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SURFACE AND GRAIN BOUNDARY ANALYSIS OF HIGH TEMPERATURE
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Abstract:

The purpose of this paper is to survey the methods
that are available for probing surfaces and grain bounda-
ries of high temperature superconductors.  Various
surface-sensitive spectroscopies are applied to the analy-
sis of YBa,Cuy05_, and Bi,Sr,CaCu,0g4, including
photoelectron spectroscopy, spatially-resolved electron
energy loss spectroscopy, and scanning electron
microscopy (SEM). One of the major sources of con-
tamination at surfaces and grain boundaries is found to
be BaCOs. The cleavage surface of single crystal
Bi,Sr,CaCu,0g, , is inert and can be used to probe bulk
properties of superconductors, even with surface-
sensitive techniques. The orbital character of the super-
conducting oxygen 2p holes is found to be Py,y> with x,y
in the a,b plane. Photoemission at the Fermi level indi-
cales a Fermi liquid nature of these states.
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Introduction

After the initial excitement produced by the dis-
covery ol high temperature superconductivily in ceramic
oxides, it has been found that good mechanical properties
and high critical currents are dilficull to attain in bulk
materials. This is the result of several factors that are
poorly understood; namely, densification mechanisms,
grain orientation, grain boundary phases. All these factors
underscore the need to focus on the surface and
interfacial properties of these materials. Thus, a strong
effort is currently being made to address these issues us-
ing techniques that can probe the surface or grain bound-
aries of materials.

The low critical current densities of polycrystalline
YBa,Cu;0,, as compared lo the values attained in
epitaxial films and in single crystals, have generally been
attributed to critical current anisotropy and poor coupling
across the grain boundaries (Chaudhari et al. (1987),
Camps el al (1987), Clarke (1987)). To address this is-
sue, Dimos et al.(1988) have performed critical current
measurements on epitaxial films grown on SrTiO,
bicrystals produced by sintering two misoriented single
crystals. The films were patterned in such a way that they
allowed the measurements of current-voltage character-
istics in two single grain regions and across the grain
boundary in the same film. These measurements revealed
that the grain-boundary critical current density decreases
with misorientation angle. However, the lowest of these
values is still an order of magnitude higher than the critical
current densities typically measured in polycrystalline
bulk samples(=~1-5 x 103A/cn12). This discrepancy
suggests that other factors may be affecting the transport
properties of the bulk oxide superconductors. Clarke
(1987) has proposed that grain boundary phases, which
may arise {rom reaction with contaminants or from a dif-
ferent stoichiometry, may play an important role in de-
creasing the critical current density. Evidence of extra
phases can be found in the transmission electron
microscopy (TEM) work produced by Canips et al.
(1987), and in early photoemission studies of the
polycrystalline oxide superconductors; for instance, those
appearing in the work by Miller et al.(1988).
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leading to large decrease of the oxygen 1s peak at 531.3
eV. Scanning electron microscopy (SEM) images from a
fractured and a scraped surlace are shown in Fig. 2, and
help to understand the differences between the spectra
shown in Figs. 1b and ¢ ( Schrott et al. (1988)). Clearly,
the surface of a fractured YBa,Cu,0, specimen is radi-
cally different (Fig. 2a) from that of the surface of the
scraped sample (Fig. 2b).

The SEM micrograph of the fractured YBa,Cu;0,
surlace is indicative of both intergranular and intragranu-
lar fracture. The intergranular regions of the fracture
surface are charactlerized by highly faceted grains (arrow
1in Fig. 2a). In addition, large areas of residual porosity
exist at the multi-grain junctions (arrow 2 in Fig. 2a).

In contrast to the intergranular regions, the regions
of intragranular fracture were characterized by entrapped
porosity which displayed a circular cross-section (arrow
3 in Fig. 2a). Although detailed quantitative microscopy
was not attempted on these materials, Cook et al.(1987a)
suggested that the percentage of intergranular [racture for
a pressureless sintered material is about 50 per cent. This
value is undoubtedly dependent on the processing and
thermal histories ol the sample and is critically dependent
on the presence of an intergranular phase. The amount
of intergranular fracture in the present case appears to be
consistent with this value.

The scraped surface was relatively [lat indicating
that more intragranular [racture had occurred than in the
fractured specimen, thus giving a more representative
section of the microstructure. Considerable wear debris
was present on the scraped surface and it tended to collect
in pockets of residual porosity. Also apparent on the
scraped surface were areas which appeared o have been
plastically deformed. Fracture toughness measurements
of single crystals of YBa,Cu,04 by Cook et al. (1987b)
indicate that the [racture toughness of this materal is
quite low with K, = 1.1 + 0.3MPam'/? . Tn light of this
result, the occurrence of a plastic mode ol deformation
seems unlikely, and it is more probable that the "appar-
ent" plastic deformation is simply the [illing of porosity
with fine wear debris.

