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Surface stability of superconducting oxides
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Abstract

One factor which may limit the scale of application of oxide superconductors is their intrinsic instability when in
contact with air containing water vapour. All families of these materials are to some extent subject to surface
degradation reactions to form insulating products. These reactions may be monitored conveniently by surface
sensitive techniques such as photoemission. Here we show examples of the application of this technique to
degradation reactions occurring in ceramic and single crystal material, and initial results from superconducting

tapes. Systems studied include YBa2Cu3O7_X, B125r2CaCu20 8+x and Bapbl-xBixO3' For the latter, we show that
the extent of degradation is sensitively dependent on the chemical composition, with metallic compositions being
dramatically more unstable than non-metallic compositions.

Amongst the degradation products formed from materials containing Ba, Sr or Ca is the alkaline earth carbonate.
This is formed by reaction with CO, in a reaction catalysed by water vapour. The carbonate is particularly stable in

the casc of Ba, and this may go some way towards explaining the rapid rates of degradation of YBa2Cu3O7_x and

BaPb, Bi O

1-xBi O3, when compared with Bi25r2CaCu

208+x'

1. Introduction

In the years following the discovery of high temperature
superconducting oxides, it has become clear that these
complex oxide materials tend to undergo “degradation”
when in contact with air containing water vapour, which
in the worst cases may destroy the superconducting
properties of the oxide.

Although these reactions threaten to limit the scale of
application of these materials, they remain rather poorly
understood. Degradation occurs at the surfaces of the
material exposed to the atmosphere. The process occurs
much faster for poor quality ceramics than for dense
ceramics or well-oriented thin films, and this may be
associated with faster grain boundary diffusion in the
former case. Because of its surface nature, the process
may be studied conveniently by surface-sensitive
techniques, such as photoemission. Here we describe
some of our work using XPS and valence level
photoemission, supplemented by FTIR spectroscopy,
aimed at studying degradation processes as a function
both of environment, and of chemical composition of the
oxide. We show that in some cases, the behaviour
towards degradation may be linked to the electronic
structure of the material.
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2. Degradation of YBa;Cu307_,

Like many other oxides, high-temperature
superconductors are susceptible to reaction with
atmospheric CO, and H,O to give insulating products,

including surface carbonate and hydroxide species [1-6].
The degradation reaction of YBa,Cu305 is perhaps the

best studied [1,3], with the dominant reaction now
established as

2YBa2Cu3O7 + 3CO2 —> Y2BaCu05 +3BaCO3 +
5Cu0O + 0.502

at the synthesis temperature of 950°C [3], possibly
changing to

2YB32CU307 + 4C02 —_ 4BaCO3 + Y2C11205 +
4Cu0 + 0.50,

at lower temperatures [3]. These reactions are strongly
catalysed by the presence of water vapour [7].

The presence of degradation products at the surface of the
material has a very strong effect on both core-level and
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valence-level photoemission spectra. In the case of core-
level spectra, the effect is probably most dramatic on the
shape of the O Is core level peak; this initially
contributed considerably to controversy in the literature
concerning the detailed interpretation of this peak shape
[1].

The strong surface sensitivity of photoemission (where
the electron mean free pathlength may only be of the order
of 15A [8]) means that techniques such as XPS may be
used to monitor sensitively the appearance of degradation
products. The technique shows that the build-up of
contaminant phases may be rapid on the photoemission
depth scale under ambient conditions; an example is
shown in figure 1, where the O 1s peak shapes from XPS
are shown for YBa,Cu304_, ceramics stored under

different conditions. The shape of the O 1s peak measured
from a variety of superconducting oxides has been a
subject of intense controversy. We have reviewed the
literature on this topic on a number of occasions [1,9],
and a detailed discussion is beyond the scope of this paper.
However, it is widely accepted that the structure at
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Figure 1. O 1s XPS of YBayCu30y_y asa function of storage
conditions (a) after around ten minutes’ exposure to
atmosphere following synthesis, (b) after 51 days’ storage in
a stoppered glass tube, (c) after 126 days as (b), (d) after 100
days’ exposure to atmosphere.

