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We have observed the bulk Fermi surface (FS) in an overdoped (x=0.3) single crystal of
La2−xSrxCuO4 by using Compton scattering. A 2-D momentum density reconstruction from mea-
sured Compton profiles yields a clear FS signature in the third Brillouin zone along [100]. The
quantitative agreement between density functional theory (DFT) calculations and momentum den-
sity experiment suggests that Fermi-liquid physics is restored in the overdoped regime. In particular
the predicted FS topology is found to be in good accord with the corresponding experimental data.
We find similar quantitative agreement between the measured 2D angular correlation of positron
annihilation radiation (2D-ACAR) spectra and the DFT based computations. However, 2D-ACAR
does not give such a clear signature of the FS in the extended momentum space in either the theory
or the experiment.

PACS numbers: 74.72-h, 78.70.Ck, 78.70.Bj, 71.10.Ay

I. INTRODUCTION

High temperature cuprate superconductors1,2 such as
La2−xSrxCuO4 (LSCO) show interesting Mott insulator
behavior3,4 at low doping x while at high doping these
materials display Fermi liquid properties.1,5,6 This fas-
cinating phase diagram is complicated by the presence
of various inhomogeneities such as stripe ordering7 and
possible clustering of dopants.8 Many models of the over-
doped metallic phase have been put forward, some gen-
eralizing the concept of the Fermi liquid, while others at-
tempt to use Hubbard or t-J models. In this context, it is
important to investigate the electron momentum density
of these materials, which, when compared to predictions
of theoretical models, can give an indication of their cor-
rectness or applicability.

Insight into the evolution of electronic states can be
obtained via Fermi surface (FS) measurements in various
doping regimes. Experimental FS work on the cuprates
has to date been limited mainly to angle-resolved pho-
toemission (ARPES),1,2 quantum oscillations (QO),9

and scanning tunneling spectroscopies (STS).10 However,
ARPES11 and STS12 are surface sensitive probes. Al-
though QO measurements probe the bulk, they provide
only FS areas without giving information on the loca-
tion of the FSs in momentum space. Furthermore QO
require long mean free paths and large magnetic fields
which could alter the ground state. For underdoped sam-

ples there is evidence of FSs distorted from Local Density
Approximation (LDA) based band structure predictions,
involving arcs or pockets, but as doping is increased it
appears that a large, LDA-like FS becomes manifest as
the pseudogap collapses near optimal doping. For an
overdoped Tl-cuprate, the FS has been found to be large
and closed around (π, π),13 suggesting that the Van Hove
singularity (vHS) still lies below the Fermi energy EF in
good agreement with LDA calculations.14

These considerations provide motivation for deploying
genuinely bulk sensitive spectroscopies for FS measure-
ments in the cuprates. Two such spectroscopies, which
have been used extensively for this purpose, are high-
resolution Compton scattering15,16 and two-dimensional
angular correlation of positron annihilation radiation
(2D-ACAR).17–19 Compton scattering probes the mo-
mentum density of the many-body electronic ground
state of the system and is insensitive to the presence
of defects or surfaces in the sample.20 2D-ACAR also
probes the bulk momentum density, but its interpreta-
tion can be complicated by positron spatial distribution
effects.21–23 On the other hand, the Compton scattering
technique requires large single crystals of materials hav-
ing atoms with high atomic numbers (Z ∼ 30), as is the
case for all cuprates, but it suffers from the problem of a
relatively low signal from valence electrons sitting on the
large background contribution from the core electrons.

With this background, the present article reports a
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study of the FS and electron momentum density (EMD)
of an overdoped single crystal of La2−xSrxCuO4 (LSCO)
for the hole doping level x=0.3. Compton scattering
and 2D-ACAR experiments have been carried out on the
same LSCO sample, and the results are analyzed through
parallel computations of the FS, the EMD as well as the
electron-positron momentum density within the frame-
work of DFT. The conventional picture of the metallic
state based on Landau Fermi liquid theory is expected
to become increasingly viable with doping as the system
becomes more weakly correlated, even though the physics
of the cuprates is generally dominated by deviations from
such a simple picture of electronic states. For this reason,
the overdoped LSCO provides a good starting system for
investigating the fermiology of the cuprates.
To our knowledge, this is the first attempt to study

the FS of LSCO using high-resolution Compton scatter-
ing experiments, although earlier Compton studies have
provided some insight into the ground-state momentum
density and electron correlation effects in LSCO.24,25 The
2D-ACAR experiments, on the other hand, have been de-
ployed successfully by several groups in the past for de-
lineating the FSs of the cuprates in a number of favorable
cases.21

