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High-resolution angle-resolved photoemission measurements are reported for YBa2Cu30, when oxy-

gen stoichiometries are in the range 6.35 x ~ 6.9. The stoichiometry dependence of spectral features at
energies close to the Fermi level was monitored along major symmetry lines in the two-dimensional Bril-
louin zone. Along I -S, two bands dispersing through EF were observed in YBa2Cu306 9. Band calcula-
tions indicate that these are "plane"-related features. These two bands and the Fermi surfaces that they
define are nearly independent of oxygen stoichiometry. The spectral weight near EF is relatively con-
stant for 6.4 ~ x ~ 6.9. However, the spectral weight falls off significantly when x =6.35 (insulating), al-

though the dispersive behavior that is characteristic of the higher oxygen stoichiometries persists. This
abrupt intensity change might signal the onset of an electronic structure governed by strong correlation.
Along 1 -Y(X), one band dispersing through EF was observed in YBa&Cu306 9. As oxygen was removed,
the intensity of this dispersive feature decreased systematically. Predictions of band theory indicate that
this band is a "chain"-related feature. In general, predictions of band theory appear to be quite reliable
near EF in the oxygen stoichiometry range x 6.4, where the material shows metallic behavior.

I. INTRODUCTION

A remarkable property of the high-T, copper oxide su-
perconductors is that they are generally tolerant to sub-
stantial variations in electron or hole doping (by ap-
propriate substitution or oxygen-stoichiometry variation)
such that a range of behavior, from metallic to insulating,
can be observed. How the electronic structure evolves as
doping concentration is varied is a question of great in-
terest. '

Angle-resolved-photoelectron-spectroscopy (ARPES)
studies on BizSrzCaCuzOs (Refs. 8 —10) and YBazCu306 9

(Refs. 11—14) revealed band dispersion and, apparently,
Fermi surfaces, providing support for a Fermi-liquid
description of these materials. Correspondence between
the photoemission measurements and predictions of band
theory have generally been very good. Additional strong
support for the band-theory approach has been provided
by positron-annihilation measurements of the Fermi sur-
face in YBa2Cu306 9.

' However, when sufficient oxygen
is removed from YBa2Cu3069, the material becomes in-
sulating (when oxygen stoichiometry x &6.4) and the
band-theory description breaks down. Band theory pre-
dicts metallic behavior even when x =6. ' ' Earlier
angle-integrated photoemission studies on YBa2Cu30
for 6.2(x (6.9 showed a systematic decrease of the
electronic density of states at the Fermi level as oxygen
was depleted. However, angle-resolved photoemission
experiments to study the detailed behavior of the elec-
tronic structure for varied doping concentration have

been lacking.
In this paper we report high-resolution ARPES studies

on YBa2Cu30 (Y-Ba-Cu-0) for 6. 35 «x «6.9. The Y-
Ba-Cu-0 compounds with varied oxygen concentration
provide a very nice system for systematic study, for their
T, 's vary continuously from 92 to 0 K as the oxygen con-
centration x is varied from 6.9 to 6.35, as shown in Fig. 1.
Furthermore, high quality single crystals with well con-
trolled oxygen stoichiometries and sharp superconduct-
ing transitions ( & 3 K) can be readily prepared.

A unique structural feature of Y-Ba-Cu-0 is the pres-
ence of one-dimensional Cu-0 chains. The chains appear
in addition to the Cu-0 planes which are common to all
of the high-T, copper oxides. It is known that oxygen
vacancies appear in the chains as oxygen is removed. '

Further, it was observed that the oxygen vacancies tend
to order; apparently, a dominant ordered form is the
double-cell orthorhombic (Ortho II) phase. ' ' T,
correlates with the degree of order.

Since the states near the Fermi energy are most
relevant to superconductivity and other transport proper-
ties, we measured energy distribution curves (EDC's) in
the vicinity of Et; ( &1 eV below E~) with high energy
resolution ( & 30 meV). Measurements were made for k
points along symmetry lines in the two-dimensional Bril-
louin zone (BZ) for the stoichiometries x =6.9, 6.7, 6.5,
6.4, and 6.35.

We note that, for Y-Ba-Cu-O, the c axis of the unit cell
is much longer than the a and b axes. Consequently, the
three-dimensional BZ is very short along k, . The typical
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FIG. 1. Transition temperatures vs oxygen stoichiometry for
YBa2Cu30„.

