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Effect of Ag on the surface barrier for depletion of oxygen
from polycrystalline YBa;Cu307 oxides
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We have investigated the effect of evaporated Ag on the depletion of oxygen from polycrystal-
line YBa;Cu3O7-5 in a He ambient atmosphere by in situ resistivity experiments and surface
spectroscopies. Our data indicate an increase in the rate of out-diffusion of oxygen due to the
presence of the Ag, which lowers the surface barrier for the out-diffusion of oxygen by 0.2 +0.03
eV. We have performed x-ray photoelectron spectroscopy (XPS) analysis of the in situ fractured
surfaces to indicate the presence of Ag at the internal surfaces in the oxide. XPS data from Ag-
free in situ scraped samples show oxygen accumulation in the near-surface region upon vacuum
annealing. This effect is prevented by evaporation of a few monolayers of Ag. Changes in the
cutoff energies of the ultraviolet photoelectron spectra indicate that a submonolayer coverage of
Ag is sufficient to produce a change in the work function of 0.3 eV, corresponding to the lowering

of the surface barrier.

The surface composition and structure of YBa,Cus-
0O, -5 is a subject of considerable interest not only in itself,
but also for its importance to grain boundary properties of
the superconducting ceramics. Tu and co-workers ' have
measured the rate of out-diffusion (and in-diffusion) of
oxygen in polycrystalline samples and found that the out-
diffusion is surface reaction limited with an activation en-
ergy of 1.7 £0.1 eV. This surface barrier for oxygen out-
diffusion may have an important influence on grain
boundary properties, in view of the annealing cycles that
are typically performed on ceramic samples to obtain the
highest critical temperature 7,. This procedure may
change the composition of the grain boundaries, and in
turn, the critical current density J.. In this Rapid Com-
munication, we report our study of the effect of Ag on
modifying the surface barrier. We have observed a lower-
ing of the barrier of oxygen out-diffusion by depositing
and annealing of Ag film on YBa,;Cu307 oxides. We have
used x-ray photoelectron spectroscopy (XPS) and ultra-
violet photoelectron spectroscopy (UPS) to assess possible
chemical and compositional changes occurring in the sur-
face region upon oxygen out-diffusion, and also to assess
the effect of evaporated Ag on surface bonding.

The experimental procedure regarding sample prepara-
tion and in situ resistivity measurements for monitoring
the oxygen out-diffusion have been reported elsewhere.'
We took two identical pieces (5x3%x1 mm?) cut from a
sintered bulk ceramic sample. One of the pieces was coat-
ed (ex situ) on all the external surfaces with about 500-A
Ag and then annealed in O; for 20 h at 750°C. For com-
parison, similar in situ resistivity measurements and sur-
face analysis were performed on these two pieces. The
photoemission experiments were performed in a VG ES-
CAlab MK 1I. Ag was also evaporated in situ on clean
YBa,Cu305 surfaces at a base pressure of =10~ 19 mbar,
and the film thickness was measured by a crystal quartz
monitor calibrated with Rutherford backscattering
(RBS). We examined the surfaces of in situ fractured
and in situ scraped samples by XPS and UPS. The in situ
fracture was performed on the pieces described above,
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leaving the cross section (3x1 mm?) available for the
photoemission measurements. Prior to the in situ frac-
ture, the samples were coated with C to prevent detection
of signals from the side surfaces. When the sample was
scraped in vacuo, it was simultaneously cooled to 160 K in
order to prevent undesired sample heating during scrap-
ing. The spectra from freshly scraped samples were taken
at 160 K and were considered representative of the bulk
structure of YBa;Cu307-;5. This procedure minimizes the
contribution to the signals from grain boundary phases
[e.g., BaCO;3 (Ref. 3)] and is generally accepted as ade-
quate.?~’