Here, by measuring a series of high resolution Comp-
ton profiles, we reconstruct the 2D momentum density in
overdoped LSCO and identify a clear signature of the FS
in the third Brillouin zone. Moreover, the DFT-based
theoretical EMD is found to be in quantitative accord
with the Compton scattering results, indicating that the
ground state wavefunction in the overdoped system is
well-described by the weakly correlated DFT picture. We
have also found a quantitative level of agreement be-
tween the measured and computed 2D-ACAR spectra.
However, the 2D-ACAR spectra do not reveal clear FS
signatures due to the well-known positron spatial distri-
bution effects, which can make the positron insensitive
to electrons in the Cu-O planes.
The remainder of this article is organized as fol-

lows. Section II describes experimental details of sam-
ple preparation and of Compton scattering and positron-
annihilation experiments. Section III provides technical
details of our DFT-based EMD, FS and electron-positron
momentum density computations. Section IV discusses
momentum density anisotropy results, while Sec. V con-
siders the FS determination. The article concludes with
a summary of the results in Sec. VI.

II. EXPERIMENTS

The heavily overdoped single crystal (x = 0.30) was
grown by the traveling solvent floating zone method. For
this purpose, a powder sample was first synthesized by
the conventional solid state reaction method. It was then
shaped into feed rods under hydrostatic pressure and sin-
tered at 1173 K for 12 hours, and at 1423 K for an addi-
tional 10 hours. In this process, excess CuO of 2 mol%

was added to the feed rods to compensate for the evapo-
ration of CuO during the high temperature process. The
grown crystal was subsequently annealed under an oxy-
gen pressure of 3 atm at 1173 K for 100 hours. SQUID
measurements, using MPMS-XL5HG (Quantum Design,
Inc.), showed no superconductivity down to 2 K. Neutron
diffraction studies indicated that the crystal is tetragonal
(I4/mmm) down to the lowest temperature. The crystal
was also characterized by other experiments.26–28

We have measured 10 Compton profiles with scatter-
ing vectors equally spaced between the [100] and [110]
directions using the Cauchois-type x-ray spectrometer at
the BL08W beamline of SPring-8.29 All measurements
were carried out at room temperature. The overall
momentum resolution is estimated to be 0.13 a.u.
full-width-at-half-maximum (FWHM). The incident
x-ray energy was 115 keV and the scattering angle was
2.88 rad. Approximately 5×105 counts in total were
collected at the Compton peak channel, and two inde-
pendent measurements were performed in order to check
the results. Each Compton profile was corrected for
absorption, analyzer and detector efficiencies, scattering
cross section, possible double scattering contributions,
and x-ray background. The core-electron contribu-
tions were subtracted from each Compton profile. A
two-dimensional momentum density, representing a
projection of the three-dimensional momentum density
onto the (ab)-plane, was reconstructed from each set of
ten Compton profiles using the direct Fourier transform
method.30

The 2D-ACAR was measured using the Delft Univer-
sity 2D-ACAR spectrometer31 with a conventional 22Na
positron source. The data were taken at a tempera-
ture of about T=70K. To correct for the sample shape
(5.7 × 3.5 × 4.5 mm3) the data were convoluted with a
gaussian of FWHM of 0.1 channel in the x direction and
1.7 channels in the y direction (along which the positrons
impinge on the sample), where 1 channel corresponds
to 0.184 mrad. The total resolution is 1.0 × 1.0 mrad2

FWHM (1 mrad = 0.137 a.u). The total number of coin-
cidences collected is 76.3×106 and the maximum number
of coincidences at the center is 16.7× 103 counts.
The effects of superconductivity on the 2D-ACAR as

well as Compton spectra32 are expected to be below the
resolution of the current experiments. For this reason, we
have not carried out experiments on the superconducting
state in connection with the present study.

