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Electronic structure of the high-T, superconductor Sro 2Lai SCu04
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Employing ultraviolet and inverse photoemission spectroscopy to study Sr02Lal 8Cu04, we have

obtained a density-of-states type of picture of the electronic structure of this novel material which

becomes superconducting below T, =40 K. Our results compare favorably with recent band-
structure calculations.

Possible high-T, superconductivity has recently been
reported for the Ba-La-Cu-0 system based on resistivity'
and susceptibility measurements. The crystallographic
phase in which the probable superconductivity occurs was
identified as La2Cu04 ~.Ba, which has the K2NiF4 struc-
ture. Subsequently, researchers from all around the
world have further investigated these and related oxide
structures. Uchida, Takagi, Kitazawa, and Tanaka
and Chu etal. confirmed the high-T, superconductivity
(onset temperature above 40 K) for the Ba-La-Cu-0 sys-
tem, while Cava, van Dover, Batlogg, and Rietman re-
ported a superconducting transition at 36 K for
Laj 8Srp 2Cu04. Very recently Wu and co-workers report-
ed superconductivity at 93 K in a mixed-phase Y-Ba-Cu-
0 compound system which showed only slight pressure
eftects for the transition temperature.

The mechanisms which are responsible for the super-
conductivity and, in particular, for the high transition
temperatures are unclear at the moment. The search for
high-T, superconductivity in these oxides was motivated
by their metallic conductivity together with a possible
enhanced electron-phonon coupling because of the forma-
tion of Jahn-Teller-type polarons which could be facilitat-
ed by the presence of mixed-valent Cu + and Cu + ions.
Recently, Mattheiss has performed electronic band-
structure calculations for tetragonal La2Cu04 which show
that the Fermi-surface electrons have substantial 0 2p
character and, in addition, form strong cr bonds with
neighboring Cu atoms. Breathing-type oxygen vibrations
could then couple very strongly to the conduction elec-
trons at EF, and hence substantially increase the
electron-phonon coupling. The analogous mechanism was
used before to explain the superconducting properties of
the BaPb~ ~Bi„03 alloy series. ' Weber" has used the
energy bands of Mattheiss to calculate the phonon
dispersion and linewidth as well as the electron-phonon in-
teraction. A very strong coupling of oxygen-specific pho-
nons to conduction electrons is found which leads to
T, —30-40 K for La2 —„(Ba,Sr)„Cu04.

In the present Rapid Communication we have investi-
gated the electronic structure of Srp2La~ 8Cu04 with ul-
traviolet photoemission spectroscopy (UPS) at photon en-
ergies h v =21.2 and 40.8 eV as well as with inverse photo-
emission spectroscopy (IPS) at an isochromat energy of
h v=9.5 eV. The density of states (DOS) obtained in this
manner is then compared to the calculated total DOS of

Mattheiss. The overall agreement is quite good. It is in-
teresting to compare the experimentally observed Fermi
level with the calculated one, since its energetic position
may aAect the superconducting properties.

The experiments were performed in a custom-built
spectrometer which is housed in a two-chamber ultrahigh
vacuum system with a fast interlock for sample introduc-
tion. More details of the spectrometer are described else-
where. ' The Srp2La~ 8Cu04 sample was fabricated by
solid-state reaction at 1100 C starting from SrC03 and
the oxides of La and Cu in their appropriate ratios. The
product was isostatically pressed into pellets at 1000 bars
and 900 C. From the sintered pellets rectangular bars of
2x 2x 10 mm size were cut, rinsed in methanol, and in-
troduced into the vacuum system by the fast interlock.
An anvil-knife-type mechanism was used to fracture the
sample in situ. The cleanliness and stoichiometry of the
surface was checked by Auger-electron spectroscopy
(AES). Fresh cleavages exhibited the following AES sig-
nal ratios relative to O(503 eV): La(78 eV) =0.82,
La(625 eV) =0.12, Cu(60 eV) =0.1, and Cu(920
eV) =0.1. As contaminants we observed only carbon with
a signal ratio of C(272 eV) =0.1, which is probably due to
using SrC03 as a starting material. Altogether five
cleavages from two diff'erent bars were used. Resistivity
measurements of samples from the same pellet gave su-
perconducting transition temperatures of 40 K.

