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Inverse photoemission studies of the interface formed when Fe is deposited onto the high-T, su-
perconductor La& 85Sro i5Cu04 show that Fe leaches oxygen from the near-surface region to form
insulating Fe-O. This reduces the number of Cu 3d-0 2p antibonding electronic states strad-
dling the Fermi level. The Fe-induced depletion continues until the nominal Fe coverage reaches
=8 A, at which point reaction is kinetically limited and a metallic Fe overlayer grows. Insight
into the evolving near-surface environment of La is obtained through chemical shifts observed for
the empty La 4f levels. Line-shape decompositions for these atomiclike empty states provide in-
formation analogous to that obtained with core-level photoemission.

The elucidation of the properties of high-temperature
superconductors ' of the form La2 —„Sr„Cu04 and
YBa2Cu307 — has been extraordinarily rapid since their
recent discovery. Measurements of the bulk crystal struc-
tures, the role of oxygen defects, and the electric and mag-
netic properties have contributed to the understanding of
the high-T, phenomenon. Probes of the electronic states
using photoemission and inverse photoemission ' have
generated insight into the band structures. " ' The sur-
face stability of high-T, materials under oxygen exposure
and electron bombardment has also been addressed. '
On the other hand, the physics and chemistry of interfaces
involving metals and high-T, materials have not been
studied. These interfaces are of critical importance if con-
tacts are to be made to the superconductor, passivating
layers are to be developed, and the promises of high-T,
technology are to be realized through integration with ex-
isting technologies.

In this paper we report the results of the first micro-
scopic study of the interface between a metal and a high-
temperature superconductor. We have used inverse pho-
toemission to follow the evolving electronic structure and
atomic distribution for Fe overlayers deposited in ultra-
high vacuum onto cleaved polycrystalline La i 85Sro &

5-

Cu04. This study is unique for several reasons. It is the
first study that focuses on the stability and adatom-
induced degradation of metal-superconductor interfaces
involving the class of high-T, ceramics. As we will show,
substantial interface disruption and intermixing is ob-
served so that the eA'ect of reactive metal overlayers will
be suppression of superconductivity in thin films. Second,
we show that chemical state information can be obtained
by investigating empty localized, atomiclike levels, in our
case the La 4f levels 8.7 eV above the Fermi level EF for
the cleaved surface. These novel results are analogous to
core-level characterization of reacting interfaces, but the
technique of inverse photoemission has never before been
used in this way. Iron was chosen for these interface stud-

ies because of the strong Fe-0 affinity and because Fe im-
purities adversely aAect superconductivity.

In our inverse photoemission experiments, we directed a
highly collimated, monoenergetic beam of electrons at
clean or Fe-covered Lai 85Sro i5Cu04 surfaces. The distri-
bution of emitted photons of energy h v (the photon distri-
bution curve or PDC) was measured. These photons re-
sulted from the radiative decay of the incoming electrons
from initial-state energies E; of the solid to final, lower-
lying empty states at energy Ef with conservation of ener-
gy so that hv =E; —Ef. The experimental system allowed
us to perform inverse photoemission experiments in both
the ultraviolet (12-48 eV) and x-ray (1486.6 eV) regions.
The latter is generally termed bremsstrahlung isochromat
spectroscopy (BIS) ' while the former is momentum or
k-resolved inverse photoemission (KRIPES). ' These are
the time-reversed analogs of uv and x-ray photoemission.

The uv spectrometer consists of an f/3. 5 grating and a
position-sensitive detector which collects photons dis-
persed by the grating in a wavelength window determined
by the grating setting. The x-ray spectrometer is an 0.5-m
Rowland circle monochromator with a quartz grating and
a microchannel plate detector. Only photons of energy
1486.6 eV are transmitted by this monochromator, and
discrimination is enhanced by a self-supporting Al filter.
The final-state energies were scanned by ramping the ac-
celerating voltage of the electron gun. The electron gun is
a custom-designed Pierce-type gun which produces a
highly collimated electron beam of dimension 1 mmx5
mm. ' The combined energy resolution (electrons plus
photons) was determined by analysis of the Fermi-level
cutoA of a Au standard. It was 0.7 eV for BIS and
0.3-0.6 eV for KRIPES, depending on the photon energy.
The combination of uv and x-ray spectroscopies enabled
us to vary the probe depth of the measurements via the
electron mean free path. It also made it possible to identi-
fy the orbital character of particular empty-state struc-
tures through variations in their cross sections.
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The La~ 85Sro&5Cu04 sample was high density, poly-
crystalline, and single phase with a superconducting tran-
sition temperature of = 35 K (Ref. 18). The sample was
cleaved &n situ at better than 1 x 10 ' Torr. The Fe over-
layers were evaporated at pressures less than 1.6X10
Torr at a rate of —0.6 A/min as monitored with a quartz
thickness monitor. A series of KRIPES experiments with
two different electron energies typically took = 3 h to
complete; the lower count rate of HIS increased the time
per coverage to = 5 h. The electron beam current was 15
pA for KRIPES and 100 pA for BIS. All measurements
were conducted at room temperature.