0

k resolution of our instruments is 0.08 A . This corre-
sponds to about one-third of the I -to-Z distance, in con-
trast to about one-tenth of the I -to-X or the I -to- Y dis-
tance. Fortunately, for Y-Ba-Cu-O, the electronic struc-
ture is nearly two-dimensional, i.e., k, dispersion is small.
The two-dimensional nature also eliminates the problem
of the indeterminacy of the momentum perpendicular to
the surface in the photoemission process, thus greatly
simplifying band mapping. In this paper, we make the
two-dimensional approximation and use the notations I,
X, Y, and S to designate the symmetry points in the two-
dimensional BZ. We note that deviations from two
dimensionality may be quite substantial in some regions
of the BZ.

We will compare the ARPES results to the predictions
of band theory. Using the band-structure assign-
ments, features are attributed to bands that are primarily
associated with either the chains or planes. We will first
discuss the features in the spectra for x=6.9, then
present results for the lower oxygen stoichiometries, and
examine systematic variations.

This paper extends the recent work of Tobin et al. '

who have reported ARPES studies on single-domain
(twin-free) YBa2Cu306 9 crystals. Their data provide
clear identification of chain- and plane-related features in
the fully oxygenated material. ARPES studies were also
reported by Campuzano et al. "' for YBa2Cu306 9.

II. EXPERIMENTAL DETAILS

FIG. 2. Magnetization vs temperature for the measured sam-

ples of YBa&Cu30„. For the samples with x =6.9, 6.7, 6.5, and
6.4, the T, 's are, respectively, 92, 70, 50, and 33 K.

35
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The transition width varies from 0.2 to 3 K. The samples
with x =6.35 do not show a superconducting signal for
temperatures above about 5 K. The resistivity in the a-b
plane is shown versus temperature, in Fig. 3, when
x=6.35. This sample shows insulating behavior (resis-
tivity increases as temperature decreases) below about 70
K. All the measured crystals were twinned; therefore,
signals from two almost orthogonal domains were simul-
taneously measured. In this case, I -X and I - Yare indis-
tinguishable. We note that nearly all the distinct and
acute spectral features observed on untwinned samples'
were also observed on our twinned samples.

Some photoelectron spectra were acquired by using
He-I radiation (h v=21.2 eV). Most of the measurements
(including spectra at 21.2 eV) were made on the Ames-
Montana ERG-Seya beamline at the Synchrotron Radi-
ation Center at Stoughton, Wisconsin, using mostly the
Seya. For both photon sources, photoelectrons were en-
ergy analyzed by a 50-mm-radius hemispherical analyzer

Single crystals of Y-Ba-Cu-0 with reduced oxygen
stoichiometries were prepared at Argonne National Lab-
oratory. The oxygen stoichiometries were controlled by
annealing the samples at 520 C in a Aowing gas stream
containing a predetermined mixture of 02 and Nz. After
equilibrating at 520'C (60 to 160 h), the samples were
quenched to liquid-nitrogen temperatures. After aging
for a few days at room temperature, T, 's were deter-
mined by SQUID magnetization measurements. For the
SQUID measurements, samples were cooled in zero field
and measured on warming (shielding). The magnetiza-
tion versus temperature curves for the measured super-
conducting samples (6.4~x ~6.9) are shown in Fig. 2.
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FIG. 3. The a-b resistivity vs temperature for a x =6.35 sam-
ple. The resistivity increases as temperature decreases below
about 70 K, indicating insulator behavior.
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mounted on a goniometer. The analyzer has two degrees
of rotational freedom. The angular resolution of the
analyzer is 2' (full apex angle of acceptance cone), which
corresponds to a k resolution of 0.073 A ' [about —,', of
the I -to- Y(X) distance in k space] for measurements
near the Fermi level using 21.2 eV photons. The overall
energy resolution (electron and photon) is better than 30
meV. Samples were cleaved at 20 K in a vacuum better
than 4X 10 "Torr. The measurements were made at 20
K. Unlike the Bi2Sr2CaCu208 superconductors, where a
superconducting gap was observed when the sample was
cooled below T„no significant difference was ob-
served in the photoemission spectra of YBa2Cu3069
when data were taken above and below T, . ' ' The posi-
tion of the Fermi level was determined by measuring the
Fermi edge of a clean platinum foil which was in electri-
cal contact with the samples.

