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ABSTRACT

Using high resolution angle resolved photoemission, the electronic
structure of YBagCu3zOyx is examined when oxygen stoichiometries are
varied in the range 6.2 <x <6.9. Detailed measurements of the Fermi
surface for YBaaCu3QOg g9 are presented and are compared with predictions
of band theory. In the metallic region of the phase diagram, changes in the
Fermi surfaces are measured as a function of oxygen stoichiometry. The
electronic structure is monitored as the oxide changes from a metal to a
semiconductor with additional oxygen depletion. For intermediate
stoichiometries, effects of oxygen vacancy ordering are considered.
Unusual resonant effects observed at several photon energies are examined

as oxygen content is varied.

* Present Address: Department of Physics, University of Missouri,
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L INTRODUCTION

Essential to the development of a suitable description of the super-
conducting state in high T oxides is a clear understanding of the normal
state electronic properties. A very basic issue is whether the normal state
can be described by Fermi liquid (FL) theory [1-4]. The possibility of strong
electron correlation effects has led to widespread skepticism about the
appropriateness of FL theory to describe the normal state in the copper
oxide superconductors. Indeed, high T, oxides show many properties that
are considered to be anomalous [4] and are frequently cited as demon-
strating the failure of FL theory for these materials [5].

While early debate on this issue centered on a discussion of whether
or not a Fermi surface (FS) exists in these metallic oxides, recent angle
resolved photoemission (ARPES) [6-12], positron annihilation (PAS) [13-14],
and de-Haas-van Alphen (dHvA) [15-16] measurements have prcvided
strong evidence for the existence of a Fermi surface in YBagCugOy. Fermi
surface measurements have been reported for other high T, oxides as well.

Since band calculations (local density approximation) provide a very
detailed specification of allowed electron energy states including those low
energy states that define the Fermi surface, the calculations have been
frequently tested by comparison with experiment. And, in general,
reported FS measurements show relatively good correspondence with
Fermi surfaces predicted from band theory [3]. However, band theory
appears to be inappropriate for the insulating, oxygen deficient
YBagCugOs. Bancf theory predicts metallic behavior {17-18] even though
YBasCu3Og is an antiferromagnetically ordered insulator with magnetic

moments localized on Cu sites [19] .This failure of local density theory is



also encountered with other (parent) insulating oxides which become
superconducting with suitable doping. The Hubbard Hamiltonian has been
widely used to describe the insulator and doped insulator regimes.

Since the extremes of the YBagCugOyx phase diagram show strongly
contrasting properties, perhaps requiring rather different theoretical
machinery to describe the endpoints, it is important to investigate the
electron states in high T, oxides as the materials are transformed from the
metallic (superconducting) into the insulating state. In this paper, we
report such a study, probing occupied electron states of YBagCugOy as
oxygen stoichiometry is varied between metallic and insulating regimes.
We report ARPES studies of YBagCu3Oy, with oxygen content varied in the
range 6.2 <x <6.93, with emphasis on identifying and measuring Fermi
surfaces and monitoring FS changes as x is varied. Varying the oxygen
stoichiometry produces changes in the carrier concentration and in the
superconducting T.. We explore the effect of this stoichiometry variation on
the Fermi surface and study the transition into the insulating state as
oxygen content is reduced. Effects of oxygen vacancy ordering are also
considered. While it has long been known that vacancy ordering occurs in
oxygen deficient YBCO [20], it has only recently been demonstrated that the
state of order has a profound effect on both superconducting and normal
state properties [21]. We also examine the unusual resonant effects that are
observed at certain photon energies and emission angles and their behavior
as the material transforms from the metallic to the insulating state with
oxygen depletion.

The paper is organized to include a discussion of (1) experimental
considerations involved in the ARPES measurements, (2) the crystallo-

graphic structure of YBCO including effects of chain vacancy ordering,



(3) a brief discussion of band calculations, (4) ARPES Fermi surface
measurements in YBagCugOg 9 and in oxygen deficient samples, (5)
observed resonant features, and (6) ARPES measurements in the vicinity of

the metal-insulator transition.