In Fig. 1 we show combined UPS and IPS data for
Sr02Lal sCu04 taken at hv=40. 8 and 9.5 eV, respective-
ly. As a first result, we note that both spectra show a
weak but substantial emission intensity at the Fermi level
EF =0, as is expected from this metallic compound with a
measured resistivity of 0.02 Qcm at room temperature.
The spectral intensities right at EF, which for both spec-
troscopies was determined from a Ta foil, are used to scale
the two spectra in a rough manner (see the x 10 inset in
Fig. 1). The diff'erent slopes of the emission onsets reflect
the slightly diff'erent energy resolution (0.2 eV for UPS
and 0.35 eV for IPS, Ref. 12).

Besides the metallic emission around EF we note strong
spectral features in the occupied part around —4 eV
(denoted A and B in Fig. 1) and less pronounced struc-
tures at —9 eV (C) and —16 eV (D). Features E and F
in the unoccupied part are much broader. The whole
spectrum (occupied and unoccupied) resembles very much
that of a semiconductor or insulator with valence (A, B)
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FIG. 1. Ultraviolet photoemission spectra taken at hv 40.8
eV and inverse photoemission spectra at h v 9.5 eV from
Sro.2La& SCu04. The two spectra are roughly normalized to the
spectral intensity at the Fermi-level onsets (see x 10 inset).
Features A-F are discussed in the text.
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and conduction (E,F) bands. The edges can be deter-
mined by drawing tangents to the 2 and E slopes ap-
proaching Ep in Fig. 1. We arrive at —1 eV for the
valence-band (VB) edge and +2 eV for the conduction-
band (CB) edge using the intersects of the tangents with
the zero line. This results in a total gap of 3 eV, which
should be observable by optical absorption measurements.
Indeed, with the exception of the metallic emission the
measured electronic structure as presented in Fig. 1

resembles closely that of SrTi03 (Ref. 13), which has a
perovskite structure. Also the K2NiF4 structure, which is
the underlying structure of the present Sr02La~sCu04
sample, can be visualized as single layers of perovskite-
type unit cells separated by LaO layers. Hence, compar-
ison with SrTi03 suggests that features A and B represent
the oxygen-derived 2p states with an admixture of transi-
tion metal d states, i.e. , Cu 3d states in our case. This
conclusion will be corroborated by a comparison with the
calculations of Mattheiss in the context of Fig. 2 (to be
discussed below). Feature C is due to carbon 2s emission
and reflects a bulk contamination. The D structure
represents the La Spy2 emission. '

The photo cross section at hv=40. 8 eV gives about
equal spectral weight to s, p, d, and f electrons' so that
the occupied electronic structure is quite well represented
by the UPS curve in Fig. 1. On erst sight, this seems to be
different for the unoccupied states measured by inverse
photoemission, since a photon energy of hv=9. 5 eV has
too low a cross section for f electrons. 's However, it was
pointed out by Osterwalder and co-workers' that 4f
emission is indeed observable at an isochromat energy of
9.S eV for lanthanum and some of its compounds, if there
is enough hybridization between the spatially quite ex-
tended 4f wave function and unoccupied s and p states.
In particular, a double-peak structure was reported' for
oxidized La at 4.4 and 6.6 eV above Ep and associated
with the 4f emission of La203. In analogy, we interpret
the spectral features E at 7.2 eV and F at 9.S eV in Fig. 1

as La 4f emission, which is riding on a rather structureless
unoccupied DOS consisting of Cu s,p states, La Sd and Sr
Ss states, closely resembling the unoccupied DOS of
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FIG. 2. (a) Total density of states (DOS) calculated for
tetragonal La2Cu04 by Mattheiss (Ref. 9) using the LAPW
method. (b) Calculated DOS convoluted with a Gaussian with
FWHM 0.2 eV and a Lorentzian with an energy-dependent
FWHM to simulate the lifetime broadening (see text). (c) Ul-
traviolet photoemission spectrum of Sr02La~ SCu04 at hv=21. 2
eV; features A ', A ", and 8 are discussed in the text.

SrTi03 (Ref. 13). All the latter states are possibly
hybridizing with the empty 4f's, and this would allow
them to be observed at this rather low photon energy. 's

Such an interpretation is consistent with the calculated
band structure where antibonding bands formed by Cu
d(x —y ) and 0 p(x, y) states cross the Fermi level and
merge into the flat 4f bands above 4 eV. The strong
dispersion of these Cu-0 bands accounts for the low spec-
tral intensity right below and above Ep in Fig. 1, while a
higher DOS associated with flat bands at 1.1, 1.8, and 1.9
eV at the Z, I, and X symmetry points, respectively, are
responsible for the increasing intensity forming a
conduction-band type of emission feature above 2 eV in
Fig. 1.

