination of terminations exist on
the cleaved surfaces.’’ Yet the different exposed surfaces
do not affect the presence or magnitude of the 1-eV peak.
On the other hand, as samples “age” after many hours in
the vacuum system, the intensity of the 1-eV peak be-
comes substantially reduced. Furthermore, the peak is
dramatically attenuated when the samples become
sufficiently oxygen deficient to show semiconducting be-
havior (see Sec. III C and Fig. 11). In our judgement the
loss of this peak is an indication of a degraded sample
surface. If this conclusion is correct, then the apparent
observation of a gap by Ratz et al. may be a manifesta-
tion of an unsatisfactory sample surface (e.g., perhaps an
insulating layer).

B. YB32CU306. 5

In YBa,Cu;04 s, one-half of the oxygen sites in the
chain basal plane are vacant. It is known that the oxygen
vacancies have a strong tendency to order into alternately
filled and empty chains to form the ortho II struc-
ture.??”2* Furthermore, the state of order has a strong
effect on the superconducting properties.?> The oxygens
in the chain basal plane are sufficiently mobile so that or-
dering can occur slowly at room temperature after re-
duced stoichiometries are established by quenching.

Before photoemission measurements were taken, crys-
tals were maintained at room temperature for more than
2 weeks after quenching, long enough for the samples to
achieve a stable superconducting transition temperature.
Shown in Fig. 6 are EDC’s measured on a x =6.5
(T.=50 K, twinned) sample, for k points along (a) a line
45° from T-Y(X) (corresponding to T-S in the BZ of
YBa,Cu,0,) and (b) T-Y(X). This is essentially the same
set of k vectors as those shown in Fig. 1 for a x =6.9
sample. Comparing Figs. 1 and 6, we observe that, along
T-S, dispersing features appear with comparable spectral
weight and cross the Fermi level at about the same k
points for the two stoichiometries. Along T-Y(X), the
EDC'’s for x =6.5 show a feature near E with dispersing
behavior resembling that of x =6.9. However, for the
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FIG. 6. EDC’s measured on a x =6.5 sample using hv=21.2
eV, for k points along the (a) T-S and (b) T-Y(X) symmetry
directions of the Brillouin zone (for YBa,Cu;0,). This is the
same set of measurements shown in Fig. 1 for a x =6.9 sample.

x =6.9 sample, a clear Fermi-level crossing is indicated
by the sudden drop of intensity for 6 > 15°; for the x =6.5
sample, it is not apparent that the dispersing band crosses
Er. The band may only approach E; with maximum in-
tensity near 6=12°. Further, the spectral weight of the
peak is significantly less for the x =6.5 sample.*®

Shown in Fig. 7 are EDC’s taken from a x =6.5 sam-
ple, using hv=21.2 eV, when k was scanned on a grid of
points in k space; the display format is the same as that
of Fig. 2. It is evident that the spectral intensity varia-
tion and dispersing behavior throughout the BZ are strik-
ingly similar for x =6.5 and 6.9 stoichiometries. In gen-
eral, a strong resemblance in the spectral line shapes can
be observed in the EDC’s for the two stoichiometries at
equivalent k points. When differences occur, they tend to
be rather subtle, as illustrated above in the comparison
between Figs. 1 and 6. We observe, for example, that
corresponding EDC’s in columns 2 (¢ =4, Figs. 2 and 7)
have comparable spectral intensities, line shapes, and
dispersive character, whereas corresponding EDC’s in
columns 1 (#=2°) appear with less intensity when
x =6.5 than when x =6.9. Particularly noticeable
differences occur at (6=16°, $=2°) and (6=12°, $=2°);
Fermi-level crossings are not apparent at these angles
when x =6.5.

Extraordinarily narrow features were observed near E
in untwinned x =6.9 samples using Av=17 and 28 eV.°
Remarkably, those features are also observed, with com-
parable width and intensity, in an untwinned x =6.5
sample. Shown in Fig. 8 are EDC’s measured on an
untwinned x =6.5 sample (T, =53 K) for k points along
the T-Y-T line using hv=28 eV. In going from T to the
Y point, a peak is seen to disperse toward E. The peak
stays at Ep for a number of k points along the I'-Y-I'"’
line (from 6=12° to 28°) and then disperses back to
higher binding energy as the T point is approached, as
expected from crystal symmetry.