around 528-529 eV is intrinsic to the superconductor,
whereas much of the intensity at around 531 eV can be
attributed to an extrinsic surface component [1], whose
size is enhanced in grazing emission [1]. In “as-
presented” samples, the size of this feature increases with
time following synthesis, and corresponding changes are

seen in the Ba3d and C 1s (CO32') parts of the spectrum

[7], leading us to suppose that much of this intensity is
due to build up of products of the degradation reaction,
including BaCO3. Annealing inside the XPS

spectrometer in 1 bar pure oxygen at high temperature
leads to the almost complete removal of this high binding
energy feature [7]. As this treatment mimics the initial
synthesis conditions, this leads us to the conclusion that
the quite strong contamination shown in figure 1(a) is
likely to have been produced during the short exposure of
the ceramic to the atmosphere between removal from the
synthetic furnace and insertion into the XPS
spectrometer. If we assume that the contaminant
overlayer is laterally homogeneous, integration of the
XPS flux attenuation expression allows us to make an
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Figure 2. IR reflectance spectra for polycrystalline
YBa;Cu307_ (a) as prepared, (b) after exposure to water

vapour saturated air at 21°C for 21 hr, (c) as (b) but after 92
hr, (d) IR reflectance of BaCO3. Note the gradual appearance

of bands due to BaCOj in the superconductor spectra.
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estimate of the depth of this overlayer of around 12A,
rising to around 60A for the sample shown in figure 1(d)
(71

Further support for the presence of BaCO 5 comes from

FTIR specular reflectance spectroscopy, where the strong
Reststrahlen bands due to the internal modes of the

carbonate anion (at 693 cm'l, 855 cm~! and 1445 cm'l)
are seen to appear in the spectra as a function of time
when YBa,Cu304_, ceramics are exposed to saturated

water vapour (figure 2). It is noticeable that the new
features introduced by carbonate build-up correspond to
dips in reflectivity at positions corresponding to the band

maxima of the internal CO32' anion modes. This is as

expected, as the effect of a dielectric layer (the
contaminants) on a metallic substrate (the superconductor)
is to produce dips in the IR reflectivity at the LO phonon
frequencies of the overlayer [7,10]. The assignment to
BaCO3 has been further confirmed by Raman

spectroscopy, where bands due to BaCOj3 (and
Y,BaCuOg) are clearly observed [7].

Experiments of this type carried out on reduced, non-
superconducting material (x~1) appear to indicate that the
rates of degradation are not appreciably different for the
superconducting (metallic) and non-superconducting
(semiconducting) materials [7]. (This is, however,
somewhat difficult to quantify, as the rising background
of high metallic reflectance in the superconductor
spectrum (figure 2 (a)) is absent for the semiconductor).

3. Degradation of BaPb;_,Bi, O3

Less well-studied superconducting oxides, such as those
which contain no copper also appear to show some
surface instability. Indeed, one reason for the paucity of
photoemission data from the BaPb;_, Bi, O4 system is the

marked instability of freshly prepared surfaces of this
material to degradation in UHV [11,12]. The difficulties
associated with producing clean, stable and representative
surfaces of this material and associated materials such as
Ba|_, K, BiO; [13] and Ba;  Rb BiO5 [14,15] have been
noted in the literature.

Our own work in this area stems from the observation
that the rate of appearance of features associated with
surface degradation in valence band photoemission seems
to be very sensitively dependent on the Bi:Pb ratio in the
BaPb;_ ,Bi, O3 system [l1]. The material is
superconducting only in the composition range
0.05=x=<0.3, with a maximum Tc of around 13K at
x=0.25 [16]. The system undergoes a charge density
wave- (CDW-) driven transition to a semiconducting state
at x~0.4 [17]. The rate of degradation of freshly prepared

surfaces in UHV appears to be very closely linked to the
metal-to-semiconductor transition, with the surfaces of
semiconducting compositions appearing relatively stable,
whilst those of metallic compositions undergo a very
rapid degradation at room temperature, possibly by
reaction with components of the residual vacuum, such as
H,0 [11].