II. EXPERIMENTAL CONSIDERATIONS

Single crystals were grown in gold crucibles from a Cu and Ba rich
mixture (a "self-flux" procedure). Oxygen stoichiometries in the range
6.2 <x <6.85 were fixed by equilibrating the samples at 520°C in an
appropriate mixture of oxygen and nitrogen gases {21]. After equilibrating
for several days, samples were quenched to liquid nitrogen. Using this
procedure, any desired T, could be readily obtained with a sharp super-
conducting transition. Determined from SQUID magnetization measure-
ments, AT.'s are routinely less than 2 K wide (10 and 90 % values). To
obtain a "fully oxygenated" sample, estimated to have stoichiometry 6.93,
samples were annealed at 480°C for about one week followed by a second
anneal of comparable duration at 420°C. Figure 1 shows a plot of T¢ vs
oxygen depletion for a series of single crystal measurements.
Stoichiometries were determined from a calibration established by iodo-
metric titration on ceramic samples that were concurrently processed with
single crystal samples [22]. Samples used in these studies were thin
platelets of typical dimensions 1 x 1 x 0.1 mm3. The samples were cleaved
in the vacuum system (~4 X 10-11 Torr) of the ARPES spectrometer, to
expose an a-b surface, after cooling to about 20 K. Measurements were
taken with the sample temperature maintained near 20 K. If measure-

ments are taken at room temperature, significant time dependent changes
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occur indicating oxygen depletion at the sample surface or severe surface
reconstruction [23].

ARPES measurements for Fermi surface studies were made on the
Ames-Montana ERG-Seya beamline at the Synchrotron Radiation Center at
Stoughton, WI, using the Seya monochromator with photon energies in the
15-30 eV region. The angular resolution of the electron analyzer is 2° (full
apex acceptance cone) which corresponds to a k-resolution of 0.07 A-1 (about
1/11 of the I'-to-X distance in k-space) for hv = 21.2 eV. The total (photon
plus electron) energy resolution was 55 meV. Some of the resonant features
were measured using higher resolution conditions (20-30 meV resolution).
Data were also acquired, for photon energies exceeding 30 eV, at the Los
Alamos ERG beamline at the National Synchrotron Light Source at
Brookhaven National Laboratory, NY. See references [6,7] for more details
pertaining to measurement conditions, including sample orientations with
respect to photon beam polarization.

Use of the ARPES technique is most straightforward when the
material under study has a highly two-dimensional structure with band
dispersion occurring only in a plane parallel to the sample surface. This
condition appears to be nicely satisfied for cleaved surfaces of YBCO.
Cleaving exposes the a-b plane where dispersion is large; c-axis dispersion
is apparently very small. However, complicating the experimental situa-
tion is the fact that ARPES is a very surface sensitive technique. Electron
escape depths for photoelectrons ejected from Ef are of the order of one or
two unit cells when hv ~ 15-30 eV (photon energies most extensively used in
this study). Consequently, spectra could be significantly influenced by the

presence of the sample-vacuum interface; surface relaxation, surface



reconstruction or charge redistribution might occur in the near-surface

region perturbing the underlying bulk electronic structure [24].

III. STRUCTURE

YBCO has an orthorhombic structure in the superconducting phase
and transforms to a tetragonal structure when x < 6.4 [22] where it becomes
an antiferromagnetic insulator [25]. Figure 2 shows the structure of the
perfect YBapCugO7 material. Pairs of CuOg planes separated by a layer of Y
atoms are generally believed to be the essential component of the structure
for sustaining superconductivity. These planes, with Cu atoms in 4-planar
coordination to neighboring oxygens are common to all of the high T
Cu-oxide superconductors. Layers containing Cu-O chains also appear in
the YBCO structure. The chains, when fully occupied, also contain Cu's in
four-coordination. However, oxygens in the chains are relatively weakly
bound; when the oxygen stoichiometry is reduced, oxygen vacancies appear
in this portion of the structure. All of the oxygens in the O(1) sites [22] of the
chain layer can be removed without sample decomposition. As oxygen is
removed, the coordination number of chain Cu's is decreased; with suffi-

cient oxygen removal, these Cu(1) sites become 2-coordinated.

IV. CHAIN VACANCY ORDERING

Oxygen vacancies in the chain basal plane have a strong tendency to
order, forming long chains in the b-direction. These strings of vacancies
also tend to order in the a-direction. When x = 6.5, for example, alternate
filled and empty chain sites are observed forming the Ortho II structure

[20]. It was discovered, however, that disorder could be thermally



introduced into this layer of the structure, with profound effect on both
superconducting and normal state properties [21,26-28]. When disorder
was introduced (by annealing and quenching experiments), relaxation
(ordering) occurred, even at temperatures as low as room temperature.
Figure 3 shows a series of a-b plane resistivity measurements p(T) on
a YBagCugOg 41 single crystal sample prepared with quenched-in disorder
[29]. After fixing the oxygen stoichiometry, leads were attached and the
sample was given a secondary anneal at 180°C, a temperature sufficiently
high to introduce substantial disorder into the chain basal plane. The
sample was then quenched to a chilled solution of Fluorinert (a commercial
quenching fluid) to preserve the disorder. The upper curve in Fig. 3,
showing semiconducting behavior, was measured immediately after
quenching. Repeated p(T) measurements were taken after permitting the
sample to anneal at room temperature for the specified time intervals.
With room temperature annealing, the normal state resistivity falls and the |
material converts to a superconductor. With extended room temperature

annealing of this YBagCugOg 41 sample, T, rises and saturates at gbout
20 K.