Shown in Fig. 9 are EDC’s measured on an untwinned
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x =6.5 sample for k points near the Y point using
hv=17 eV. Again, a very narrow peak, which persists at
E; for a number of k points, can be observed. The width
of this peak is comparable to the instrument resolution.
A nearly identical feature was observed on untwinned
x =6.9 samples by Tobin et al.®

To summarize these observations, most of the spectral
features near E are found to be unchanged, within reso-
lution limitations, as the oxygen stoichiometry is reduced
from x =6.9 to 6.5. Stable spectral features include the
unusually sharp peaks near the Y point observed when
using hv=28 and 17 eV. Most of the points on the two
large FS’s, formed from plane-related bands, also show
no discernible change with oxygen variation.

However, significant spectral changes were observed,
as x was varied, when k was in a region near the T-¥(X)
line (with hv=21.2 eV). The features appear with less
intensity at x =6.5 than at x =6.9. Also, Fermi-level
crossings appear to be somewhat shifted in the BZ. Since
the data were taken on twinned samples, the observed
changes could be associated with features appearing
along either the T-Y or T-X line. If these features occur
near I-Y, comparison to Fig. 3 suggests that, at x =6.5,
the FS size is somewhat reduced in the vicinity of the
bulge area near 6= 14", i.e., in the outer plane-related FS.
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Also, some calculations (e.g., Ref. 12) show a chain-
related band crossing E along I'-Y. Thus the observed
spectral changes with reduced oxygen stoichiometry
could also be associated with loss of this chain-related FS.
On the other hand, if these stoichiometry dependent
features occur near I-X, then they must be associated
with “ridge” FS [labeled (1) in Fig. 3]. Measurements on
untwinned crystals are needed to further clarify these is-
sues.

It is generally recognized that the oxygen content in
YBa,Cu,;0, controls the carrier concentration.?® It is
not clear, however, how the hole concentration varies in
the planes and chains respectively, as the oxygen content
is varied, although bond-valence-sum analyses provide
semiquantitative  information.*"*>  According  to
Luttinger’s theorem, changes in carrier concentration
should be reflected in the size of the FS cross-sectional
areas (for a two-dimensional material), and in principle,
plane and chain variations should be separately observ-
able. Most of the Fermi-level crossings were found to be
invariant as oxygen content was reduced from x =6.9 to
6.5. However, as discussed above, the size of the outer
plane-related FS near T-Y might be somewhat reduced as
oxygen is depleted, signaling the expected reduction in

hole concentration. If, however, the observed I'-Y(X)
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FIG. 7. EDC’s measured on a x =6.5 sample using hv=21.2 eV. The display format is the same as that of Fig. 2.



11 064

YBa,Cu;0x 5
(untwinned)
hv =28¢eV

intensity (arb. units)

‘ e |T pt
1 1 ! 1 1
-0.6 -04 -0.2 0.0 0.2
binding energy (eV)

FIG. 8. EDC’s measured on an untwinned x =6.5 sample
(T.=53 K), for k points along the T-Y-T"' line, using hv=28
eV.

spectral variations are found to occur near the T-X line,
then band theory (Fig. 3) suggests that carrier-
concentration changes, with varied x, primarily occur in
the “ridge” FS.

These measurements do not provide a good quantita-
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FIG. 9. EDC’s mgasured on an untwinned x =6.5 sample,
for k points near the Y point, using hiv=17 eV.
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r X

FIG. 10. Fermi surfaces of YBa,Cu;O¢ s calculated by Yu
et al. (Ref. 43) for the double-cell ortho II structure.

tive measure of carrier-concentration changes. Consider-
ing the k resolution of these ARPES experiments
(lAk|=0.075 A_l, at hv=21.2 eV) and the comparable
separation of k points between measured EDC’s, the un-
certainty in our measurements of the large plane-related
FS areas could be as large as 20%.

The electronic structure for YBa,Cu;0g¢ 5 was calculat-
ed for the double-cell ortho II structure by Yu et al.*® us-
ing the LDA approach. The FS’s are shown in Fig. 10.
At x =6.5, cell doubling along the a axis halves the BZ
along the T-X direction. We observe in Fig. 10 that the
plane-related FS’s [labeled (2), (3), (2'), and (3')] are very
similar to those of YBa,Cu;0, (Fig. 3) except for a dou-
bling of the number of plane bands (a folding of the plane
bands from the BZ of YBa,Cu;0,) and some
modifications near the new zone boundary. The chain-
related FS [labeled (1)] is also very similar to the corre-
sponding FS in Fig. 3 (but this band is not doubled in the
new zone). The observed spectral similarities between
x =6.5 and 6.9 are consistent with these predictions.