The solid curve in Fig. 1 shows the resistivity change of
the polycrystalline YBa;Cu3O7—5 (§=0) sample upon
heating in He from room temperature to 520°C. The
controlled heating rate was 0.5 °C/min. The dashed curve
in Fig. 1 shows the resistivity change, at the same heating
rate, of the companion YBa,;Cu3;07 sample that was coat-
ed with Ag. We note that in the Ag-coated sample, oxy-
gen departs from the sample at a faster rate than the un-
coated sample. The departure of the resistivity curve from
the linear temperature dependence is indicative of oxygen
out-diffusion, and, therefore, can be utilized to obtain the
out-diffusion activation energy, as discussed in Ref. 2.
The inset in Fig. 1 shows the activation energies of the
surface barrier extracted from curves a and b, respective-
ly.!> We found that the activation energy corresponding
to the sample treated with Ag is 0.2 eV lower than the
value for the uncoated sample. Two pairs of these sam-
ples have been studied and the results are the same. We
measured 7, of these samples by the resistivity versus
temperature technique before and after the treatment
with Ag and temperature cycling. In both cases, T, (zero
resistance value) was 91.5 K and the transition width was
=1 K. We have also estimated J. at 6 K using a super-
conducting quantum interference device (SQUID) mag-
netometer and the Bean formula. We found that the ini-
tial value of =5%10* A/cm? did not change, within ex-
perimental error, after the Ag treatment and temperature
cycling. These T, and J. measurements suggest no detri-
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FIG. 1. The solid and dashed curves show the resistivity
change of YBa;Cu3O7 ceramic oxide samples without and with
Ag, respectively, upon annealing in He ambient at a heating rate
of 0.5°C/min. The inset shows the corresponding plots of
In(dp/dt) ~! vs 1/ksT, where the slope of the curves gives an ac-
tivation energy of 1.7 and 1.5 eV, respectively.

mental interaction of Ag with the bulk of YBa;Cu30;.

A scanning-electron-microscopy (SEM) investigation
of the fractured surfaces showed no significant differences
between the samples with and without Ag. Direct evi-
dence for the presence of Ag in the corresponding samples
was obtained by XPS analysis of the in situ fractured sur-
faces, performed after the resistivity measurements.
Since these XPS spectra may have contributions from
possible grain-boundary phases,* they were not used to as-
sess the effects of Ag on surface bonding. The intensity of
the Ag 3d XPS peak, relative to those of the substrate,
was about half of that measured upon evaporation of 0.5
A of Ag on a clean YBa;Cu3O7 surface. This implies a
Ag atomic surface concentration of the order of 0.1.
However, if all the Ag atoms were dissolved uniformly
into the bulk, we should expect an atomic concentration of
about 10 ~%, and this would be below the standard detec-
tability limits of XPS. Since the typical percentage of in-
tergranular fracture for YBa,Cu307 is about 50%,3 the
XPS results indicate that Ag diffuses into the internal sur-
faces and the grain boundaries, rather than dissolves into
the grains of the oxide. This conclusion is supported by
the observation of a decrement of the relative intensity of
the Ag lines as the above sample was scraped in situ, con-
sidering that the effect of scraping is to expose more bulk
material.> Spurious scraping effects, such as segregation
due to sample heating, are minimized with our experimen-
tal arrangement and have not been observed.

We have shown so far a correlation between the pres-
ence of Ag at the internal surfaces of YBa;Cu307 and a
decrease of the surface barrier for oxygen out-diffusion.
These results suggest the occurrence of distinct changes
occurring at the near-surface region (and possibly at the
grain boundaries) due to the oxygen out-diffusion and to
the presence of Ag, to be discussed in the next section.

To assess the effects of oxygen out-diffusion on surface
bonding, we have examined with photoemission the three
kinds of surfaces of polycrystalline YBa,Cu307 -5 ceramic
samples obtained under the following conditions: type
(a), after scraping in vacuum the as-received sample

(6==0); type (b), after annealing the scraped samples in
vacuum (8= 0); type (c), after scraping once again the
vacuum annealed sample (5 > 0).

Figure 2(a) shows the Cu 2p3;; XPS spectra for the
three YBa;Cu3O7-4 surfaces. The Cu 2p line shape for
YBa,;Cu3O7 has been compared to those of pure divalent
compounds such as CuO (Ref. 6, 8, and 9) or CuCl,.>10
In these compounds, the higher (satellites) and lower-
binding-ener%y (main) peaks are associated to |2p3d°®)
and |2p3d'°L) final-state configurations, where 2p(L)
denotes a 2p (ligand) hole.!® In searching for the ground
state in the electron configuration for Cu in
YBa;Cu307-5 no firm evidence of a [2p34%) (e,
Cu?*) state has emerged.>%%'"!12 Gourieux et al.'? on
the basis of x-ray absorption'? and Hall-effect studies, '4
postulate a mixture of |3d%), |3d°Lk), and |34'°L)
states for the ground-state configuration, where k is a con-
duction electron. Based on Ref. 13, we may assign the Cu
2p3/ spectra in Fig. 2 as follows.