This aging behavior was explained as a "hole doping" phenomenon
resulting from changing copper coordinations in the chain basal plane
[30-32]. Figure 4 shows a representation of the chain basal plane for
YBagCu3Og 5, where the large dots represent oxygen atoms and the small
dots represent copper atoms. In Fig. 4, most of the oxygen atoms are
arranged to define the Ortho II structure but some O's are shifted (i.e., are
thermally driven) to normally vacant chain sites. As these misplaced O's

move back into their Ortho II sites (with low temperature annealing), they

increase the number of two-coordinated Cu's. Two-coordinated Cu's,



bonded to neighboring oxygen, are normally monovalent species. If the
three-and four-coordinated Cu's are nominally divalent, then this
annealing process sequesters or freezes-out electrons by creating Cul+ sites
thus increasing the hole concentration in the material (a p-type conductor).

Profound changes in the normal state and superconducting proper-
ties are caused by changing oxygen stoichiometry and by altering the state
of order in the chain basal plane. It appears that, in both cases, the proper-
ties changes are attributable to changes in carrier concentration. Since
changes in the carrier concentration should also appear as changes in
Fermi surface dimensions, we expect that variations in oxygen
stoichiometry as well as variations in the state of oxygen vacancy order will
alter the size of the Fermi surface. In this paper, we report Fermi surface
studies, on samples well annealed at room temperature, with their oxygen
concentrations varied between 6.2 - 6.9. Measurements with varied states of
order have not yet been undertaken. If such experiments could measure
Fermi surface changes, they should provide important insight into the
question of charge redistribution associated with order induced hole
doping. Information might also be gained about surface relaxation effects;
vacancy ordering might be somewhat different in the near vicinity of the

vacuum interface.

V. BAND CALCULATIONS

Figure 5 shows the band structure, from a calculation by Massidda,
et al. [33], for YBagCu3O7. The band structure is exceedingly complicated
for electron binding energies greater than a few tenths of an eV. Near EF,

however, bands are relatively simple, so that, with high resolution ARPES



capability, band dispersion and Fermi surfaces might be cbserved and
meaningfully analyzed. In Fig. 6a, we show the Brillouin zone section in
the reduced zone scheme (I' corresponds to the zone center). Figure 6b
shows an overlay of Fermi surfaces calculated [33] at k, = O (i.e., in the
plane containing I') and at k, = n/c (in the plane containing Z). The shaded
regions connect surfaces from common bands that appear in the two
planes. The width of these shaded regions provide an indication of the k,
band dispersion; k, dispersion is small when the indicated regions are
narrow. The regions labeled 1 and 4 (correspending to bands 1 and 4 in
Fig. 5), are Fermi surfaces from bands that have a substantial (or
dominant) admix of chain band character. The shaded regions (labeled
2 and 3) ar< predominantly plane-band derived.

Figure 6¢c shows another Fermi surface calculation, from Pickett,
et al. [34]. A calculation by Andersen et al. [35] yields very similar results to
this calculation. Indeed, overall agreement among all the reported band
structures, of which these are only a representative sampling, is very good.
There are three sensitive Fermi surface features where differences appear:
(a) the hole appearing in the chain band surface (band 1) at the point U; (b)
the bulge or protrusion towards the I'-Y line (or necking across) by the band
2 surface which results from the CuOg plane states that give rise to the
"barrels" interacting with chain states; and (c) the size of the chain band (4)
surface along the S-R line. All of these sensitivities are dramatically
influenced by the positioning of the chain bands relative to the plane bands
and by th: details of their interactions. Very small energy shifts can cause
these changes; for example, the difference at the U point (Fig. 6b and 6¢)
corresponds to a shift of only 0.04 eV. Nonetheless, these changes have

significant physical consequences and so should be probed.



In the region of the bulge (band 2), there is substantial hybridization
between chain and plane derived bands. Since we are examining oxygen
variation in YBCO, where oxygen is removed from chain sites, we might
expect the predominately chain derived bands (labeled 1 and 4 and the bulge
in band 2) to show the greatest sensitivity to stoichiometry variation.