III. CALCULATIONS

Our electronic structure calculations are based on the
LDA within the framework of the DFT. An all-electron
fully charge-self-consistent semi-relativistic Korringa-
Kohn-Rostoker (KKR) methodology was used.33 The
crystal structure of LSCO was taken to be body-centered
tetragonal (BCT) with space group I4/mmm (139) us-
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ing lattice parameters a and c given in Ref. 34. A non-
spinpolarized calculation neglecting the magnetic struc-
ture was performed. Self-consistency was obtained for
x = 0 and the effect of doping was treated within a rigid
band model by shifting the Fermi energy to accommo-
date the proper number of electrons.35–37 The results are
in good agreement with other calculations.38 The formal-
ism for computing momentum density, ρ(p), is discussed
in Refs. 39–42. The EMD is calculated according to the
formula

ρ(p) =
∑

i ni(k) |
∫

exp(−ip.r)ψi(r)dr |2
(1)

and the ACAR spectrum is computed as

ρ2γ(p) =
∑

i ni(k) |
∫

exp(−ip.r)ψi(r)φ+(r)dr |2,
(2)

where ψi denotes the electronic wave function, φ+ the
positron wavefunction, and p = k + G with G a recip-
rocal lattice vector. ni(k) is the occupation function43

which in the independent particle model equals 1 if the
electron state i is occupied and 0 when it is empty, and
the summation extends over the occupied k states. In
the ρ2γ(p) calculation, we have neglected the enhance-
ment factor for the annihilation rate.44 The inclusion of
enhancement effects is crucial for the calculation of life-
times but is well-known22,45 to be not very important for
discussing questions of bonding and FS signals in mo-
mentum density. The momentum densities are calcu-
lated on a momentum mesh with step (δpx, δpy, δpz) =
2π(1/32a, 1/32a, 1/4c). The momentum is expressed in
atomic units defined by 1/a0 where a0 is the Bohr ra-
dius. The calculations include contributions from both
the filled valence bands and the conduction-band which
gives rise to the FS in LSCO. To study the electronic
structure of the system, we consider two quantities of in-
terest, 2D-EMD and 1D-EMD, which are the projection
of EMD in 2D and 1D, respectively, given by:

ρ2d(px, py) =

∫

ρ(p)dpz (3)

and

ρ1d(px) =

∫ ∫

ρ(p)dpydpz . (4)

The calculated band structure of LSCO (x = 0.3) near
the Fermi level is illustrated in Fig. 1(a). The band
closest to the Fermi level is shown by the red dotted
curve. This CuO2 energy band is dominated by copper-
oxygen dx2−y2 − px,y orbitals. The present calculation
for x=0.3 predicts that the vHS is above the Fermi en-
ergy, so the FS has a diamond shape closed around the
Γ point. Fig. 1(b) shows the 2D momentum density con-
tribution of the x2 − y2 band, ρ2d

x2−y2(px, py), together

with the FS sections at (kz = 0) for the doping level
x = 0.3 mapped periodically throughout the momentum

FIG. 1: (Color online) (a) Band structure of LSCO near the
Fermi level. The CuO2 band is shown as a red dotted line.
(b) Calculated ρ2dx2

−y2(px, py) is shown together with the FS

sections at (kz = 0) for the doping level x = 0.3. The color
scale is in units of ρ2d(0,0). The grid represents Brillouin
zones with a size of 2π/a, where a is the lattice constant.

space. The Brillouin zones are visualized in the figure
by a grid of 2π/a, where a is the lattice constant. The
momentum density acts as a matrix element on the FS
map. Thus, since ρ2dx2−y2(px, py) has strong amplitudes
in the third Brillouin zones, the FS could be more easily
detected there.

The positron annihilation and Compton scattering ex-
periments probe all the electrons in the system. However,
core and semi-core electrons give isotropic distributions
while the anisotropy of the spectra is produced by elec-
trons near the Fermi energy. Therefore, we can concen-
trate on analyzing the residual anisotropy after subtrac-
tion of the isotropic part. We consider an anisotropy with
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FIG. 2: (color online) Theoretical and experimental profiles
ρ1d(px) for (a) ACAR and (b) Compton scattering along the
[100] direction. All spectra are normalized to ρ1d(0).

