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Angle-resolved photoemission spectroscopy study of Bi2sr2CaCu2Q8+z thin films
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We report angle-resolved photoemission spectroscopy (ARPES) results from Bi2Sr2CaCu2os+s (2212)
single-crystal thin films grown with atomic layer-by-layer molecular beam epitaxy (ALL-MBE). This was

made possible by adapting the top-post cleaving technique to thin Alms of 2212. We have observed clear
photoemission features from these films that disperse through the Fermi level. We have observed the super-

conducting energy gap with ARPES in thin films. Both the magnitude of the gap as well as its anisotropy are
consistent with the results from bulk crystals. Furthermore, we observe the pile-up and dip in spectral weight
associated with the gap. These results open possibilities for future research using thin-film samples in this

materials system that take advantage of the ability to grow metastable materials with ALL-MBE.

Most studies of fundamental interest in the area of high-
temperature superconductivity have been performed on bulk
crystals due to the generally higher defect densities and
wider superconducting transitions of thin films. However,
issues such as the effect of a broad range of underdoped hole
concentrations on the electronic structure in certain materials
systems cannot easily be addressed with bulk crystals be-
cause the achievable stoichiometries are thermodynamically
limited or there is no guarantee that substitutional ions will
reside in the desired lattice locations. Using atomic layer-by-
layer molecular beam epitaxy (ALL-MBE), metastable ma-
terials with a wide stoichiometric range can be synthesized
with the vast majority of substitutional ions remaining on the
desired site. However, before fundamental issues can be ef-
fectively addressed with thin films, comparable results to
those of bulk crystals in known systems must be demon-
strated. In this paper, we report results of angle-resolved pho-
toemission spectroscopy (ARPES) on Bi2Sr2CaCu20s+ s
(2212) thin films grown by ALL-MBE that match those of
bulk crystals.

Over the last five years, high-resolution angle-resolved
photoemission has emerged as one of the most powerful
experimental techniques for studying the electronic proper-
ties of high-temperature superconductors. However, virtually
all the angle-resolved photoemission experiments that
demonstrate clear energy dispersion, Fermi level crossings,
and superconducting features were performed on bulk crystal
samples. ' The difficulty in performing photoemission ex-
periments on thin-film samples hinges on two points:
(1) Only single-phase films with a very low defect density
and high degree of crystallinity will give good results, and
(2) clean surfaces must be prepared for photoemission due
to the surface sensitivity of the technique (approximately
15 4). The ALL-MBE samples used in this experiment
were single-crystal films without any second-phase precipi-
tates. Previous attempts at preparing clean surfaces have in-
cluded argon sputter cleaning, oxygen annealing, ' oxygen
plasma exposure, and most recently, atomic oxygen
exposure. The clarity of the dispersive photoemission fea-
tures resulting from these techniques is mediocre. The cleav-

ing technique, although proven for bulk 2212 crystals, has
not been demonstrated successfully on thin films for UV
ARPES. This is not trivial to accomplish due to the system-
atic defects (approximately every micrometer) present in the
MBE material originating from steps on the vicinal sub-
strates. These defects serve to strengthen the material in the
third dimension, making them more difficult to cleave in a
micaceous manner, but as anticipated, contribute to the pho-
toemission in a minuscule way. The results reported in this
paper were made possible by adapting the top-post cleaving
technique to 2212 thin films. The essence of this technique is
to mount the substrate with the film facing outward using
electrically conductive epoxy to ground the sample. A top-
post with a thermal expansion coefficient matching that of
the substrate is then adhered to the face of the sample using
epoxy. Once in ultrahigh vacuum (UHV) and cooled to cryo-
genic temperatures, the top post is knocked off the sample
face by mechanical means, thus leaving behind a freshly
cleaved surface. Great care must be taken to prevent shearing
of the entire sample away from the substrate.

The films in this study were grown using ALL-MBE by
exposing a heated substrate to shuttered sources of bismuth,
strontium, copper, and calcium, all in the presence of ozone.
The shutter timing was accurately adjusted to deposit

i2.1Sr1.95Ca0.95Cu208+p ', this composition is typical of the
single-phase two-layer Bi compound. (We will refer to this
as 2212 for brevity. ) The shuttering sequence was
repeated, atomic layer by layer, until approximately 1000 A
of material was deposited. The quality of the samples was
quite high, showing single-phase growth (determined by
x-ray diffraction and optical microscopy) and superconduct-
ing critical temperatures of 85 K (zero resistance tempera-
ture). The superconducting transitions for these thin
films were 15 K wide (10 k —90%) which is typical of 2212
thin films. The samples were mounted in air before insertion
into the UHV photoemission chamber. The samples were
cleaved in UHV where ARPES measurements were per-
formed using 22.4 eV light from Beamline 5-3 of the Stan-
ford Synchrotron Radiation Laboratory. Collection of the
emitted electrons was accomplished with a hemispherical
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FIG. 1. Angle-resolved photoemission of the Bi2SrzCaCuz
08+ & valence band showing a multiplicity of bands between 1 and
7 eV binding energy and the uppermost valence bands at the Fermi
level.
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electron analyzer under conditions that yielded a
total experimental resolution of 45 meV (as measured on a
gold Fermi edge) and having angular resolution
of ~1