The sample orientation was determined by Laue x-ray
diffraction prior to mounting in the chamber. The
cleaved surfaces contain the a-b plane. The samples were
mounted with the c axis and the a(b) axis in the horizon-
tal plane. The photon beam was also in the horizontal
plane striking the sample at an angle of approximately
60' from the surface normal (c axis). When synchrotron
radiation was used, the photon beam was nearly com-
pletely polarized with E in the horizontal plane. When
data were taken using He-I radiation, the surface normal
was determined using a reflected laser beam from the
cleaved sample surface. Otherwise, the surface normal
was determined from EDC's, by monitoring the symme-
try of the highly dispersive feature at about 1.5 eV bind-
ing energy that appeared with high intensity at the I
point when 24 eV radiation was used. This dispersive be-
havior is shown in Fig. 4.

h& =24eV

I I '. I I

-3 -2 -1 0

binding energy (eV)

FIG. 4. EDC's for k points near the I point, showing the

symmetry around the I point of the highly dispersive feature at
about 1.5 eV binding energy.

III. RESULTS AND DISCUSSION

A. I -S

Shown in Fig. 5(a) are EDC's for k points along the I—
S line, for stoichiometry x =6.9, measured with 21.2 eV
photons. The electron exit angles relative to the surface
normal (8 and P) are marked along each curve. Their
corresponding k vectors, obtained from

0 +E~ { V)(s'"8x+sin~y

where Ek;„ is the kinetic energy, k~~ is the component of
electron momentum parallel to the sample surface, x and
y are the unit vectors along I -X and I -F directions, re-
spectively, are shown as open circles and solid dots in the
BZ section provided with the figure. The solid lines in
the BZ section (Fig. 5) show the calculated Fermi surface
for stoichiometry x =7 of Ref. 24. (Recent highly con-
verged calculations yield slightly different Fermi sur-
faces. 3' ') We observe that, at the I point (8=/=0'),
the spectral features are rather weak and broad. On go-
ing out toward the S point, the spectral features develop
and disperse toward EF. One prominent feature appears
at about 0.25 eV below E~ at 8=/=4' and crosses E~ at
about 8=/=9' (the corresponding k point is shown as a
solid dot in the BZ). The Fermi level crossing is indicat-
ed by the abrupt decrease in the spectral intensity of a
dispersing spectral peak as that peak moves toward (and
through) Ez. Another feature, which appears as a shoul-
der at about 0.1 eV binding energy at 8=/=4', also
disperses toward E~ and crosses the Fermi level at about
8=/=7'. We note that these two Fermi level crossings
are in close agreement with the calculated Fermi surfaces
labeled (2) and (3) shown in Fig. 5.

In Fig. 6, the approximate dispersion of these two mea-
sured bands (open circles) is compared with the calculat-
ed bands of Ref. 25. As noted above, the two experimen-
tally determined bands have approximately the same Fer-
mi level crossings as the two calculated bands that are
predicted to have dominant plane character [labeled (2)
and (3) and denoted by small dots in Fig. 6]. However,
the measured dispersion is smaller than predicted.

Band calculations also predict a chain band [labeled (1)
and denoted by large triangular symbols in Fig. 6] that is
degenerate with one of the plane bands at the I point,
and crosses Ez at a smaller k value (8=/=4'). Because
of the relatively weak intensity in the EDC's for small an-
gles and the proximity of this band to the other two
bands, it is difficult to convincingly identify this band in
the spectra.

Shown in Figs. 5(b) —5(e) are EDC's for k points along
the I -S line, for stoichiometries x=6.7, 6.5, 6.4, and
6.35, respectively. We observe that the dispersing behav-
ior for a11 these stoichiometries is remarkably similar to
that of x =6.9. Furthermore, within the experimental
uncertainty in k space (+1 ), the bands cross Ez at about
the same places in the BZ, indicating that the dimensions
of the Fermi surfaces along I -S are independent of oxy-
gen stoichiometry. In fact, extensive EDC measurements
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on a grid nearly covering the entire Srst BZ for x =6.9
and 6.5 show that the dimensions and the shapes of the
entire Fermi surfaces are nearly the same for the two
stoichiometries.