In order to investigate this further, we have performed an
XPS investigation of ceramics in the BaPb; , Bi, O3

system which have undergone an accelerated degradation
process, involving exposure to air saturated with water
vapour for extended periods. Figures 3 and 4 show XPS
in the Ba 3d region for degraded x=0.5 (semiconducting)
and x=0.3 (metallic) compositions. These compositions
are chosen to lie close to, but on either side of the metal-
to-non-metal transition. In both cases, the samples were
exposed to air saturated with water vapour for a period of
35 days.

In figure 3, which shows the spectra for the
semiconducting composition, it can be seen that the Ba
3d feature is split into the expected spin-orbit-split
multiplet, corresponding to Ba 3d 5/2 and Ba 3d3 /2 peaks.

However, a small asymmetry is seen on the high binding
energy side of each of the main features, and this appears
to show a slight increase in relative intensity on moving
from normal to 20° emission angle (relative to the
surface), suggesting that the feature is due to some form
of contaminant overlayer. A very different spectral profile
is seen in the case of the degraded x=0.3 sample (figure
4), where very strong high binding energy features are
observed, in addition to the Ba signal from
BaPb;_,Bi, Oy itself. The intensity of the high binding

energy features are strongly increased in grazing (20°)
emission, becoming the dominant peaks. This suggests
that the surface is strongly contaminated with a new, Ba-
containing phase. One obvious contender is again
BaCOj5. Support for this idea comes from corresponding
changes in the O Is region of the spectrum and the
observation in the C 1s region of the spectrum of a well-
defined CO32' C Isline [11,18], and in addition from the
IR reflectance spectra which reveal the presence of strong
Reststrahlen bands associated with the internal vibrations
of the CO32' anion in the spectra of degraded pellets

[11,19]. We conclude, therefore, that one of the
degradation products of BaPb; ,Bi, O3 is BaCOj3, as for
YBa,Cu304 ..

It is tempting to associate the rather facile decomposition

of both these materials with the very high thermodynamic
stability of BaCO3. One important difference between

the two systems, however, is that in the case of
YBa,Cu 307-x’ the rate of degradation does not appear to

be very dependent on whether the sample is
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Figure 3. Ba 3d region XPS for BaPbj 5Bip 503
(semiconducting), following accelerated degradation, a)
normal emission, b) grazing emission (angle of emission
= 20° to surface, enhanced surface sensitivity). Note the
small high binding energy shoulders to the main peaks.

semiconducting or superconducting, whilst for
BaPb; , Bi, O3 metallic (and superconducting/metallic)

compositions show a pronounced surface instability
relative to semiconducting materials. Further work is in
hand to investigate the underlying causes of this
phenomenon, which does not appear to have been noted
previously for any oxide system.

4. BipSr9Cap_1{CuyO044+9, systems

XPS may be used in a similar way to probe contaminant
phases occurring at the surfaces of
BiySryCay 1CuyOg49n (BCSCO) materials. Surfaces of
BCSCO materials examined prior to any UHV cleaning
procedure again tend to show two features in the O Is
region of the spectrum, with the higher binding energy
component enhanced in grazing emission. In this case,
corresponding changes are also seen the the Sr 3d, Ca 2p
and C 1s (CO32-) parts of the spectrum, leading to the
inference that SrCO3 and CaCOj3 are among the
degradation products [1,20,21], although Sr(OH), has also

Ba 3d
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Figure 4. Ba 3d region XPS for BaPbg ;Big 303 (metallic)
following accelerated degradation, a) normal emission, b)
grazing emission (angle of incidence =20° to surface,
enhanced surface sensitivity). Note the intense high binding
energy features, which are strongly enhanced in grazing
emission.

been suggested as a product [4,5].