We note that electronic structures of the reduced stoichiometry
ordered phases can also be calculated using band theory or other theoretical
procedures which require a detailed knowledge of atomic structure. In
addition to band calculations for the endpoint stoichiometries YBagCu3zO7
and YBagCugOg, calculations are now available for the ordered (Ortho II)
phase of YBagCu30g 5 [31,36].

VL ARPES MEASUREMENTS - FERMI SURFACE of YBazCugOg.9

ARPES measures energy distribution curves (EDC's) of photoelec-
trons emitted into a small solid angle. These EDC's provide an approxi-
mate measure of the occupied electronic density of states in a small window
of k-space. We measure a series of EDC's along a chosen direction in
k-space and look for spectral features that disperse toward Er. An abrupt
drop in intensity occurs when the dispersing feature moves through the
Fermi level. The point in k-space where the band crosses the Fermi level
defines a point on the Fermi surface. Figure 7a shows a series of EDC's for
the "fully oxygenated" x = 6.9 sample taken along the Brillouin zone
diagonal, -S (the measurements are actually taken along a line some-
where between I'-S and Z-R that is approximately parallel to the large faces
of the Brillouin zone; k; is not well defined). Note, in Fig. 7a, that a spectral

feature appears near 0.3 eV when the electron pickoff angles 6 = ¢ = 4°.
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This feature disperses toward Ep, crossing the Fermi level at about
0 = ¢ = 9°, where an abrupt dropoff in intensity occurs. While this intense
dispersing feature is clearly observed in the data, a second, poorly defined,
spectral feature may also appear as a shoulder on the low binding energy
side. This feature is indicated by an arrow on the EDC at 6 = ¢ = 6°. We
conclude that this feature passes through Ef near 6 = ¢ = 7°. To assist with
this band identification, we include, in Fig. 7b, a series of EDC's from
BigSrgCaCug0sg, believed to correspond to a single dispersing band [37].
Note that no shoulder is apparent in the EDC as the spectral feature
approaches Ep.

By examining EDC's measured on a grid covering every two degrees
in @ and ¢, we map dispersing bands throughout the entire first Brillouin
zone. (All of these measurements were taken at hv = 21.2 eV.) Arranging
these EDC's along different directions, we follow band dispersions and map
Fermi level crossings to obtain redundant measurements of the Fermi
surface [6,7]. Results are shown as solid and open circles in Fig. 8; the
solid circles are those determined with greatest clarity. Results are
compared with the Fermi surfaces calculated by Pickett et al [34]. Most of
the solid dots apparently correspond to the plane-related Fermi surface that
is labeled 3 in Fig. 8. The open circles are somewhat more subjective,
corresponding to spectral features that are less clearly geﬁned, as
discussed above. Since measurements were taken on twinned samples, it
is not known if the observed bulge near 0 or ¢ = 15° should be associated
with I-X orI-Y symmetry directions. With the possible exception of those
points near 0 or ¢ = 15°, Fig. 8 does not show a clear measurement of Fermi

surfaces that have dominant chain band character.
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In contrast with previous ARPES studies [9], we do not observe the
small chain related hole pocket predicted to occur near the S point [6].
(Note, however, that boch PAS and dHvA measurements have also been
attributed to this small surface). In general, correspondence between the

predictions of band theory and the observed Fermi surfaces is good.

VIL. FERMI SURFACE - VARIED OXYGEN STOICHIOMETRY

Next we examine Fermi surfaces when the oxygen stoichiometry is
reduced below 6.9. Figure 9 shows a comparison of EDC's taken along the
T-S line for the 6.9 and 6.5 samples. Apparently, the inner plane band
(band 3, Fig. 8) is not strongly affected by changes in oxygen stoichiometry
when x > 6.4 [6,7]. Figure 10 shows a similar comparison of EDC's along
the I'- Y(X) symmetry line for the x = 6.9 and 6.5 samples. (Note that these
samples are twinned, so a superposition of spectra from I-X and from I-Y
is measured.) Now we observe a significant stoichiometry-dependent
difference in the spectra. In Fig. 10a, a spectral feature moves to, and
apparently through, the Fermi level where spectral intensity is abruptly
lost when 6 and ¢ are near 16°. When x = 6.5, similar band dispersion can
be discerned, but there is a dramatic change in the spectral weight near Ep.
It is not clear, furthermore, that a Fermi level crossing can be convincingly
identified. Thus, there appear to be discernible changes in the Fermi
surface, with oxygen depletion, in the vicinity of the r-Y(X) symmetry lines.
This may signal changes in the chain bands (band 1 and/or band 4 -- see
Fig. 6b).

