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Clean surfaces of (OOl)-oriented Er,Ba$u,O,~, Er5Ba7Cu,,0,, and Er,Ba&O, high-temperature 
superconductor thin films were studied by photoemission spectroscopy using high-energy ultraviolet 
photons (hv in the 50 to 200 eV range). The surfaces were cleaned by heating in an ultrahigh-vacuum 
electron spectrometer at 400°C (or 350°C) in 1 x 10-j Torr oxygen. Valence bands and outer core 
levels were studied. Ba 4d and Ba 5p doublet photopeaks showed spin-orbit splitting of 2.6 and 2.2 
eV, respectively, as expected. Er, Ba, Cu, and 0 features in the valence band were identified. o 1992 

Academic Press, Inc. 

Chemistry of R,Ba,Ct+O,-, (R = Y, Nd, 
Sm, Eu, Gd, Dy, or Er) high-temperature 
superconductors is an active area of solid- 
state research (1, 2). These cuprate super- 
conductors have an interesting crystal struc- 
ture and their critical transition temperature 
(T,) is just above 90 K. Recently, several 
Err +xBaZ-xCujOy (x between 0 and 0.5) thin 
films were prepared in our laboratory for 
studies of compositional modulation in the 
R,Ba,Cu,O,,-type crystal structure (3). The 
films were prepared by molecular beam de- 
position and postannealing. In Eu, +xBaZ-, 
Cu,O, (Refs. (4,5)), Nd, +xBaZ-xCujOy (Ref. 
(4)), and Dy,+lBa,-,Cu,O, (Ref. (6)) oxides 
for x between 0 and 0.5, it is understood that 
the excess R atoms substitute for Ba sites, 
which results in a decrease in the lattice 
constant c0 and a lowering of T,. Surpris- 
ingly, two compositions in Er,+, Baz-, 
Cu30, thin films were discovered which 
displayed zero resistivity transition temper- 

atures of 95 and 93 K, respectively (Ref. 
(3)). Chemically, these two materials were 
identified as Er,Ba,Cu,,O, and Er,Ba, 
Cu,O, . The lattice constant c0 for the (OOl)- 
oriented Er,Ba,Cu,,O, and Er,Ba,Cu,O, 
thin films was determined to be 11.65 A by 
X-ray diffraction (XRD). The films were 
found as single phase materials by X-ray 
diffraction and scanning electron micros- 
copy (SEM). It is still not clear if the excess 
Er atoms substitute for Ba sites in these 
materials or whether there are superstruc- 
tures in their unit cell along the a- or b- 
axis. Further experiments to understand the 
chemistry and structure of these materials 
are in progress. Er,+,Ba,-,Cu,O, films of 
other composition did not have a T,,, of 
90 K. 

In this letter we report on the chemical 
studies of (OOl)-oriented Er,Ba,Cu,O,+, Er, 
Ba,Cu,,O,, and Er,Ba,Cu,O,, thin films by 
photoemission spectroscopy using high- 
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energy ultraviolet light. Core-level spectros- 
copy was used to compare the binding ener- 
gies of outer core levels in Er,Ba,Cu,O,-,, 
Er,Ba,Cu,,O, , and Er,Ba,Cu,O, , whereas 
valence band spectroscopy was applied to 
obtain information on the chemical bonding 
of the atoms in these materials. In the fol- 
lowing text, the Er,Ba,Cu,O, _ *, Er,Ba, 
Cu,,O, , and Er,Ba,Cu,O, materials are also 
referred to as EBCO. 

The experiments were performed at the 
Synchrotron Radiation Center (SRC), Uni- 
versity of Wisconsin-Madison, on the 
MARK II beamline, which has a “Grass- 
hopper”-type monochromator. Synchro- 
tron radiation at 1 GeV and 800 MeV injec- 
tions in the electron storage ring was used. 
An ultrahigh-vacuum (UHV) electron spec- 
trometer equipped with a double-pass cylin- 
drical mirror analyzer (CMA), sample 
heater, sample transfer system, and an oxy- 
gen manifold was used for the photoemis- 
sion measurements. The UHV system was 
pumped down to a base pressure of 2 x 
10-l’ Torr. Epitaxial Er,Ba,Cu@-, , Et-, 
Ba,Cu,,O,, and Er,Ba,Cu,O, thin films on 
LaAlO,(lOO) substrates were prepared by 
molecular beam deposition (MBD) and post- 
annealing in separate experiments. The ba- 
sic deposition parameters for coevaporation 
of Er,Ba,Cu&, thin films were deter- 
mined during preparation of high-tempera- 
ture thin films in the Dy-Ba-Cu-0 system 
(6). In our experience, in MBD, if any con- 
stituent of the vapors deviates more than 
3% during coevaporation, then the sample 
after postannealing will not be a 90-K super- 
conductor. The film thickness was 2050 A 
in each case, which was measured with a 
stylus profilometer. 