An example of the O 1s and Sr 3d regions for an as-
presented (uncleaned) BiySroCaCuyOg ceramic is shown
in figure 5. As can be seen, the higher binding energy
(contaminant) component of the O 1s line is slightly
enhanced in grazing emission. The Sr 3d line is more
complex, as for a single Sr environment, the line is
naturally split by spin-orbit coupling into two closely-
spaced components (3d5,p and 3d3/7). The relative
intensities of the two parts of the doublet should be
roughly determined by their relative degeneracies , which
in this case gives a ratio of 3:2, with the more intense
peak at lower binding energy. In figure 5, it can be seen
that there is clearly an additional component of the peak
to higher binding energy; the feature is a “composite”
peak, made up of two features, each consisting of a
doublet with a narrow splitting. The net effect is that the
contaminant features enhance the high binding energy side
of the feature; these features may be removed by
annealing inside the spectrometer in an atmosphere of
pure oxygen, leading to a single doublet feature, showing
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Figure 5. O Is and Sr 3d XPS of as-presented polycrystalline
Bi;SryCaCuy0g, . Note the increase in intensity of the

high binding energy components on changing from 90° to
15° emission angle relative to the surface.

an intensity ratio closer to the expected 3:2 ratio [20].
CaCOg3 appears to be present only in cases of quite severe

surface contamination [20]. In general, the BCSCO
phases appear to be appreciably more stable to degradation
than the systems discussed in sections 2 and 3 [20]. In
this context, it is interesting to note that the standard free
energies of formation, AG® of the alkaline earth carbonate
series CaCOj3, SrCO3, BaCO3 from the gaseous oxides

and CO5 under standard conditions are -131.4 kJ mol'l,

-183.3 kJ mol-! and -215.5 kJ mol-1 respectively,
reflecting increasing thermodynamic stability of the
carbonate as the series is descended. Assuming that the
thermodynamic stability of the products formed is a
driving force for the degradation reaction, then the higher
stability of the BCSCO phases relative to YBayCu304
and Banl_xBiXO3 may be partly due simply to the
absence of Ba in this compound.

One other feature which undoubtedly plays a part is the
layer structures of the BCSCO phases, which leads to
strongly anisotropic physical properties. In particular,
the two adjacent Bi-O planes of the layer stack have a
long interplanar spacing, and are weakly held together.
The natural cleavage face of BCSCO is then a (001) face,
formed by disruption of the weak bonds between these
two planes. BCSCO ceramics and thin films grow
naturally with a strong (001) orientation. The (001) face
produced by cleaving BCSCO single crystals appears to
be fairly unreactive, particularly to the components of the
atmosphere involved in the initial stages of degradation,

539
| Bi,Sr,CaCu,0;
near normal
@ emission
= 90 K
3 W hv=33 eV
by
o
:'-é
)
5 \ +2LH0
: //X/ﬁ/‘\ clean
g \
c
‘ 1b2 \ 3a, } 1b1 difference
12 8 4 Ee

Binding Energy (eV)

Figure 6. Valence band photoemission spectra of clean and
water-dosed single crystal BiySr,CaCu,04 (001) at 90K.

The difference spectrum corresponds 10 (2L HyO - clean),
where 1L = 1.32x10°® mbar s. Vertical ionisation energies
for gas-phase water are also shown, aligned at the 1b, peak
positions. Note the absence of any bonding shift of the 3a;
level away from its position relative to Ib; in gas phase
water [22].