In Fig. 2 we have plotted as curve (a) the total DOS for
tetragonal La2Cu04 as calculated by Mattheiss using a
self-consistent version of the linear-augmented-plane-
wave (LAPW) method. ' Also shown is a 21.2 eV photo-
emission spectrum which we want to compare with the
spectrum of Fig. 1 taken at hv=40. 8 eV. The photo
cross-section ratio 0 2p/Cu 3d decreases from 1.7 to 1.1

in going from 21.2 to 40.8-eV photon energies. ' This lets
us conclude that the more enhanced Fermi-level emission
at hv =40.2 eV, in Fig. 1 as compared to Fig. 2 (x 10 vs
x 25 insets), contains the higher angular-momentum
character. As mentioned above, this is consistent with the
Cu-0 antibonding states crossing Ep in the Mattheiss cal-
culation. Furthermore, feature A' and A" at —2.6 and—3.8 eV, respectively, merge into a stronger peak 4 at
—3.3 eV in Fig. 1, where the more-or-less pure Cu 3d
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bands are located. At lower energies ( —4 to —6 eV)
oxygen-derived 2p, as well as the bonding Cu-0 bands,
form a broad feature associated with the structure 8 in
Figs. I and 2. Its intensity relative to the minimum at
—7.5 eV is decreasing when going to higher photon ener-
gies indicating its lower angular-momentum character.

Next we discuss the direct comparison of experiment
and theory in Fig. 2 in more detail. As curve (a) we have
plotted the total DOS of LazCu04 calculated by the
LAPW method. To simulate our experimental energy
resolution of 0.2 eV we have convoluted this curve with a
Gaussian with a full width at half maximum (FWHM) of
0.2 eV. In addition, convolution with a Lorentzian which
has an energy-dependent FWHM I (eV) =0.05(E EF)z-
accounts for a weak lifetime broadening. ' The resulting
broadened DOS is plotted as curve (b) in Fig. 2. Al-
though photoemission cross-section eA'ects discussed
above are completely neglected, the agreement of this
theoretical curve with the measured UPS curve (c) for
Sr02La~ SCu04 is quite good with respect to gross peak
positions and overall shape. How the various peaks 2',
A ", and B may be associated with the Cu 3d and 0 2p
band states has been discussed above. Fine structure in
the broadened DOS (b), which is not accounted for in the
measured spectrum (c), is attributed to the DOS of pure
La2Cu04, which may be smeared out by the random sub-
stitution of La by Sr in the present Srp 2La& sCu04 sample.

An interesting point is the position of EF relative to the
top of the valence band. We have used the midpoint of
the theoretical VB edge to align the calculated DOS for
tetragonal La2Cu04 with the UPS curve for
Srp zLa] sCu04. This shifts the calculated Fermi level

from 1.07 to 1.6 eV above the VB edge, although substitu-
tional alloying of trivalent La with divalent Sr should
lower its energetic position. It is suggested that a gap
straddling EF exists in pure La2Cu04 because of the
Peierls distortion or breathing-type displacements of the
0 atom away from the Cu site. This would go along with
the original suggestion' that Jahn-Teller-type polarons
exist in these oxides. The alloy-induced Fermi-level shift
would eliminate these distortions and provide states at EF
with a strong coupling to the oxygen vibrations, " thus
enhancing T, . A future photoemission study of
Sr„La2 „Cu04 as a function of stoichiometry x will clari-
fy the role of the Fermi level.

In summary, we have provided first measurements of
the electronic structure of the high-T, superconductor
Srp zLa ~ sCu04 and compared it with LAPW band-
structure calculations for tetragonal La2Cu04. Although
the overall agreement is quite good, there are questions
with regard to the Fermi-level position relative to the
valence-band edge as a function of the substitutional al-
loying of La with Sr.

Note added in proof. During the preparation of this
manuscript, another band-structure calculation was pub-
lished' together with Ref. 9 which was made available to
us before publication. The electronic structure of both
calculations are quite similar and both point out the essen-
tial role of the Cu 3d-0 2p interaction and the Fermi-
sur face instability.

We are grateful to H. Schmid, M. Tschudy, and
D. Widmer for their expert assistance with the sample
preparation and measurements.
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