For photoemission experiments, the sam- 
ples were introduced in the UHV system 
after reaching the base pressure. The clean 
surfaces were prepared by heating the sam- 
ples in a pressure of 1 x 10e3 Torr of oxygen 
at 400°C (or 350°C) for 30 min, followed by 
cooling in oxygen (1 hr). Then the oxygen 

gas was pumped out. The UHV pressure 
during measurements was in the 1 x lo-* 
to 5 x lo-‘Tot-r range, at which the residual 
gas should be mainly oxygen. The samples 
stayed clean for a few hours, after which the 
degradation of the samples could be ob- 
served, as described later. The CMA was 
operated in the fixed retarding ratio (FRR) 
mode [CMA pass energy &,)/electron ki- 
netic energy (&) = 11 (7). For E, > 40 eV 
in the FRR mode, the resolution became 
poor but the counts were high. It was neces- 
sary to run in the FRR mode to acquire 
several energy distribution curves (EDC) 
for a sample in a few hours. The Fermi level 
position was checked by taking EDCs for a 
gold foil which was cleaned by heating in 
vacuum. The CMA factor, which is the ratio 
of actual kinetic energy to applied voltage 
on the outer cylinder of the CMA, was found 
to be 1.74, assuming that the photon energy 
calibration of the monochromator is correct. 

Figure 1 shows several energy distribu- 
tion curves for a fairly clean Er,Ba, 
Cu,O,-,(OOl) surface for photon energy val- 
ues in the 53-180 eV range. For hv = 53 eV, 
the resolution is better because the kinetic 
energies of the photoelectrons are lower. In 
the EDC at photon energy of 53 eV, there is 
a small bump at the Fermi level (BE = 0 
eV) which is due to photoemission caused 
by second-order light. In this EDC, the ob- 
servable features have been marked as 
A-H. In the 0 to 10 eV binding energy range, 
which displays an integrated density of 
states in the valence band, features of Er, 
Ba, Cu, and 0 photoemission from orbitals 
involved in chemical bonding are present. 
Peak A should be due to photoemission from 
Cu 3d or Cu 3p-0 2~ hybrid orbitals (8-11). 
Peak B, in our understanding, may have Er 
4f and Cu 3d photoemission in the back- 
ground, but the shoulder (peak) is mainly 
due to oxygen bonded to Ba on the surface, 
as reported for BaO and for chemisorbed 
oxygen on Ba (12-14). Peak C is strong at 
the photon energy of 90-eV, just above the 
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FIG. 1. Valence band and outer core-level spectra 
for (OOl)-oriented clean surface of Er,Ba,Cu,O,-s thin 
films in the 53-180 eV photon energy range. The resolu- 
tion is better at lower photon energy values. The sample 
was cleaned in the UHV measurement system by heat- 
ing at 400°C in 1 x lo-’ Torr oxygen for 30 min. 

Cu 3p threshold. Therefore, this peak 
should contain photoemission signals from 
Cu 3d, because there should be intensity 
enhancement in Cu 3d photoemission due 
to ap-d resonance (12). Peak D is an erbium 
4fsatellite peak. Its intensity increases just 
above the Er 4d threshold, due to a giant 
resonance, as reported for rare earth metals 
in Ref. (15). For Er metal, strong Er 4fsatel- 
lite photoemission in the 9-11 eV binding 
energy range has been reported in the litera- 
ture (16). Peaks E and F are due to some 
degradation of the surface, since their inten- 
sities go up in the PES data for degraded 
surfaces (EDCs not shown). The strong Ba 

5pli2 and 5p,,, photopeaks are observed just 
above the Ba 4d threshold, where their in- 
tensities are dramatically enhanced by reso- 
nance effects (17, 28). G and H are Er Sp 
photopeaks with a large spin-orbit splitting, 
but Ba 5s photoemission also occurs at the 
position of peak H (19). 