In Fig. 1 we show KRIPES photon distribution curves
for Fe/La& s&Sro &sCu04 for incident energy E; =26.25 eV
relative to EF and for Fe coverages S between 0.25 to 30
A. The topmost curve is for the as-cleaved surface. As
can be seen, the density of states is very low within —3.5
eV of EF. The dominant structure at 8.7 eV has been
identified with the La 4f empty states and the shoulder at
5.8 eV has been associated with the empty La 5d states.
These results for the clean surface have been discussed in
detail elsewhere. We now find that the eA'ects of Fe ada-
toms are profound both near EF and in the range of the

La 5d and 4f states.
For the La states, there is a broadening and a shift to

lower energy with increasing Fe coverage. This rather
rigid shift reflects changes in chemical environment for
the emitting La atoms. In the upper panel of Fig. 2 we
summarize the energy position of the La 4f feature, using
the KRIPES results of Fig. 1 for coverages below 30 A
and the more bulk sensitive BIS results for coverages be-
tween 30 and 80 A. As shown, this shift is rapid at low
coverage but there is saturation to 7.2 eV by -8 A. The
BIS results show a slightly reduced shift because they
probe a greater thickness and average over a range of
states. Comparison of the final La 4f position with the
corresponding energy position in La metal (at 5.3 eV)
provides clear evidence that the local bonds of La in the
perovskite crystal have been altered by the addition of Fe
and the depletion of oxygen, rendering the environment of
La more like that of the metal.

Careful analysis of the high-resolution KRIPES results
of Fig. 1 shows that the 4f feature for the reacting inter-
face for 8 =2 A appears as a doublet with a small shoul-
der on the higher-energy side of the dominant 4f peak.
This doublet structure persists to higher coverage. At
lower coverage it is obscured because of the overlap with
the shifting La 4f emission, but its presence can be detect-
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FIG. 1. Inverse photoemission spectra with E; =26.25 eV for
the evolving Fe/La~ s5Sro ~5Cu04 interface showing the shift to
lower energy of the La4f and La5d states. Fe 3d states initially
appear well above EF but shift toward EF as they grow; a metal-
lic Fermi-level cutoff becomes obvious after 8 A of Fe. In the
inset we expand fivefold the portion of the PDC's for low cover-
age to show the loss of emission from the hybrid Cu d-0 p
states within 2 eV of EF.
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FIG. 2. Peak positions for the La 4f emission (top panel) and
the Fe 3d emission (center panel) as a function of coverage for
both KRIPES and BIS results showing the evolving energy posi-
tion of the respective features. Attenuation curves for the La 4f
emission are shown in the bottom panel. These results all
demonstrate chemical interaction followed by the growth of an
Fe overlayer.
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ed through the broadening of the overall 4f feature. In
Fig. 3 we show the results of line-shape decomposition for
the PDC at 2 A, following the subtraction of a smooth
background. The contributions from = 3.5 to = 7 eV
correspond to the reacted and unreacted La Sd corn-
ponent, and the line shape is complicated compared to the
simpler Gaussian shape of the 5d emission spectra for the
clean surface. The fits to the prominent higher-energy
structure reveals that the shifted or reacted structure has
an energy position of 7.7 eV. This corresponds to La
atoms whose oxygen neighbors have been removed by Fe-
0 surface and near-surface reaction. The weaker peak at
8.7 eV reAects La from the unreacted portion of the super-
conductor. For La, the full width at half maximum
(FWHM) for the reacted and unreacted 4f components
was 1.4 and 1.0 eV, respectively, and the broadening of
the reacted peak indicates that there are slightly in-
equivalent La chemical environments. Comparison of the
emission intensity for unreacted La indicates that it is
= 7% of that of the clean surface. The relative intensities
of the two components are consistent with the =4 A
mean free path of incident electrons of energy =26 eV
relative to EF. We therefore conclude that the outermost
= 8 A of the nominal La~ ssSro t5Cu04 surface is
modified by the deposition of 2 A of Fe as it disrupts the
La~ 85Srp 15Cu04 structure and breaks the chemical bonds
between La and 0.

Additional insight into the destruction of the
La~ 85Srp &5Cu04 surface by the Fe overlayer, and the pro-
duction of a nonsuperconducting skin, can be gained by
examining changes in the PDC's near EF. The results of
Fig. 1 demonstrate that the Fe 3d states appear = 2 eV
above EF, whereas we would have expected them to grow
at EF if metallic Fe were forming. They then shift toward
EF and this shift in Fe 3d energy is summarized in the
central panel of Fig. 2. By the time that the Fe coverage
has reached 16 A, the peak has stabilized, but the PDC's
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FIG. 3. Line-shape deconvolution of La 4f and La 5d struc-
ture for a nominal Fe coverage of 2 A following the subtraction
of a smooth background. The 4f structure at 8.7 eV is the rem-
nant of the unreacted substrate while the dominant feature at
7.7 eV reflects the La chemical environment after the scavaging
of oxygen by Fe.

of Fig. 1 indicate that metallic Fe with a Fermi-level
cutoA' was forming by = 8 A. The convergence to metal-
lic Fe indicates that the chemical destruction of
La~ s5Srp~5Cu04 is limited at room temperature. The
higher-energy position of the Fe 3d states at the lowest
coverage indicates the formation of a large band-gap form
of Fe-O. ' Analogous emission = 4 eV above EF has
been observed in nickel oxide formation. This implies
that there is an insulating phase at the Fe/
La~ 85Srp ~5Cu04 interface. At the same time, the results
of Fig. 1 indicate a dynamic evolution of Fe-0 bonding
configurations as the number of Fe atoms increases.