No evidence for a secondary grain boundary phase
was observed using Energy Dispersive X-ray
Spectroscopy (EDXS). This technique, however, is not
sensitive (o thin surface layers and the contribution of the
grain boundary phase in this case is not significant enough
to detect. Since the SEM images of the scraped surfaces
suggest the presence of significant regions of intragranular
fracture, the scraped surfaces would be more represen-
tative of the bulk in these superconducting oxides.

The presence of a carbonate containing grain
boundary phase in YBa,Cu,;0; will also influence the va-
lence band photoemission spectra. This is illustrated in
Fig. 3 by comparing the valence band photoemission
spectra of (a)BaCO, with analogous spectra of (b} [rac-
tured and (c) scraped YBa,Cu,O,. Figure 3c corre-
sponds to the same sample as Fig. 1c. There is a strong
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Fig. 3. Photoemission spectra ol: (a) BaCO,, (b)in-situ
fractured polycrystalline YBa,Cu;05; (¢) in-situ scraped
polycrystalline  YBa,Cu,0, ; (d) in-situ fractured
YBa,Cu, 0, single crystal, [rom Arko et al. (1989).

resemblance  between the spectra of polycrystalline
YBa,Cu,0; and BaCOj, as seen in Fig. 3. The energy
sphitting of the two main features at ~ 5 and 9 eV are
quite similar in these two materials. (There is a 0.7 eV
shift to deeper binding energy for the lowest binding en-
ergy BaCO, feature relative to the analogous peak in
YBa,Cu;0,) Thus, in the presence of significant amounts
of BaCO,;, (i.e. on the fractured surface), it is difficult to
determine the intrinsic line shape of the YBa,Cu;0,. The
scraped surfaces (Fig. 3c), which have lower levels of
BaCO, impurity exhibit somewhat different valence band
spectra from that of the fractured surfaces. A pro-
nounced shoulder appears at lower binding energy (2-3
eV) and a sharp Fermi edge is observed. The observation
ol a Fermi edge suggests that the scraped surfaces might
be more representative ol the bulk of the material (which
is metallic) in agreement with the SEM and XPS analyses.

The feature at =~ 9 eV has been observed in all va-
lence spectra of the polyerystalline YBa,Cu,O, materials.
Since there is a BaCO, peak at this binding energy the
intensity of this feature will clearly depend on the amount
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states just above the Fermi level Eg is of prime interest to
understanding the superconducting hole states. Such
states can be studied with soft X-ray absorption (Yarmoff
et al. (1987), Himpsel et al. (1988)) or by electron energy
loss spectroscopy (Nucker et al. (1988)). Their atomic
character is revealed by observing transitions from the
core level ol a particular atom into an empty state local-
ized on that atom. At the Cu2p absorption edge, the
transitions into the empty Cu3d states corresponding to
the 3d? configuration of Cu“* have been observed. Upon
doping, additional holes are created, which appear at the
oxygen 1s edge, not at the Cu2p edge (Fig. 5). One can
go a step further and determine the orbital symmetry
(p-like for the oxygen states) and the orbital orientation
(py,y — like) by using dipole selection rules (Himpsel et
al. (1988)). With the electric field vector E parallel to the
x axis only transitions into p, orbitals are allowed from
an s level, and likewise [or the other directions. For sin-
gle crystals of Bi,Sr,CaCu,Og,  cleaved along the ab-
plane, one finds that the oxygen p holes are excited by E
parallel to the surface (Fig. 5) Thus, they have p, char—
acter with x, y in the superconducting a,b plane For
YBa,Cuy04_,, similar experiments have been per-
formed. However, unoccupied oxygen states with p,
well as with p, character have been [ound, re[leclmg lhe
existence of chains and planes of CuO.

There is a natural explanation for the p, , characler
of the oxygen p holes, using a widely- adopLed bonding
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Fig 5. Transitions [rom the oxygen 1s core level into
emply oxygen 2p states observed at the oxygen 1s ab-
sorption edge. From the polarization dependence one
deduces py orbital character, with x,y parallel to the
a,b-plane. Alter Himpsel et al. (1988).
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concept for the CuO, planes. The Cu3d 2 2 orbital has
lobes pointing towards the in-plane oxygen 'that interact
strongly with the oxygen 2px’y orbitals. Their antibonding
combination represents the highest occupied orbital, and
will be the [irst one to be depleted when creating holes via
doping. Note that there are two types ol oxygen 2p

orbitals, one along the Cu-O bonds, the other perpendlc—
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Fig. 6. Photoemission spectra [rom Bi,Sr,CaCu,Ogq
above and below T, for two samples (S1 and S2). The
opening of a superconducting gap is modeled in (c). From
Imer et al. (1989).
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