In Fig. 2, the energy distribution curves 
for the clean Er,Ba,Cu,20,(001) surface are 
shown. This sample was cleaned at a lower 
temperature (350°C). The Ba 5p1,* and 5p,,, 
photoemission peaks with a spin-orbit split- 
ting of 2.2 eV are observable even at lower 
photon energy values. Peaks A, B, C, and 
D are present at positions similar to those 
found in Fig. 1 for Er,Ba,Cu,O,_,. Peak B 
is very pronounced in Fig. 2. This peak rep- 
resents photoemission from 0 on the sur- 
face (BaO layer), as discussed earlier. This 
peak was found to vanish in the EDCs of 
degraded samples (not shown). On degraded 
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FIG. 2. Valence band and outer core-level spectra for 
(OOl)-oriented clean surface of Er,Ba,Cu,,O, thin films 
in the S-200 eV photon energy range. The sample was 
cleaned by heating at 350°C in 1 x 10m3 Torr oxygen 
for 30 min. 
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FIG. 3. Valence band and outer core-level spectra for 
(OOl)-oriented clean surface of Er,Ba$&O, thin films 
in the 50-180 eV photon energy range. The sample was 
cleaned by heating at 400°C in 1 x 10m3 Tot-r oxygen 
for 30 min. 

surfaces, the Ba-0 layer on the surface is 
believed to react with gaseous contami- 
nants. 

The energy distribution curves for the Et-, 
Ba,Cu,O,(OOl) surface are depicted in Fig. 
3. Features in the spectra are the same as 
those observed for Er,Ba,Cu,O,-, and Er, 
Ba,Cu,,O, in Figs. 1 and 2. 

Comparison of the valence band spectra 
for (OOl)-oriented Er,Ba,Cu,O,., , Er,Ba, 
Cu,,O, , and Er,Ba,Cu,O, surfaces clearly 
shows that atoms in these EBCO films have 
similar binding characteristics. No new 
peaks corresponding to atomic binding in 
any second phase are seen. 

The Ba 4d core level was investigated at 
several photon energy values. Figure 4 
shows the Ba 4d3,2 and Ba 4d5,2 photopeaks 
at 120 eV photon energy. The Ba4d doublets 
show a spin-orbit splitting of 2.6 eV, as 
found in BaO (20). Note the appearance of 
a Ba 4d satellite peak at 104 eV binding 
energy. The existence of this satellite photo- 
emission peak was confirmed by separate 
ESCA (electron spectroscopy for chem- 
ical analysis) experiments using an MgK, 
(hv = 1254 eV) X-ray source (21). This Ba 
4d photoemission at 104 eV binding energy 
has not been reported for metallic Ba or 
for any Ba compound in the solid state. Its 
binding energy is similar to the Ba4d binding 
energy in Ba vapor (22). The large shift of 
Ba 4d photopeaks in solid Ba and BaO to 
lower binding energy values has been attrib- 
uted to extra atomic relaxation effects (17, 
18). The intensity of the Ba 4d satellite peak 
at 104 eV binding energy can be taken as a 
measure of degradation of EBCO surfaces. 
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FIG. 4. Ba 4d core-level spectra for (OOl)-oriented 
clean surfaces of Er,Ba,Cu,O,-, , Er5Ba7Cu120,, and 
Er,Ba&,O, high-temperature superconductor thin 
films. 
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Ba is known to be an attractant for hydrocar- 
bons in vacuum (23). Again, the Ba core- 
level spectra for (OOl)- oriented clean 
Er,Ba,Cu,O,-, , Er5Ba7Cu,,0,, and Er,Ba, 
Cu,O, surfaces do not show additional pho- 
topeaks with chemical shifts corresponding 
to any second phase. There is a difference 
of about 0.3 eV in the Ba 4d peak positions, 
which may be due to a shift of the Fermi 
level. 

In conclusion, clean surfaces of (OOl)-ori- 
ented Er,Ba,Cu,O,-, , Er,Ba,Cu,,O, , and 
Er,Ba,Cu,O, high-temperature supercon- 
ductor thin films were studied by photoemis- 
sion spectroscopy using synchrotron radia- 
tion. The surfaces were cleaned by heating 
in an ultrahigh-vacuum electron spectrome- 
ter at 400°C (or 350°C) in 1 x 10e3 Torr 
oxygen. Valence bands and outer core lev- 
els were studied using photons in the 50-200 
eV range. Ba 4d and Ba 5p doublet pho- 
topeaks showed spin-orbit splitting of 2.6 
and 2.2 eV, respectively, as expected. Er, 
Ba, Cu, and 0 features in the valence band 
were identified. 
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