The photoemission spectra of these film samples were
strikingly similar to those of bulk crystals in a number
of aspects, including the general shape of the spectra, the
normal-state dispersion of bands, the Fermi level cross-
ings, and the symmetry of electronic states with respect to
the polarization of the incident light. Figure 1 is a photo-
emission spectrum from a thin film of 2212. It has the hall-
mark characteristics of bulk 2212, with a multiplicity of
bands between 1 and 7 eV binding energy and a small but
measurable peak extending to the Fermi level. The
satellite feature at higher binding energies, although not
shown in the figure, was also observed. Figure 2, panel (a),
shows a series of spectra from a thin film in the normal
(nonsuperconducting) state, and panel (b) shows a similar
series from a bulk crystal also in the normal state. Each
spectrum of the series is taken at a different collection angle
and corresponds to a different point in k space. Figure 2
shows the dispersion of the uppermost valence bands (within
1 eV of the Fermi level) as they move toward and through
the Fermi energy. The dispersions are very similar in both
cases with no observable effect from the systematic defects
in the thin film. In both panels, a Fermi level crossing is
observed approximately 45% of the way from I to X. [As in
ARPES of bulk crystals, a Fermi level crossing is defined
here as the point in k space where a dispersive feature mov-
ing toward the Fermi energy experiences a 50% intensity
decrease and which has the midpoint of the leading edge at
or above FF ("negative" binding energy). ] Figure 3 shows
the first Brillouin zone, containing the Fermi surface as
mapped by photoemission on bulk crystals and thin films.
The Fermi level crossings of the films agree well with bulk
data within the error bars. The Fermi level crossings were
measured in both the x and y quadrants of the Brillouin zone
and were identical within the error bars shown.

FIG. 2. Spectra of the uppermost valence bands from (a) a thin-

film crystal and (b) a bulk crystal showing a clearly dispersive
feature and a Fermi level crossing near 45% of the way from the
I to X points of the Brillouin zone. Above each spectrum set is a
depiction of 4 of the Brillouin zone showing where in k space the
spectra were taken.

Other distinctive characteristics of photoemission from
2212 are the superconducting gap and dip structures in the

spectra of the uppermost valence bands at the M point of the
Brillouin zone [Fig. 4(a)] as the sample is cooled below the
superconducting transition temperature. ' Figure 4 shows a
comparison of spectra from the uppermost valence bands

taken at the M symmetry point and at the I -X Fermi level
crossing for one thin film sample. Figure 4(a) shows that
even quite sensitive features such as the gap and dip of the
superconducting state which have been observed in bulk
crystals can also be seen with these thin films. This confirms
that the basic electronic structure and low-energy excitations
in the films are very similar to those of bulk crystals, even
though the films have higher defect densities and broader
superconducting transitions. The anisotropy of the supercon-
ducting gap in k space is observed by comparing Figs. 4(a)
and 4(b)." In bulk samples, the gap is widest (as wide as 25
meV in the best bulk samples) at the M symmetry point and
has little or no gap at the j. -X Fermi level crossing. The
largest gap at M in the thin films under study was 17 meV
and is shown in Fig. 4(a). The gap at the I -X Fermi level
crossing [Fig. 4(b)] of this thin film is less than the experi-
mental uncertainty of 4 meV. Such a large gap anisotropy is
a unique feature of the high-T, superconductors. This aniso-
tropic gap is consistent with a novel form of the supercon-
ducting order parameter, the d 2 —y2 or "d-wave" model,
which predicts a zero gap at the I -X Fermi level crossing'
and is also consistent with an anisotropic form of the tradi-
tional superconducting order parameter or "s-wave" model
that predicts a diminishing gap at the same point. ' Thin-film
ARPES can potentially provide superior experiments for de-
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FIG. 3. First Brillouin zone indicating the Fermi level crossings

of thin-film samples (with error bars) as well as the Fermi surface of
bulk crystals (from Ref. 2). Each of the dashed lines represents
one-tenth of the I to M distance.

termining the magnitude of the superconducting gap function
at the I -X Fermi level crossing. This is because thin films,
which are grown on flat, polished substrates, give the highest
possible angular resolution for photoemission. Using this an-
gular resolution along with improved experimental energy
resolution, one could put a smaller upper limit on this impor-
tant parameter.

In conclusion, we have shown that photoemission results
comparable to bulk crystals can be obtained from high-
quality 2212 thin films. We have found that both the gross
features as well as the more sensitive features near the Fermi
level are observed in thin films. In particular, the normal-
state spectra show all the essential features of bulk 2212,
having similar spectral intensities, band dispersion, and
Fermi level crossings. The anisotropic superconducting en-
ergy gap and dip have been observed in thin films. These
results represent a significant technical step forward and en-
courage further studies of ALL-MBE-grown thin films in this
materials system such as cation-doped materials or meta-
stable materials.

The data presented here were obtained at the Stanford
Synchrotron Radiation Laboratory (SSRL) which is operated
by the DOE ONce of Basic Energy Sciences, Division of
Chemical Science and Division of Material Science. The re-
search at Stanford was supported by DARPA/Hypress under
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FIG. 4. Photoemission spectra taken above and below the super-

conducting transition temperature at (a) the M symmetry point and

(b) the I'-X Fermi level crossing. (a) clearly shows the supercon-
ducting pile up and dip as well as the superconducting energy gap
of 17+.4 meV in this sample. (b) shows that the gap in the I'-X
symmetry direction is within the experimental uncertainty of 4
meV.
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