C4v symmetry, given by46:

A2d
C4v

(px, py) = ρ2d(px, py)− ρ2d(
px+py√

2
,
px−py√

2
).

(5)

In order to enhance FS signals, it is also possible to cal-
culate another anisotropy obtained by subtraction of a
smooth cylindrical average of the distribution ρ2d(px, py)
defined by

A2d(px, py) = ρ2d(px, py)− S(
√

p2x + p2y), (6)

where S is a smoothed cylindrical average of ρ, in which
the original spectrum is averaged over rotation angles
from 0◦ to 45◦ in steps of 1◦.

IV. MOMENTUM DENSITY ANISOTROPY

We start by comparing the experimental 1D profiles
based on Compton scattering and ACAR measurements
with the corresponding theoretical predictions. Fig. 2
shows a good level of accord between theory and exper-
iment, especially for the Compton results. Further in-
sight is gained by considering the 1D-projection of the
anisotropy of Eq. 5 given by

A1d(px) =

∫ pb

pa

A2d
C4v

(px, py)dpy , (7)

where ∆p = pb − pa is the momentum range over which
the projection is taken.47 The profile A1d(px), shown in
Fig. 3, is also equal to the difference of profiles20 between
two crystallographic directions [100] - [110] and it can be
compared to a similar Compton profile anisotropy mea-
sured by Shukla et al. at a lower hole doping.48 The
amplitude of the theory is the same as that in the ex-
periment, while in Ref. 48 the theoretical A1d(px) had
to be scaled down by a factor of 1.4 to obtain agreement
with experiment. We note that theory predicts that the
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FIG. 3: (color online) Theoretical and experimental A1d(px)
for (a) ACAR and (b) Compton scattering

main contribution of correlation effects is an isotropic
redistribution of the momentum density,49 so that the
amplitudes of oscillation in A1d(px) become significantly
reduced in the strongly correlated system. Hence our
quantitative agreement between theory and experiment
suggests that the x = 0.30 doped regime is consistent
with Fermi liquid physics and that correlation effects
modifying the anisotropy48,50 are relatively weak.

In order to focus on the Cu-O band contribution,
Fig. 4 presents the 2D C4v anisotropy distributions in
the (px, py) plane for positron annihilation and Comp-
ton scattering spectra, respectively.51 The anisotropy of
the ACAR51 in Fig. 4 can be modeled by a molecular
orbital method52 involving the overlap of the positron
wavefunction with Cu 3d states hybridized with O 2p
states. For an atomic orbital, the momentum density has
the same point symmetry as the corresponding charge
density. This result carries over to molecular states52

and is equally applicable to solid-state wave functions.53

The Compton scattering anisotropy maps are very sim-
ilar overall to the positron-annihilation results, except
that the Compton spectra extend to significantly higher
momenta. This is expected since in the ACAR case the
tendency of the positron to avoid positively charged ionic
cores has the effect of suppressing higher momentum
components of the EMD produced by the core and the
localized valence electrons. Figure 4 clearly shows that
the theory reproduces most of the structure observed in
the measured Compton as well as positron-annihilation
distributions, including the momenta at which various
features are located. The fourfold symmetry of the spec-
tra is a consequence of the symmetry of the underlying
body-centered tetragonal lattice.

Therefore, an important finding of our work is that
the correlations that ordinarily reduce the Compton
anisotropy amplitudes are no longer effective at this dop-
ing. Similar Fermi liquid behavior has been reported
in studies of overdoped Tl-cuprates.1,5,6 Moreover, the
trend of the weakening of correlation effects with dop-
ing is also consistent with the changes observed in x-ray
absorption54,55 and photoelectron spectroscopies.56
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V. FERMI SURFACE RESULTS

We comment briefly on the positron results first. Al-
though the electron-positron momentum density mea-
sured in a positron-annihilation experiment contains FS
signatures, the amplitude of such signatures is controlled
by the extent to which the positron wavefunction over-
laps with the states at the Fermi energy. Fig. 5 shows
the positron density distribution in a planar section of
the LSCO unit cell. As in the calculation by Blandin
et al.