While it is recognized that LDA calculations on
YBa,Cu;0y are incorrect (they predict metallic behavior,
whereas the material is insulating), we note that such cal-
culations show that all chain bands are missing, but the
plane bands are relatively unchanged compared with
band structure of YBa,Cu;0,.'>'>*  These band-
calculation results suggest a general trend; that is, as oxy-
gen is depleted from YBa,Cu;0,, chain bands are sys-
tematically lost, while plane bands remain relatively un-
changed.

C. YBa,Cu;04 3_¢ 35

Several samples with oxygen stoichiometry x being ap-
proximately 6.3-6.35 were studied. These samples are
not superconducting, but the stoichiometries are very
close to the metal-insulator transition. The structures are
slightly orthorhombic.?® Resistivity measurements (taken
on some of these samples) show semiconducting behavior
with an increasing resistivity for decreasing temperature
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below about 70 K (see Fig. 3 of Ref. 28).

As shown above, relatively small spectral variation was
observed between samples of different oxygen content
when the stoichiometry was varied in the metallic region.
However, very distinct spectral changes are apparent
when the sample becomes insulating.?® Figure 11 com-
pares EDC’s taken from a x =6.35 sample (dashed lines)
and from a x =6.9 sample (solid lines), for several k
points along the T'-Y(X) line, using Av=17 eV. It is
clear that the sharp and intense feature near E, apparent
when x =6.9, disappears in the nonsuperconducting
x =6.35 sample. Shown in Fig. 12 are EDC’s taken from
a x =6.3 sample using Av=28 eV for k points along the
T-Y(X)-T' line, with the same increment between k
points as shown in Fig. 8 for an untwinned x =6.5 sam-
ple. Obviously, the intense peak near E, apparent when
x =6.5, is absent when x =6.3, although a residual of
the underlying band dispersion is visible. The underlying
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FIG. 11. Comparison of the EDC’s measured on a x =6.35
sample (dashed lines) and a x =6.9 sample (solid lines), for
several k points on the I'-¥(X) line, using hv=17 eV.
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structure is similar to that observed along T-X-T' on
untwinned x =6.9 samples.’” This suggests that it could
be of CuO, plane origin, since the plane structure has
fourfold symmetry and is relatively unchanged when oxy-
gen content is reduced.

Shown in Fig. 13(a) are EDC’s taken on a x =6.3 sam-
ple, for k points along T-S, using Av=21.2 eV. We ob-
serve that significantly reduced spectral weight occurs
near E in these data relative to those for x =6.9 and 6.5
[compare Figs. 1(a) and 6(a); also see Ref. 28]. Nonethe-
less, the spectral features continue to show dispersion,
even suggesting a Fermi-level crossing near 6=¢=9°.
No effect of an insulating gap was observed, perhaps be-
cause the gap is much smaller than the instrument resolu-
tion function.

Shown in Figs. 13(b) and 13(c) are EDC’s taken on a
x =6.3 sample, for k points along lines parallel to T-S
(solid circles in the insets). As the lines become more re-
mote from T'-S, dispersion becomes much less apparent
and Fermi-level crossings are not observed [Fig. 13(c)].
Presumably, the apparent Fermi-level crossings seen in
Fig. 13(a) [and, perhaps, in Fig. 13(b)] are the residual of
a FS (i.e., bands dispersing toward E but separated from
the Fermi level by a small gap). These results indicate
that, near the metal-insulator transition, the FS only ex-
ists in a small region of the BZ. This contrasts with the
large FS’s seen in x =6.9 and 6.5 samples; Fig. 4 shows
that Fermi-level crossings are clearly seen in regions far
away from T'-S in x =6.9 samples.

YB32CU306_3
hv =28eV

* | T pt.
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W Y(X) pt.
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binding energy (eV)

FIG. 12. EDC’s measured on a x =6.3 sample, for k points
along the I'-Y(X)-I"’ line, using hv=28 eV. This is the same set
of measurements shown in Fig. 8 for a x =6.5 sample.
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FIG. 13. EDC’s measured on a x =6.3 sample, for k points (a) along the T'-S line and (b) and (c) along lines parallel to T-S. k
points corresponding to the displayed EDC’s appear as solid circles in the insets.