The main peak is associated with the well-screened
[2p3d'°L) and |2p3d'°L%k) final states, which are
separated by =2 eV, the latter having higher binding en-
ergy; the satellites are associated with the poorly screened
|2p3d°) and | 2p 3d°Lk) contributions.

Curve a in Fig. 2(a), for a scraped sample in the as-
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FIG. 2. Cu 2p3/,; XPS spectra (linear background subtracted)
for various YBa;Cu3O7—5 surfaces. (a) curve a, scraped sample
(S), §=0; curve b, vacuum annealed sample (VA), §= 0; curve
¢, scraped sample, §=0.2. (b) curve a, same as in (a); curve b,
sample in curve a+2-A Ag; curve c, sample in curve a+5-A
Ag.
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received state (6§=0), exhibits a broad and asymmetric
main peak, and a relative satellite intensity lower than
that of CuO. Thus, it agrees with previous work.’> ~%!3 In
contrast, curve b in Fig. 2(a), corresponding to the sample
of curve a after it was heated for 1 h at 350°C in vacuum
(P=5x10""!"" mbar) shows an increase in the high-
binding-energy shoulder of the main peak, and a higher
relative intensity of the satellites. These changes in the
Cu 2p line shape are accompanied by a small shift (0.2
eV) in the O 1s XPS line (not shown) to higher binding
energies, as well as by a larger O 1s-Cu2p intensity ratio
than that for curve g, and are consistent with a higher pro-
portion of |3d°Lk) in the ground state.!’> Because of the
complicated multiplet structure of the satellites and the
fact that the |2p 3d'°L) final-state component may origi-
nate from either the |3d°) or the |3d'°L) ground-state
contribution, a determination of the relative changes of all
three ground-state components would not be reliable. The
changes described above can be attributed to accumula-
tion of oxygen near the surface of the oxide. Since the an-
nealing temperature (350°C) is lower than the onset of
fast-oxygen out-diffusion, "> and since the out-diffusion is
surface reaction limited, "> some accumulation of oxygen
near the surface of the sample of type (b) can be expected.
This should result in stronger oxidation for the Cu valence
and therefore could result in an enhancement of the
|3d°Lk) contribution to the ground state (the equivalent
of Cu’*) to maintain charge neutrality. Curve b is also
representative of samples of type (b) that have been an-
nealed at temperatures higher than 350°C where a bulk
oxygen deficiency is expected. On the other hand, for a
scraped [type (c)] bulk-deficient sample, such as that of
curve ¢ in Fig. 2(a), which corresponds to an O concentra-
tion of =6.8 (§==0.2), the XPS spectrum shows a nar-
rower main peak with a downshift of =0.75 eV and a rel-
atively lower satellite intensity. Notice that within the sa-
tellite peak, the intensity of the lower energy portion in-
creases relative to the higher-energy portion. This satel-
lite line shape is typically observed in CuO,%%° and it is
consistent with the narrower main peak and with a small-
er |3d°Lk) ground-state component'? in the O-deficient
sample.

In order to assess the effect of Ag on surface bonding,
we evaporated in situ very thin layers of Ag onto freshly
scraped YBa,Cu30; samples. Figure 2(b) shows the evo-
lution of the Cu 2pj3/,; for increasing Ag coverages. We
notice a gradual shift towards lower binding energies as
the peak width decreases. The satellite intensity also de-
creases, although its line shape remains similar to that of
the clean scraped surface. We measured the decrement of
the Cu 2p integrated intensity as a function of the moni-
tored Ag thickness and found that it was linear up to =5
A, followed by a lower, nonlinear rate. We also observed
that the Cu 2ps3/; line shape did not exhibit further
changes beyond that point. Thus, we believe that a fairly
good surface coverage of Ag is attained after evaporation
of about 5 A. The remaining relative intensity of the sa-
tellites in curve ¢ of Fig. 2(b) is consistent with the satel-
lite signal arising from the second and inner layers of Cu
atoms (==4-A separation),!® and with an electron mean
free path of 8-10 A.'® Thus, the changes in Fig. 2(b)

from curves a to ¢ can be interpreted as the result of a
lower oxidation state of the surface copper atoms, yielding
an initial state generated mostly by the |34 '°L) contribu-
tion (Cu™).