Further, we observe that for stoichiometries x=6.7,
6.5, and 6.4, not only the band dispersions, but also the
spectral line shapes and intensities are comparable to
those of x =6.9. However, the line shape is different for
x=6.35. We note that, for x=6.35, the dispersing
features are less prominent and appear as shoulders, in
contrast to the prominent peak structures observed at
higher oxygen stoichiometries. In order to have a quanti-
tative comparison between the spectra of different sam-

ples, we normalized the spectra to the average of the pho-
toelectron intensity above EF {the baseline), which is
mostly due to secondary electrons caused by the second-
order light. (The spectra being cotnpared were all ac-
quired using synchrotron radiation. ) Figure 7 shows

overlays of the normalized spectra for x =6.9, 6.4, and
6.35, for the same set of k points along I -S as shown in
Fig. 5. From Fig. 7 it is clear that the spectral weight
near E~ is diminished at x =6.3S (long dashed lines), at it
points where bands are below EF (e,p(9). After the
bands pass through EF ( 8,$)9 ), the spectra become
essentially the same as those for x =6.9 (solid lines). For
x =6.4 (short dashed lines), however, the spectral weight
near EF is comparable to that of x =6.9 at all k points,
although the spectral features shift slightly away from
Ez. Similar (perhaps slightly smaller) shifts were ob-
served for the x =6.5 sample.

This shift, consistent with a sudden falloff in the densi-
ty of states at the Fermi level, occurs as x approaches the
metal-insulator transition. However, the shifts observed
in Fig. 7 should be viewed as preliminary; more samples
must be examined in the vicinity of the metal-insulator
transition. It is clear, however, that a substantial change
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FIG. 5. EDC's for k points along the I -S line, measured with 21.2 eV photons, for oxygen stoichiometry (a) x =6.9, (b) x =6.7, (c)
x =6.5, {d)x =6.4, {e)x =6.35. The electron emitting angles relative to surface normal (8 and P) are marked along each curve. The
corresponding k points for the EDC's are shown as open circles and solid dots in the Brillouin zone section provided with the figure,
along with the calculated Fermi surface (solid lin&s) of Ref. 24. The solid dots indicate experimentally determined Fermi surface
crossings. The spectra for each sample have the same vertical scale, but are offset for clarity.
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binding energy is also visible. It shows a small dispersion
but never reaches the Fermi level. The comparison of
these dispersive features with the calculated bands of Ref.
25 is shown in Fig. 9. We note that the observed band
nearest EF is in very good agreement with the calculated
band along I - Y predicted to have mixed chain and plane
character [labeled (4}]. (The detail of this band varies
among calculations performed by different
groups. ' ') An ARPES study of single-domain
(twin-free) YBa2Cu30&9 crystals by Tobin et al. ' shows
that this band is only observed along I -Y. This indicates
that the spectral feature is dominated by chain bands
since the plane bands have rather little anisotropy in the
a-b plane. The observed band at higher binding energy
lies nearly midway, along I -I, between a chain band and
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FIG. 6. Comparison of the experimentally determined band
dispersion along the I -S line of a x =6.9 sample (open circles)
with the calculated bands of Ref. 25. The large triangular sym-
bols denote bands with dominant chain character, and the small
dots denote bands with dominant plane character (Ref. 25).
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occurs in the spectral weight near EF as x falls below 6.4.
We note that both stoichiometries x =6.35 and 6.4 are
very close to the metal-insulator transition (Fig. 1), but
x =6.4 is in the superconducting regime ( T, = 33 K) and
x =6.35 is in the insulating regime. It appears that the
abrupt falloff of the spectral weight near EF correlates
with the metal-to-insulator transition and signals a sud-

denly increasing role of strong correlation effects.
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B. 1-Y(X)

EDC's measured along I -Y(X) show a strong depen-
dence on photon energy, ' ' which may be a result of k,
dispersion as indicated by band theory (spectral sensi-
tivity may vary with k, as photon energy is changed), or
strong matrix-element effects. In this paper, we shall
concentrate on the results obtained with 21.2 eV photons.
Other results will be discussed in separate papers.

Shown in Fig. 8(a} are EDC's for k points along
I - Y(X) for stoichiometry x =6.9 taken with 21.2 eV pho-
tons. Again, EDC's with labeled 0 values correspond to
the open circles and solid dots shown in the BZ section.
Because the measured samples were twinned, the k points
are marked along both I -X and I - Y. The most prom-
inent feature is the spectral peak, first apparent near 0.1

eV below EF at 0=7', and dispersing through EF at
about 0= 15' (solid dot}. Another feature at about 0.3 eV

-0.6 -0.4 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 0.2

-0.6 -0.4 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 0.2
binding energy (eV) binding energy (eV)

FIG. 7. EDC's for k points along the I -S line, with the
EDC's at the same k point for three oxygen stoichiometries,
x =6.9, 6.4, and 6.35, superimposed. The spectra are normal-
ized to the average of the photoelectron intensity above EF, as
described in the text. The spectral weight for x =6.4 is compa-
rable to x =6.9, although the peak of the spectrum is slightly
shifted away from the Fermi level. However, the spectral
weight of the x =6.35 sample is diminished.
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a plane band. Further studies on detwinned crystals will
be needed to clarify these band assignments.