Another extremely important observation that can be
made from Fig. 1 is that the reacting Fe overlayer directly
modifies the Cu 3d„2 y2 0 2pzy states near EF. This is
significant because the Cu 3d.2-y2-0 2p. ,y states appear
to play an important role in superconductivity, even
though the density of these states is very low near EF be-
cause of the single band character; "' as shown in the in-
set of Fig. 1, the density of these states is decreased by the
deposition of 0.25 A of Fe. (The inset highlights the
changes near EF by enhancing the spectra fivefold for cov-
erages to 1 A. ) Deposition of Fe to 0.6 A diminishes these
states further. For coverages of 0.6 and 1 A, there is
hardly any emission, and this continues to be the case un-
til the Fe 3d states of the growing metallic overlayer
disperse to EF and dominate. This can be understood in
terms of dissociation of the Cu —0 bonds and provides
further evidence that the highly reactive metal Fe depletes
the near-surface oxygen content as it forms an Fe-0
phase. The loss of Cu-0 antibonding states, the chemical
shift of La, and the energy of the Fe 3d states all indicate
the formation of a complex, multicomponent interface re-
gion. It appears likely that superconductivity in this re-
gion will be suppressed and that the scale of interaction
will be enhanced by thermal activation. Indeed, the limit-
ed extent of the Fe-0 interaction indicates kinetic limita-
tions, not thermodynamics, and the metal/superconductor
interface is then metastable.

In order to determine whether there is further chemical
interdiAusion following the initial strong chemical interac-
tion revealed by KRIPES, we conducted BIS studies for
Fe coverages 30-80 A.. For these measurements, the
probing depth was substantially larger (X = 20 A) and the
sensitivity to the La 4f states was much greater because of
cross-section eff'ects. ' These BIS spectra showed a sat-
urated 4f chemical shift, as discussed above and shown in
Fig. 2. Moreover, the BIS spectra showed the attenuation
of the reacted La 4f peaks, indicating the termination of
chemical reaction by the time the nominal Fe coverage
reached —8 A. We estimate that this corresponds to dis-
ruption of —20 A of the superconductor.

A more quantitative assessment of the rate at which the
La 4f emission is attenuated by the growing Fe overlayer
is shown in the bottom panel of Fig. 2 where we plot
in[I(e)/I(0)] vs 6, where I(H) is the total 4f emission at
a coverage e. These intensities were obtained by sub-
tracting a smooth background from the structure in the
PDC's shown in Fig. 1. For brevity, the BIS data are not
shown here but will be presented in a longer paper. In
these attenuation curves, a straight-line behavior would
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signal layer by layer growth and the slope would be a
measure of the (incident) electron mean free path. The
attenuation curves again demonstrate that there is exten-
sive chemical reaction at low coverage since the La inten-
sity decreases rapidly with a 1/e value which is smaller
than the expected mean free path. This behavior is analo-
gous to what is often observed for reactive metal/semi-
conductor interfaces and reflects outdiff usion of 0 to form
the Fe-0 layer. This layer is then thicker than that indi-
cated by the nominal Fe coverage. For coverages exceed-
ing about 4 A, this rate is sharply reduced as the diffusion
of 0 is curtailed. We estimate the mean free path from
this behavior to be = 4 A at E; =26.25 eV. The BIS re-
sults for higher coverage further support a model in which
the substrate and the thin reacted skin are covered by a
thickening Fe layer, and we estimate the 1/e length to be
20 A, consistent with high-energy electron scattering
lengths (Fig. 2, bottom panel). Significantly, these results
indicate that there is little, if any, La outdiff'usion and that
the Fe layer covers the surface uniformly without substan-
tial amounts of exposed substrate. This latter characteris-
tic is essential for the growth of a protective or passivating

film for high- T, surfaces, even though the reaction-
induced modification of the buried interface is not desir-
able.

In conclusion, we have studied the interface properties
of Fe/La~ s5Sro ~sCu04 with inverse photoemission with
both uv and x-ray techniques. The results demonstrate
that localized empty levels can be monitored to provide
clear information about interface reaction and morpholo-
gy. We have found Fe-0 formation at the expense of
La—0 and Cu —0 bonds. The interaction penetrated
= 20 A into the La~ ssSro ~sCu04 surface, forming what
are probably nonsuperconducting La-Cu metallic regions
and insulating Fe-0 regions. These chemical interactions
were limited by difI'usion, and a metallic Fe layer ulti-
mately formed.
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