These observations again appear to be consistent with predictions

from band theory for the double-cell (Ortho II) YBagCu3Og 5 composition.



Figure 11 shows the calculated Fermi surface that is cut by one plane
(containing I') of the Brillouin zone [6, 35]. Note that the surfaces from
plane bands 2 and 3 persist relatively unchanged from their corresponding
surfaces in Fig. 6. (Small modifications occur near the new zone boundary;
bands 2' and 3' are plane bands which appear as a consequenc of cell
doubling.) Chain band 1 persists, somewhat modified, but it is not doubled
in the new cell; i.e., one chain layer has been removed relative to the x = 7
structure. Thus we might expect to observe a loss of chain band intensity as
the oxygen stoichiometry is reduced. Further, band 4 (see Figs 5 and 6) no
longer crosses Ep. In general, these predicted changes appear to be consis-
tent with the changes in ARPES spectra observed between the x = 7 and
x = 6.5 samples. With oxygen depletion, spectral intensity and possibly a
Fermi level crossing are lost near BZ edges.

With the formation of the Ortho II structure, a new periodicity
occurs. In the new (x = 6.5) Brillouin zone, the I' - X distance is about half of
the I" - X distance for the x = 7 structure. Since reflection symmetry occurs
about the line X - S (Fig. 11), band re-entrant behavior should appear in the
second zone of the new cell. As seen in Fig. 9b, 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 perturbed by the new
periodicity so that the effect of cell doubling can not be observed at this level
of sensitivity [6]. Furthermore, we do not see evidence for the new structure

(bands 2' and 3') along I" - Y in the first zone.



VIIL. RESONANT FEATURES

In YBagCu3Oy, there are a number of sharp and intense spectral
features which appear at specific photon excitation energies and at specific
points or regions in the Brillouin zone. (We refer to these unusual spectral
structures as resonant features. Tobin et al. [10] call them acute features.)
Such features appear very prominently at 17 eV at the Y -point, 24 eV at X
and ?[, 28 eV at ;I, and 74 eV at X and Y. The 17 and 28 eV features are
most prominently peaked at Er while the 24 and 74 eV features appear most
intensely at about 1 eV binding energy [6-8,10,38]. (These features can be
used to great advantage in confirming sample alignment for ARPES
measurements.) The origin of these features has not been firmly
established, whether they might be surface states, band structure features,
or another type of excitation. The 17 eV feature, which appears at Ep at the
Y - point in the Brillouin zone, was discovered by Tobin et al [10] in an
x = 6.9 sample. The behavior of this feature is nearly identical to that
shown in Fig. 12 for an x = 6.5 sample. The feature appears to be
nondispersive and is extremely sharp, displaying a 20 meV FWHM peak,
essentially a measure of the instrument resolution function. For oxygen
stoichiometries where the sample is superconducting, the feature appears
to be relatively insensitive to oxygen variation.

Another feature appears prominently at Ef at the Y -point of the zone
when hv = 28 eV. This feature, shown in Fig. 13 for x = 6.5, also appears to
be insensitive to oxygen variation when the sample is metallic [6,7,10]. The
28 eV peak clearly shows dispersive behavior. One might attribute this
feature to band 2 (see Figs 5 and 6), in which case the band approaches (or

just crosses) Er along the I'-Y line [39]. The relative insensitivity of this
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band to oxygen variation also appears to be consistent with the Ortho II
calculation which shows that the band remains very close to Ef along r-Y
although it doesn't cross [36]. As discussed above, relative loss of spectral
weight might be expected when x = 6.5 since chain band states are lost in
the reduced sample.

The resonant features at 17 and 28 eV may, in fact, be sensitive to the
same occupied electron states [40]. Dispersion, apparent in the 28 eV
spectra (Fig. 13), is not observed when hv = 17 eV since the intensity is
sufficiently strong to clearly define the feature only in a small region of k-
space near the Y point. A second peak in Fig. 12, appearing near 0.1 eV at
Y, disperses toward Ef along the Y-S direction. Note that bands 3 and 4 in
the band calculation of Fig. 5 show similar behavior.

The 1 eV resonant feature at 24 eV photon energy apparently
reappears at 74 eV. EDC's are shown, in Fig. 14, along the - YX) line
measured using 24 and 74 eV photon energies [41]. Note that the 1 eV
feature snows similar dispersive behavior and comparable intensity varia-
tions for k-values in the range 0.5 - 0.9 A-1. However, the intense peak near
1.5 eV observed at the I point when hv = 24 eV binding energy is absent in
the hv = 74 ¢V EDC's. It may be that the 1 eV peak at 74 eV is enhanced by
the coupled excitation between Cu 3p and empty Cu 3d states which aléo
occurs at 74 eV. Since the enhancement is largest when 3d valence band
states are also involved (in a super Coster-Kronig autoionization process),
the suggestion is that the 1 eV resonant feature at Y(X) involves valence
band states that contain a significant admix of Cu 3d character. (Note that
valence band satellites also show resonant behavior at hv = 74 eV

suggesting that strong correlation effects occur in the Cu 3d band [23]).



