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Fermi surface determination from wavevector quantization
in LaSrCuO films
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We have observed the wavevector quantization in LaSrCuO films thinner than 12 unit cells grown
on SrTiO3 substrates. Low energy dispersions were determined in situ for different photon energies
by angle resolved photoemission spectroscopy. From the wavevector quantization, we extract three
dimensional dispersions within a tight-binding model and obtain the Fermi surface topology,
without resorting to the nearly free-electron approximation. Such method can be extended to similar
confined electron nanostructures. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2891813兴
Electron wavevector quantization 共WVQ兲 in spatially
confined solids has been observed for a variety of different
systems including quantum wells 共QWs兲 in thin films and
nanostructures.1–4 The effect is due to the discrete nature of
the energy spectra associated with the standing wave solutions of the Schrödinger equation in a finite medium.5 However, due to the roughness of their surfaces and interfaces, it
is often not observed in very thin films. Namely, the observation of QW states requires interfaces that are smoother
than the electron wavelength, which is of the order of a few
atomic monolayers. In addition, it requires specific conditions in order to be directly observed by photoemission on
thin cuprate films: 共a兲 existence of the band dispersion along
the confinement direction and 共b兲 resolution in the electron
wavevector better than the separation between the adjacent
levels. As shown in the earlier publication,6 condition 共a兲 is
fulfilled in the particular case of present work, as we have
observed a pronounced three dimensional 共3D兲 character in
the electronic band dispersion of ultrathin LaSrCuO 共LSCO兲
films with growth induced epitaxial in-plane tensile strain.
Condition 共b兲 is also fulfilled: the measurements were performed at the Synchrotron Radiation Center in Wisconsin on
the 6 m planar grating monochromator 共PGM兲 beamline by
means of SCIENTA SES 2002 analyzer with an energy resolution of better than 10 meV and a momentum resolution of
about 0.04 Å−1. In this letter, we report a series of angle
resolved photoemission spectroscopy 共ARPES兲 measurements on ultrathin LSCO films performed at different photon
energies exhibiting the WVQ. We also show how one can
extract the 3D dispersions and the Fermi surface topology
within a tight-binding scheme, without resorting to nearly
free-electron approximation 共NFEA兲. Such an approach is of
interest and can be extended to other similar confined systems.
The photon energies are chosen in the range of
55– 70 eV. The sample is placed in an ultrahigh vacuum
chamber 共⬍10−10 mbar兲 and mounted on a coldfinger, which
can be cooled down to 11 K. The analyzer is oriented for
horizontal polarization. LSCO thin films are grown in situ on
共100兲 SrTiO3 single crystal substrates by pulsed laser deposition 共PLD兲 as described in the previous work.6–9 Their total
thickness is accurately determined from the finite-size oscila兲
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lations of the x-ray diffraction 共XRD兲 peaks in a BraggBrentano geometry; notice that finite size oscillations in
XRD require the same high interface quality as for WVQ to
be observed. In Fig. 1共a兲, we show the momentum distribution curves 共MDCs兲 observed for 12 unit cell 共UC兲 sample,
hole doped at x = 0.2, at a photon energy of 62 eV, measured
along 关⌫ → M兴, the nodal direction in the first Brillouin zone.
In Fig. 1共b兲, we illustrate the band dispersion at another photon energy 共67 eV兲, obtained from the maxima of the corresponding MDCs, on the same sample.
The observed staircase structure can be easily interpreted
in terms of WVQ for 3D band dispersion: the probing
surface10 for the given photon energy intersects the set of
quantized constant kz共n兲 planes in the reciprocal space. At each
intersection, for a given in-plane direction 共关⌫ → M兴 in Figs.
1 and 2兲, the photon is probing a particular electronic state
of the kz共n兲 branch. However, due to the finite momentum
resolution, electrons in the considered branch can be photoemitted in a finite angular interval around the corresponding
allowed kz value, highlighting a finite segment of the discrete
kz共n兲 branch. The observed steps between consecutive
branches are of about 20 meV, well above our estimated
instrumental resolution.
Our measurements are reproducible and the discrete aspect of the dispersion is observed at different photon energies

FIG. 1. 共a兲 MDCs at a photon energy of 62 eV and 共b兲 discrete band dispersion obtained at 67 eV along the nodal direction in a 12-UC
La1.8Sr0.2CuO4 共LSCO兲 thin film.
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FIG. 2. Dispersion obtained at different photon energies and fits with the
discrete 3DTB model for quantum levels indexed by n = 0 , . . . , 10.