We did not find in the Ag coated surfaces, in contrast to
the case of the clean YBa,Cu3;O7 surfaces discussed be-
fore, changes in either the Cu signal or accumulation of
oxygen in the near-surface region upon annealing in vacu-
um at T =< 350°C. These XPS signals are consistent with
the resistivity measurements that indicate a lower activa-
tion energy for oxygen out diffusion.

Additional information is provided by the UPS spectra
of Ag evaporated surfaces. Figure 3 shows the UPS
(He11,hAv=40.8 eV) spectra of clean YBa;Cu30- surface
and those of the same surface after Ag evaporation. In
general, the intensity at the Fermi level is not destroyed
by the interaction with Ag, in agreement with previous
work using synchrotron radiation.!” However, we inter-
pret the following changes as derived from a Ag-surface
interaction, in agreement with our XPS data. Curve a,
corresponding to the clean sample, reflects. mainly the
Cu—O character of the density of states in the valence
band. The peak at =2.5 eV is associated with the O den-
sity of states, while the peak at =4.5 eV is believed to be
associated with the Cu density of states. Additional

features of the UPS spectra are discussed else-
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FIG. 3. UPS spectra (hv=40.8 eV) for the following sur-
faces: sample a, scraped YBa,Cu3O7; sample b,+1-A Ag; sam-
ple ¢, + 2-A Ag; sample d, +5-A Ag; sample e, Ag film; sample
f, 50/50 synthesis of samples a and d.
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where. >*71318 Curve b indicates that =1 A of Ag pro-
duces a significant decrease in the shoulder at 2-3 eV, a
shift in the main feature at =4.5 eV, and the appearance
of a new feature (feature 1) at =3.2 eV. The spectra for
2 and 5 A (curves c and d) also show a feature at =2 eV
(feature 2). Curve c also shows features characteristic of
Ag films (curve e). Features 1 and 2 have been reported
for atomic oxygen chemisorbed on Ag films'®~?! and are
believed to be of O character, while the feature at 5.2 eV
is most likely of Ag character.!®?® The feature at =3.2
eV could also be produced by a Cu 3d contribution from
Cu?t (at =3 eV for Cu,0).?2 However, feature 2 is too
low in energy to be accounted for a Cu® contribution.?
Thus, there is no evidence for a direct substitution of the
surface Cu by Ag at room temperature. A synthesis of
curves a and e, shown in curve f, indicates that the above
features do not arise from direct superposition of clean
YBa,Cu307 and Ag spectra.

We also measured the cutoff energies (using
Hel,hAv=21.2 eV, not shown in Fig. 3) for the samples of
curves a-e, and noticed a decrease in the work function of
=0.3 eV in going from a to b. This shift in the work func-
tion agrees with the observed decrease in the activation
energy for O out-diffusion and reflects a distinct bonding
of Ag with the YBa,Cu3;0; surface, as opposed to the
effects of a pure Ag phase. The cutoff energy for 100-A
Ag (on a Cu substrate, curve e) indicates a slight work
function increase, compared to that of curve b.

Thus, we propose that the Ag affects mainly the surface
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Cu—O bond configuration, which, in turn, dictates the
relevant characteristics of the O diffusion process. The
Ag-surface interaction may not necessarily imply weaker
Cu—O0 bonds at the surface [actually, the heat of forma-
tion for CuO; is higher than that of CuO (Ref. 24)], but
rather a surface rehybridization that decreases the elec-
tron spill over at the surface and therefore a decrease of
the surface dipole layer. Thus, a negative O ion will feel
the effect of a lower surface barrier. Such a change in the
surface dipole is consistent with a higher convalency at the
surface and with the trends reported in work-function
values for oxidation of Cu.?

In conclusion, we have observed a decrease in the bar-
rier for oxygen out-diffusion in polycrystalline
YBa,;Cu307 -5 oxide samples without destroying its super-
conducting properties, by diffusing a coating of Ag into
the samples. We have shown that Ag interacts with the
surfaces (and possibly with the grain boundaries) to
reduce the oxidation state of the surface Cu atoms, pro-
ducing a surface with a lower work function. The lower
work function most likely reflects a lower surface dipole
and correlates with the lower value of the barrier for oxy-
gen out-diffusion.
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