Since the 1 eV resonant peak occurs at both X and Y, it seems likely
that the feature is associated with plane derived electron states. The chain
layer is highly anisotropic and the anisotropy varies with x; the planes
show little anisotropy at all oxygen stoichiometries. (In contrast, the
hv =17 and 28 eV features appear only at Y, which suggests association
with the chain layer.) The 1 eV resonant behavior at hv = 24 eV might
result from enhancement involving a coupled Y 4p—Y 4d and/or O 2s—0 2p
absorption. A 1.5 eV peak also appears at I" (Fig. 14) with substantial inten-
sity when hv = 24 eV. However, its resonance properties have not yet been
carefully examined. Additional measurements, including studies on
RBagCugOy crystals with the R element a lanthanide (replacing the Y 4p
core level with a Ln 5p) are needed to help clarify interpretation of these
results.

Strong intensity modulations of ARPES spectra also appear as a
function of k when YBCO valence band states are measured in higher
Brillouin zones. For example, Fig. 15 shows a series of EDC's, with hv = 74
eV, taken along the T-X(Y) directions (twinned sample), scanning through
several Brillouin zones. At the Fermi level, a strong, zone dependent,
intensity modulation is observed. Note, especially, in the range "-X", that
the peak at Er becomes very intense. The EDC for k = 3.67 A-1, where the
peak at Er is maximum, is reproduced in Fig. 16. Other k-dependent
modulations of spectral features are also apparent throughout the valence
band. The 1 eV feature, intense at the X - point, is recurrent at X' but with
a significantly reduced amplitude. If this peak corresponds to a surface
state [38], one might expect, contrary to observation, that the feature would

be enhanced at high emission angles.
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IX. METAL - INSULATOR TRANSITION

We have observed that many of the spectral features show relative
insensitivity to changes in oxygen stoichiometry throughout the super-
conducting region of the phase diagram. For example, in Fig. 17 we show
EDC's, with hv = 24 eV, scanning the I'- Y(X) direction for samples with
several different stoichiometries. Panels a and b show EDC's for x = 6.9 and
X = 6.4, representing both extremes of the superconducting phase field.
While differences are apparent in these spectra, prominent features and
their dispe:sive character are very similar. However, with a slight
additional reduction of the x = 6.4 sample, such that the sample begins to
show semiconducting behavior, profound changes appear in the EDC's
(Fig. 17c). Most apparent is the abrupt dramatic attenuation of the 1 eV
resonant feature and loss of spectral intensity at the Fermi level. While the
residual, underlying band structure also changes more rapidly in the
semiconducting region than in the superconducting region, the spectra in
panel 17c retain a strong resemblance to the oxygen-rich EDC's. With
further oxygen depletion (Fig. 17 d), the 1 eV feature is completely lost.
Figure 18 shows an overlay, for x = 6.4, 6.3 and 6.2 samples, of EDC's at the
YX) point . With increasing oxygen depletion, spectral weight is rapidly
lost between 0 - 4 eV binding energy. Especially, the 1 eV feature and the
peak near Ep are rapidly lost. A k-space point-by-point comparison of
EDC's, with hv = 21.2 eV, for samples with different stoichiometries on both
sides of the metal-insulator transition was also presented in ref. 7 for
measurements along the zone diagonal. Those measurements, taken near
E, also showed an abrupt loss of intensity near Ef as the material trans-

formed from a metal to a semiconductor. The significant loss of spectral
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weight that occurs in the band near Er as the insulating gap opens
suggests a repopulation of states from this low lying band. This repopula-
tion is apparently associated with the onset of correlation effects that are
sufficiently strong to induce a charge transfer gap and a transition to
insulating behavior.

Figure 19 shows additional EDC's for x = 6.3 and 6.5 samples,
representing both the superconducting and semiconducting regions of the
phase field near the M-I transition. These spectra, presenting specific
k-point comparisons, were taken along the I-Y(X) direction at hv = 28 eV.
Generally, these EDC's show a strong point-by-point correspondence,
though some modification and relative shifting of spectral features is
observed. Like Fig. 18, it is also clear that spectral weight near Ef is
substantially reduced as the material becomes semiconducting. (However,
the dispersive behavior of the attenuated peak that occurs near Er remains
comparable to that of the superconducting sample [see Fig. 13 and ref. 6]).