i.e. COy and HyO. Figure 6 shows some of our earlier
work, where a BipSrpCaCuyOg single crystal was
exposed to HoO at low temperatures [22]. At a
temperature of 90 K and low coverage, water remains

eessentially physisorbed (rather than chemisorbed), as

evidenced by the absence of any bonding shift of the 3a;
molecular orbital of the adsorbed water. (In cases of
chemisorption of water on metal oxides, the 3aj level is
shifted to higher binding energy relative to the 1b; and
1b; levels by as much as 1.3 eV [22]. Some shift due to
chemisorption is generally apparent for metal oxides,
including perovskites, even at low temperature [22].)
Although very little experimental work aimed at studying
the initial stages of adsorption of atmospheric gases on
oxide superconductor surfaces has been carried out
(particularly using single crystal substrates), it appears
that BCSCO surfaces are less reactive than those of other
systems towards molecules such as HyO [1].

This apparent stability and rather inert character of the
BCSCO phases is one of the factors which has
contributed to their extensive use in superconducting thin
films, wires and tapes. In the case of wires and tapes,
this property is doubly important, as in addition to
showing an enhanced resistance to degradation, the phases
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apparently show rather little reaction when interfaced with
metals such as Ag, Cu or Au [23-26].

5. Studies of BCSCO tapes and wires

One of the most commonly used techniques for the
production of superconducting wire has been to packa
hollow metal billet with oxide powder, and to draw this
into a wire, producing a superconducting core within a
metal sheath. Various annealing cycles are then used to
optimise the properties of the resultant wire. The metal
of choice has generally been silver, as this is believed to
be relatively unreactive towards BCSCO, whilst in some
way conferring on the superconductor an enhanced
resistance to degradation [27]. Silver has also been
observed to improve the stability of Y-Ba-Cu-O materials
(see e.g. reference [6]). There is therefore some interest in
studying the interface between the silver coating and the
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Figure 7. Intensities of O 1Is, C 1s, Bi 4f and Ag 3d XPS
signals as a function of distance along a 30 pm-wide line scan
perpendicular to the interface between the core and the casing
for a silver-sheathed tape of composition
(Big gPbg 1)7.35T7 ¢Cay 9Cu30 g4y The core material
lies on the lefthand side of the diagram, and the silver casing
on the righthand side. The interface lies at around 200
channels, where one channel corresponds to around 10 pm.

superconducting core by XPS, in order to investigate the
passivating effect of silver on the core material. If this is
to be done using real tapes and wires (rather than in model
situations where silver is gettered onto BCSCO materials
[23,28]) then a facility with high spatial resolution is
required in order to image small areas of wire cross-
sections. Here, we show some initial results from
sections of silver sheathed tape and wire, where the core
material is of nominal composition
(BiO.9PbO. 1)2_3Sr2.0Ca1_9CU3010+x (i.e. a lead-

stabilised BCSCO 2223 phase), provided by National
Power PLC (Research and Technology), UK.

The wires were sectioned using a lubricated diamond saw.
Although this had the disadvantage of increasing the level
of carbon contamination of the resulting spectra, it was
necessary to section the samples in this way to avoid.
extraneous silver contamination of the core by metal from
the sheath dragged across the core by the cutting process.
Tapes were prepared by carefully peeling back the top
surface of the Ag sheath, to reveal the BCSCO core.
XPS were recorded using two spectrometers, a VG
ESCASCOPE (which provided elemental maps of the
cross-sections at sub-10 pm resolution) and a SCIENTA
ESCA 300, which in addition to excellent energy
resolution, provided line scans with spatial resolution of
the order of 20 - 30 um.

Figure 7 shows line scans taken across the interface
between the silver covering and the core for a tape
prepared by rolling an annealed wire material. The
diagram shows the intensity of various XPS features
(corrected for background intensity) as a line scan is
performed crossing the tape - core interface. In this case
the width of the advancing line scan is 30 ym, and each
channel corresponds to a distance perpendicular to the
interface of = 10 um. Drops in intensity at either end of
the scans are artifacts caused by the shadow of the
analyser slits on the detector, as the slit width is narrower
than the detector. Sudden drops in intensity across the
core material, which are reproduced in both the O 1s and
Bi 4f scans, are caused by irregularities in the exposed
core surface.