Shown in Figs. 8(b) —8(e) are the EDC's along I -Y(X)
for stoichiometries x =6.7, 6.5, 6.4, and 6.35, respective-
ly. We observe that the sharp feature near EF shows a
systematic decrease in intensity for the entire range of ox-
ygen stoichiometry. Such a systematic change is con-
sistent with the assumption that the feature is associated
with a band that has substantial chain character. As oxy-
gen stoichiometry is decreased, the Cu-0 chains become
systematically depleted until, at x =6, the chains disap-
pear. This systematic intensity variation with x contrasts
with the behavior of the dispersive spectral features along
I -S, where the intensity shows no (or very little) depen-
dence on oxygen concentration in the metallic regime.
According to band theory, the features along I -S are
plane related and are expected to show very little depen-

dence on oxygen stoichiometry. ' ' ' Thus, the ob-
served behavior, both for I -Y(X) and for I -S, corre-
sponds remarkably well, when oxygen stoichiometry is
varied, with the predictions of band theory.

Since oxygen vacancies are introduced in abundance as
x is varied, it is remarkable that the (apparently) chain-
related features persist, with relatively small variation,
for a wide stoichiometry range. The chain-related feature
near EF is still well defined at x =6.7, where the chains
have acquired a large vacancy concentration; further-
more, the band remains visible through the entire metal-
lic region of the phase diagram.

The measured band at the binding energy of about 0.2
eV does not show a strong dependence on oxygen
stoichiometry. (Because of the attenuation of the peak
near EF, this higher energy peak appears even more
prominently for x =6.7 and 6.5 than for x =6.9).
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FIG. 8. EDC's for k points along the I -Y(X) line(s), measured with 21.2 eV photons, for oxygen stoichiometry (a) x =6.9, (b)
x =6.'7, (c) x =6.5, (d) x =6.4, (e) x =6.35. The corresponding k points for the EDC's of (a) are shown as open circles and solid dots
in the Brillouin zone section provided with the figure. Because the measured samples were twinned, k points are marked along both
I - Yand I -X.
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FIG. 9. Comparison of the experimentally determined band
dispersion along the I - Y(X) line(s) of a x =6.9 sample (open
circles) with the calculated bands of Ref. 25. The legend is the
same as in Fig. 6. Because the measured samples were twinned,
the observed dispersive features are marked along both I -X and
I -Y.

served in YBa2Cu3069. Their Fermi level crossings are
consistent with those of the two plane-related bands pre-
dicted by band theory, but the dispersion is smaller than
predicted. These two bands and the Fermi surfaces that
they define are almost independent of oxygen
stoichiometry. Further, the spectral weight near EF is
relatively constant for 6.4~x ~6.9. However, this spec-
tral weight falls off significantly when x =6.35, although
the dispersive behavior, which is characteristic of the
higher stoichiometries, persists. The x=6.35 composi-
tion is nonsuperconducting, but the stoichiometry is very
close to the metal-insulator boundary. The abrupt inten-
sity changes apparent near EF at the metal-insulator
boundary might signal the onset of strong correlation
effects responsible for the insulating behavior. There is
also preliminary indication that bands move away from
EF as stoichiometries approach the metal-insulator
boundary.

One band, with substantial chain character, was ob-
served in YBazCu306 9 as it dispersed along I -F(X) until
the band passed through the Fermi level. As oxygen was
removed, the intensity of this dispersive feature systemat-
ically decreased. This behavior is unlike that observed
for plane band features, which are relatively undisturbed
by changes in x, and which show little intensity variation
for x & 6.4. However, the systematic loss of intensity ob-
served for the chain-related feature is consistent with the
systematic destruction of chains caused by oxygen remo-
val. In general, the behavior of ARPES data for
YBa2Cu30„ is remarkably well described by band theory
in the oxygen stoichiometry range x ~ 6.4, where the ma-
terial shows metallic behavior.

C. Summary

High-resolution ARPES measurements are reported
for Yaa2Cu30 when oxygen stoichiometries are con-
trolled in the range 6.35~x 6.9. Measurements were
taken to monitor the dependence of spectral features, in-
cluding variations in dispersive behavior and spectral
weight, on oxygen concentration at energies close to the
Fermi level. Using the predictions of band theory to
guide interpretation of the data, both "chain bands" and
"plane bands" were studied.

Two bands along I'-S dispersing through EF were ob-
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