A comparison of spectra near Ep, taken with hv = 17 eV, was also
rzade in ref. 6 for samples with x = 6.9 and at 6.35 (metal and insulator).
The very sharp feature at Ef was no longer observable as the sample
became semiconducting. For YBCO , it appears that loss of spectral weight
near Er with the development of a charge transfer gap [42] and loss of acute
resonant features are characteristic changes associated with the transfor-
mation from metal to insulator as oxygen is removed.

Changes in ARPES spectra with oxygen stoichiometry are most
profound near the metal-insulator transition. Thus we might expect that
variations of ARPES spectra with changes in vacancy order will also be
most apparent near the metal insulator transition. Assuming that the

dependence of ARPES features on vacancy order will mimic the dependence



on oxygen stoichiometry, we expect that, near x = 6.4, resonant ARPES
features and spectral weight near Efr will be lost as disorder is added
(driving the material insulating). With room temperature annealing, these
features will presumably be restored. While such low temperature
annealing experiments have not yet been undertaken (they are complicated
to perform since samples degrade badly at room temperature), they would
provide a useful direct observation of the variation of the occupied electron

states that are affected by variations in the state of order.

X. CONCLUSIONS

Using angle resolved photoemission measurements, occupied
electron states were extensively studied in the vicinity of the Fermi level for
YBagCugOyx samples when x was varied to survey both the superconducting
and insulating regions of the composition field. For x = 6.9 material, the
Fermi surface was measured in detail throughout the Brillouin zone.
Measured surfaces, centered at the S-point of the Brillouin zone, closely
correspond to (predominately) plane-derived surfaces predicted by band
theory. These surfaces appear to be very insensitive to changes in oxygen
stoichiometry. Other Fermi surfaces, near the [-Y(X) symmetry line,
appear to be chain-derived features; these surfaces show greater sensitivity
to variations in oxygen content. The small chain-related Fermi surface
predicted to occur near the S-point of the Brillouin zone was not observed at
any stoichiometry.

Intense spectral features with resonant character appear in a
number of different measurements (specific hv's, and k-points).

Particularly sharp and intense features are observed at Ep and at 1 eV
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binding energy. These resonant features are severely attenuated as the
material transforms from a superconducting metal to an insulator. A
dramatic loss of spectral weight also occurs at Ef as the material goes
through the metal-insulator transition.

Like variations in oxygen stoichiometry, oxygen vacancy ordering,
that occurs in the chain basal plane of oxygen deficient YBCO, exerts a
profound effect on both normal state and superconducting properties.
Consequently the role of ordering must be carefully examined. No ARPES
studies have yet been undertaken to examine the effect of varied order;
However, such measurements would appear to be important, providing a
direct observation of changes in occupied electron states associated with

varied states of order.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Superconducting transition temperature vs oxygen stoichiometry

for YBagaCugOx.

The structure (two unit cells) of YBagCugOx showing plane and

chain layers.

Resistivity measurements for a sample of YBagCu3Og 41 showing
the effects of room temperature annealing. The upper curve was
measured when the chain layer was "disordered"; i.e.,
immediately after a quench from 180°C. With aging at room
temperature, the sample becomes superconducting and T,
systematically rises to ~20 K. Aging times from top to bottom are
(1) as quenched, (2) 43 min, (3) 73 min, (4) 248 min, (5) 493 min,
(6) 1003 min, (7) 1983 min, (8) 7743 min. These results are
apparently a manifestation of hole doping that is controlled by the
state of oxygen vacancy order in the chain basal plane.

A representation of the chain basa' plane in the Ortho II structure
of YBagCu30Og.5. (Large dots represent oxygen atoms, small dots
represent copper atoms.) The ideal structure contains alternating
occupied and vacant (oxygen-free) chains. Cu's in filled chains are
4-coordinated, Cu's in empty chains are 2-coordinated. With
elevated temperature, oxygens from normally filled chains move to
normally empty chains changing the concentration of
2-coordinated (monovalent) Cu's with consequent change in the

hole doping.
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Fig. 5.

Fig. 6.

Fig. 8.

The band structure of YBagCugzO7 [33].

(a) The Brillouin zone for YBagCugO7. (b) An overlay of Fermi
surfaces calculated [33] at kz = 0 (in the plane containing I') and at
k, = n/c (in the plane containing Z). The shaded regions connect
surfaces from common bands that appear in the two planes. The
surfaces labeled 1 and 4 have a substantial admix of chain band
character. (c) Fermi surfaces calculated by [34] displayed in the

same way as panel (b).