for all film thicknesses below 18 UC 共230 Å兲. The expression for the quantized electron wavevector kz for such z-axis
confined system reads5
kz共n兲 =

n n
=
,
L
Nc

共1兲

where n is an integer and L is the confinement length, which
in our case is simply Nc: the number of UCs times the crystal
c-axis length. The critical thickness of 230 Å corresponds,
thus, to a limit in wavevector resolution of 0.013 Å−1, in
good qualitative agreement with the nominal instrumental
resolution.
In Fig. 2, we show the band dispersion obtained at six
different photon energies for the same sample as in Fig. 1,
together with the calculated discrete dispersion branches at
constant kz共n兲, obtained from the first 11 quantum levels
共n = 0 . . . , 10兲. To fit the dispersion, we use a discrete version
of the generic 3D tight-binding 共3DTB兲 model discussed in
Ref. 6,
E共n兲
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From the fit in Fig. 2, we find the following band parameters:
t = 17 meV; t⬘ = 4.42 meV; t⬙ = 149.6 meV; t = 5.1 meV. The
Luttinger sum rule,11 which applies to the 2D restriction of
the band dispersion,6 expanded linearly in r = t⬘ / t about halffilling yields: 共 − EF兲 / t = 2x + 2.24r ⯝ 0.98. The number of
UC is fixed at N = 12, as extracted from finite size oscillations
observed in XRD.
Due to the nonconservation of the normal component of
the wavevector across the sample surface, the extraction of
the 3D band parameters from ARPES data usually relies on
the NFEA. The NFEA for the electron in the excited state
contains two additional adjustable parameters: the photoelec-

FIG. 3. 共Color online兲 Reconstructed 3D Fermi surface using the band parameters from the fit in Fig. 2.

tron effective mass and the crystal inner potential.12 In our
case, the NFEA has difficulties to describe the observed dispersions since these two adjustable parameters, describing
the probing surface in the reciprocal space, strongly depend
upon the photon energy. Furthermore, within this approach,
the band parameters also show significant variations with the
photon energy. Conversely, the fit that uses our discrete approach is very consistent for all photon energies and probing
directions in the momentum space. Within the discrete
model, the number of adjustable parameters is reduced to 4;
hence, the amount of data obtained by using several photon
energies is highly redundant, conferring the fit of a high degree of reliability. Actually, by choosing the proper photon
energy 共e.g., 62 eV in our case兲, the experiment probes three
consecutive levels and therefore, by adjusting four band parameters, one can easily fit the slope, the curvature, the quantum level separation, and the global scale in an almost
unique way. Evidently, the above procedure requires the
knowledge of the band filling 共hole doping兲 and the exact
number of UCs. Finally, by inserting the band parameters
obtained from the fit in the continuous version of Eq. 共2兲, one
can reconstruct the 3D Fermi surface, as illustrated in Fig. 3.
The obtained FS is the continuous envelope of the discrete
one.
The failure of the usual NFEA in trying to fit experimental single photon energy data within the 3DTB approach is
due to the impossibility to retrieve the experimental probing
path in the reciprocal space. Namely, by adjusting the photoelectron effective mass and the inner potential, the projected path in the Eb共k储兲 graph should intersect the consecutive segments of the band dispersion close to their center. In
practice, this path has a limiting slope which prevents such
an intersection for reasonable values of the band parameters.
On the other hand, the periodic potential seen by the photoelectron is highly anisotropic in high temperature superconductors 共HTSC兲 oxides. Therefore, the effective mass in the
NFEA should reflect the anisotropy of the layered material.
The expression for the normal component kz with the effective mass anisotropy becomes
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the combined effect of the WVQ and finite instrumental resolution. Present analysis constitutes the methodological basis
for our systematic, on-going investigations of the strain and
size effects on the electronic structure of ultrathin HTSC
LSCO films discussed elsewhere.
In summary, we have observed the wavevector quantization in ultrathin HTSC LaSrCuO films 共thinner than 12 UCs兲
grown on SrTiO3 substrates by laser ablation. Low energy
dispersions were determined at different photon energies by
ARPES. The strength of our simple approach is the extraction of the 3D band dispersion and the resulting Fermi surface without resorting to the NFEA. Instead, we take advantage of the WVQ along the surface normal and fit dispersion
curves within the tight-binding model. Such simple method
can be applied to other similar confined electron systems of
interest in nanoscience and nanotechnology.
FIG. 4. 共Color online兲 Simulation of ARPES experiment. The dashed line
represents experimental data.

kz =

冑

2m*
ប2
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共3兲

* = 3.25 for the
By including an anisotropy factor  = mc* / mab
67 eV data, with an inner potential 共excluding the work function兲 兩E0兩 = 8.55 eV, we find the correct projection of the
probing path. The reciprocal lattice vector Gz is defined in
the footnote.10 In order to illustrate our analysis, a numerical
simulation of the photoemission intensity 共see Fig. 4兲 is carried out within the anisotropic NFEA using the tight-binding
parameters found with the discrete fit. We include the
effective resolution by assuming a fixed Gaussian spread
⌺ = 0.01 Å−1 for the kz vector,
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Equation 共4兲 simply collects the intensity contributions from
the discrete dispersion branches at each given point 共k储, Eb兲.
The different quantized branches are probed by the broad
distributed wavevector centered at the kz value given by Eq.
共3兲, the anisotropic NFEA. Consequently, the actual resolution of our experiment is a combination of the intrinsic
instrumental resolution and the strength of the 3D dispersion
that determines the separation between consecutive energy
levels.
Therefore, by including an effective mass anisotropy in
the NFEA, the probing surface in momentum space for
single photon energy ARPES experiments is correctly described accounting for the observed staircase structure due to
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