Some model theories'** predict small FS’s, as illus-

trated in Fig. 14 (taken from Ref. 19), for stoichiometries
near the metal-insulator transition where doping level are
low. The spectra of Fig. 13 provide some support for this
picture, since bands dispersing through E are only ob-
served close to the zone diagonal T'-S. However, to form
such a closed FS, one expects to see, from T to S, aband
that first disperses from below E to above Ep and then
disperses back from above E. to below E. In other
words, after the occurrence of the first Fermi-level cross-
ing, the EDC’s should show the occurrence of a reentrant
spectral peak, resulting from a band dispersing from
above Ep to below Ep, as k exceeds the second Fermi-
level crossing. In an effort to observe the band reentrant
behavior, we measured EDC’s with an angular increment
of 1° or 2° from the T point all the way to the S point, for
oxygen stoichiometries x =6.35, 6.4, 6.5, 6.7, and 6.9.

o
N

FIG. 14. Schematic Fermi surfaces suggested by some model
theories (Refs. 19 and 44) for stoichiometries near the metal-
insulator transition where hole-doping levels are low.

The spectra of x=6.35 and 6.5 are shown in Fig. 15.
Note that, for both stoichiometries, after the bands first
cross Ep at about 6=¢=9°, the spectral intensity be-
comes very low and remains very low all the way to
0=¢=24° (near the S point). The expected band reen-
trance is apparently not observed. Measurements for
other oxygen stoichiometries show similar results. For a
x =6.35 sample, some measurements were also made us-
ing different photon energies in the range 15-28 eV. No
evidence of band reentrance was observed under these
measurement conditions either.

Results such as those in Fig. 15(b) can also provide an
additional test of band-theory predictions for the x =6.5
ortho II structure. The BZ edge along T-X for x =6.5 is
about half of the T'-X distance for x =7; a new periodici-
ty occurs. Band reentrant behavior should appear in the
second zone of the new cell [reflection symmetry occurs
about the X-S line (Fig. 10)] when k is scanned along the
line 45° from T'-X (i.e., 6=¢). As seen in Fig. 15(b), there
is no indication in the spectra for the new periodicity; i.e.,
the spectra do not show symmetry with respect to the
new zone boundary. It may be that the states being
probed (primarily plane related) are not dramatically per-
turbed by the new periodicity, so that the effect of cell
doubling cannot be observed at this level of sensitivity.

IV. SUMMARY

An extensive set of ARPES measurements was made
on YBa,Cu;O, crystals with oxygen stoichiometries
x =6.9, 6.5, and 6.3, which include, respectively, a 92-K
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FIG. 15. EDC’s measured on (a) x =6.35 and (b) x =6.5 samples, with k scanning from T to S.

superconductor in the ortho I structure, an approximate-
ly 50-K superconductor in the ortho II structure, and an
insulating sample with stoichiometry very close to the
metal-insulator transition. Spectral behavior near E, was
examined throughout the first Brillouin zone. By observ-
ing the dispersion of spectral features as a function of k
and determining the k points at which peaks disperse
across Ep, Fermi surfaces were measured.

For x =6.9, two large FS’s were observed. They have
remarkably good correspondence with the two plane-
related FS’s predicted by LDA calculations. Most of the
chain-related FS’s predicted by LDA calculations were
not clearly identified in the data.

For x =6.5, the spectral behavior throughout the BZ
was observed to be strikingly similar to that of x =6.9.
In particular, for the plane-related features, the spectra
taken at equivalent k points are very similar for the two
stoichiometries. The most discernible change are ob-
served in EDC’s, from twinned crystals, taken along the
BZ edge, T'-Y(X). In those EDC’s, a substantial reduc-
tion in spectral intensity was observed for x =6.5 relative
to x =6.9. Small changes in FS dimensions may also be
observable. Since twinned samples were measured, it
cannot be determined if the changes are more likely to be
associated with a reduction in the size of a plane-related
FS near I-Y or if the changes are associated with the
“ridge” FS along T'-X. Data from twin-free crystals are
required in order to resolve this issue.

For x =6.3, significant spectral changes occur. Not-

ably, sharp and intense features near Ep, observed at
x =6.9 and 6.5, disappear or severely broaden at x =6.3.
These results strongly suggest that the electron states
that produce these sharp features must exert an impor-
tant influence on the transport properties.

In the insulating x =~6.3 material, spectral features
dispersing through E, were observed along some direc-
tions of the BZ, suggesting (within resolution limitations)
an apparent FS. However, these apparent crossings were
only observed in a small region of the BZ, indicating a
small FS. This is in contrast with the large FS’s observed
in the x =6.9 and 6.5 samples. Apparently, the reduced
FS dimensions and the loss of sharp features near E are
indications of the onset of strong correlation effects re-
sponsible for the insulator behavior.
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