(a) Energy distribution curves (EDC's) for YBagCu30¢.9 taken
using hv = 21.2 eV for k-points alor}g I-S, the Brillouin zone
diagonal. Photoelectron emission angles relative to the surface
normal (@ and ¢) are marked next to each curve. A spectral
feature appears near 0.3 eV when 6=¢ = 40 that disperses to EF
and crosses near 0 = ¢ = 9°. A second, poorly defined feature may
appear as a shoulder on the low binding energy side (arrow).
(b) a series of EDC's from BizSr2CaCu20s [37] showing a spectral
peak dispersing toward Ef. Note that no shoulder appears in the
EDC as the feature approaches Ef.

Comparison of the measured Fermi surfaces of YBagCugOg.9
determined from EDC measurements using hv = 21.2 eV and the
calculated Fermi surfaces of YBagCugOq (shaded regions) from
ref. 34. Data were taken on twinned crystals. The solid circles are

determined with greatest clarity.



Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Comparison of EDC's (a) for YBagCu3Og. g along I-S, i.e., with 6 = ¢
and (b) for YBagCugQOg 5, again with 8 = ¢ . Photoelectron emission
angles relative to the surface normal (8 and ¢) are marked next to
each curve. All corresponding k-points for EDC's in panel (b) are
marked as solid dots in the Brillouin zone for YBagCu307. Note .
that the spectra in panels (a) and (b) are very similar, including

the indicated Fermi level crossing near 8 = ¢ = 9°.

Comparison of EDC's along T-Y(X) for (a) YBagCug0Og.9 and
(b) YBagCu3zOg 5. Photoelectron emission angles relative to the
surface normal (0 and ¢) are marked next to each curve.
Corresponding k-points for EDC's in panel (a) are marked as solid
dots in the YBagCugO7 Brillouin zone. Note the difference in EDC's
for the two stoichiometries ai: comparable electron emission

angles.

The calculated Fermi surface for the double cell (Ortho II)
structure for the YBagCu3Og 5 compositioh [36]. Plane band

surfaces 2 and 3 remain relatively unchanged from YBa2Cu3O7

(Fig. 6).

EDC's measured on an untwinned YBagCugOg 5 sample
(T, = 53 K), for k-points near Y, using hv = 17 eV. An intense,
very sharp and nondispersive peak appears near Er. It is nearly
identical to the corresponding feature observed in YBagCugOg. g
[10].



Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.

EDC's measured on an untwinned YBagCu3Og 5 sample, for
k-points along the r-Y-I' line, using hv = 28 eV. This dispersive
feature is most intense at the Y-point where it appears very close to

Er.

EDC's measured on twinned samples of YBagCu3Og.9 using
(a) hv = 24 eV and (b) hv = 74 eV photons. In both panels, a sharp
and intense dispersive feature is observed at 1 eV binding energy at
the X(Y) points of the Brillouin zone. In panel (a), an intense,
though somewhat broader peak is also observed near 1.5 eV at r.

EDC's are identified by dots in the Brillouin zone section.

EDC's measured on twinned samples of YBazCu3QOg.9 using
hv = 74 eV. The measurements scan throngh several Brillouin
zones. Strong zone dependent intensity modulations of the spectra

near Ef are apparent.

An amplified presentation of the EDC, shown in Fig. 15, for
kj = 3.67 A-1 showing the sharp and intense feature near Ef.

EDC's measured on samples of YBagCu3zOx with the oxygen
stoichiometries (a) x = 6.9, (b) x= 6.4, (c) x = 6.3 and (d) x = 6.2.
Measurements were taken along the I-Y(X) symmetry lines using
hv = 24 eV. Samples (a) and (b) are superconducting, samples (c)
and (d) are semiconducting. Note that corresponding EDC's in the
superconducting region are very similar but abrupt spectral

changes occur when the samples become semiconducting.



Fig. 18.

Fig. 19.

An overlay of EDC's at the X(Y) point for samples with
stoichiometries x = 6.4 (superconducting), x = 6.3 and x = 6.2 (both
semiconducting) taken with hv = 24 eV. Note that, as samples
become semiconducting, a dramatic loss of intensity occurs from

states near Er and from the 1 eV resonant peak.

An overlay of EDC's for x = 6.5 (superconducting) and x = 6.3
(semiconducting) samples using hv = 28 eV for several points
along r-Y(X). Again, strong attenuation of the peak near Ef is

observed as the sample becomes semiconducting.
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