It can be seen that the outer Ag surface of the tape is
strongly contaminated with carbon and oxygen, as would
be expected for a surface exposed to the atmosphere.
Strong O 1s and Bi 4f signals are seen from the core,
which shows relatively little carbon contamination. The
impression that the silver penetrates the core at the
interface, gained from the lower trace of figure 7 is
slightly misleading. Unless the interface is linear ona
30 um length scale, and exactly perpendicular to the path
of the line scan, an interface between two different
elements, A and B will not appear as a step function in
the spectra. However, for such an interface, the profiles
for elements A and B in the region of the interface should
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have a mirror-image relationship to one another (with
some overlap at the junction). If there is diffusion of one
element into the other phase, the observed profile will be
more complex. Given this, the interface between the core
and the silver casing appears to be quite abrupt. In
particular, there does not appear to have been a noticeable
incorporation of Ag into the core material between
channels 50 and 200, where the top surface of the tape has
been removed. The absence of any appreciable migration
of silver into the core in the wire precursors of the tape
materials was confirmed from XPS chemical maps of
cross-sections of wire {(not shown [29]).

A number of photoemission studies of precious metal
passivation of superconductor surfaces have been carried
out {23-26,28], but these have generally involved the
study of a model system where thin layers of the metal are
deposited from getter sources onto single crystal BCSCO
materials. There is not necessarily any reason to suppose
that real wires and tapes will show similar behaviour.
The tapes and wires have been subjected to high pressures
and temperatures during extrusion and annealing. In
addition, the interface between the metal and the
superconductor is unlikely to be atomically clean in the
real situation. However, our findings are generally in line
with the earlier XPS examinations of Ag [23,28] and Au
[24] gettered onto BCSCO (001) surfaces, which
concluded that the reaction of these metals with the Bi-O
plane is rather weak. Recent STM investigations of Ag
overlayer growth on the (001) surface suggest that the
disruption of the Bi-O and underlying planes initiated by
adsorption of silver is quite extensive in the topmost few
planes of the structure, but that the main effect is to
produce a surface dominated by Bi,Oj3-like clusters (at

low Ag coverage) [28]. Our preliminary studies would
tend to support this hypothesis, as in some cases we are
able to observe a slightly enhanced Bi 4f and O 1s
intensity at the interface between the core and the metal in
some of our elemental maps of cross-sections of
superconducting wire (albeit with a 10um resolution,
rather than the sub-nm resolution of STM) [29].
However, the exact reasons for the passivating effect of
silver on superconductor materials remain unclear; further
work is in hand to investigate this phenomenon.

6. Conclusions

XPS, used in combination with other spectroscopic
techniques is a powerful probe of atmospheric degradation
reactions occurring at the surfaces of high temperature
superconducting oxides. Much further work needs to be
conducted in this area, especially on high quality single
crystal samples, where the rate of degradation in UHV
may be to some extent controlled, and intergrain

contributions may be eliminated. The initial steps in the
reactions may then be studied by appropriate dosing
experiments.

Carbonate species, which may be detected by XPS, FTIR
or Raman spectroscopy are important products of extended
degradation for all the systems described. Our work to
date tends to indicate that the thermodynamic stability of
the final degradation products formed, including the
alkaline earth carbonate, may have some influence on the
extent of degradation. Structural features of the oxides
may also play a part, for example in the case of the
BCSCO phases, the relative stability of the preferred Bi-O
(001) growth face may be important in hampering the
reaction.

In the case of BaPbj_,Bi, O3, synchrotron-excited

photoemission [11] and XPS both appear to indicate a
dramatic change in surface reactivity at the metal-to-non-
metal transition point, with all metallic compositions
being rather susceptible to degradation. The reasons for
this are unclear at present, and further work is in hand to
see if this phenomenon occurs in other oxide systems
where metal-insulator transitions may be induced by
chemical doping.
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