22, our result indicates that the positron does not
probe well the FS contribution of the Cu-O planes in
LSCO. Moreover, positron-annihilation favors FS contri-
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FIG. 5: (color online) Positron density for LSCO in the (010)
plane. The positron wave-function is normalized in the LSCO
unit cell and a logarithmic density scale (with integer numbers
as units) is used in order to enhance regions with low positron
density. The atomic positions (La, Cu, O) set the scale for
the x and y axes.

butions involving O 2p rather than Cu 3d states because
the positron wavefunction overlaps more with extended
O 2p states compared to the more tightly bound Cu 3d
states.
Indeed, we see little evidence of FS signatures in either

the computed or the measured ACAR distributions of
Fig.3 (a). A more favorable case for the 2D-ACAR distri-
bution is provided by the YBa2Cu3O7 cuprate supercon-
ductor, where the 1-dimensional ridge FS has a two-fold
symmetry which distinguishes it from important four-
fold symmetry wave function effects.57,58 On the other
hand, the Compton scattering calculation reveals a clear
Fermi surface feature near a momentum (1.5, 1.5) a.u.,
and equivalent positions, Fig. 4(b). Strikingly, a similar
feature is seen in the experimental spectrum on the left-
side of the figure. To see this more clearly, we apply a
Lock-Crisp-West folding procedure, Fig. 6.
The Lock-Crisp-West (LCW) theorem59 can be used

both in Compton scattering 2D-EMD and in the case
of 2D-ACAR data to study the non isotropic features of
the momentum density by folding the data into a single
central Brillouin zone. This technique can enhance FS
discontinuities (‘breaks’) by coherently superposing the
umklapp terms.22 However, the LCW folding can also ar-
tificially enhance errors in the experimental data.14 Thus,
to more clearly expose FS features in the data, we con-
sider the cylindrical anisotropy defined by Eq. 6. Since
the subtracted function is smooth and slowly varying this
procedure does not contribute to, nor create, new struc-
tures in the spectrum remaining after subtraction.
Figure 6 (a) shows the cylindrical anisotropy of the

theoretical 2D-EMD spectrum. The momentum density
is represented in the extended zone scheme. Because the
FS is periodic, a complete FS must exist in each Bril-
louin zone, but with its intensity modulated by matrix
element effects, as in Fig. 1(b). For a predominantly
d-wave FS, the matrix elements effects will strongly sup-
press spectral weight near Γ, so the FS breaks are most
clearly seen in higher Brillouin zones. These FS breaks
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is in units of ρ2d(0,0).

appear superimposed on the momentum density in the
form of discontinuities which can occur in any Brillouin
zone. In Fig.6 (a), the Fermi surface breaks are the re-
gions where the contours run closely together so that
the electron momentum density varies rapidly at these
locations. Fig.6 (a) shows the calculated Fermi breaks
in several Brillouin zones. In particular, in the third
zones framed with blue squares, the arc-like features are
theoretically predicted FSs associated with Cu-O planes.
Due to the tetragonal symmetry, a rotation of the spec-
trum by π/2 will generate symmetry-related regions (blue
squares) with equivalent strong FS features. These re-
gions are isolated in Fig.6 (b). By performing a ‘partial
folding’, that is, folding only these regions back into the
first Brillouin zone, we produce a full FS, where strong

matrix element effects are substantially circumvented.
The resulting FS map is shown in the center of Fig.6 (b),
and again on a larger scale in Fig.7 (a). Applying the
same procedure to other Brillouin zone regions produces
similar results. For instance, the four regions along the
diagonal neighboring the central region can also yield full
FS information, but here it is superimposed on strong
momentum density features.
In Figure 7 we compare the theoretical FS obtained via

the aforementioned ‘partial folding’ procedure to the cor-
responding experimental result. Fig.7 (a) shows that the
partial backfolding technique produces the FS of correct
size and topology. The same procedure when applied to
the experimental spectrum yields results of Fig.7 (d). To
compare with theory, we have convoluted the spectrum
in Fig.7(a) with 0.07 a.u and 0.13 a.u. resolutions, lead-
ing to the distributions of Figs.7 (b) and (c) respectively.
The latter is close to the actual experimental resolution
used in this work.
By comparing the four frames in Fig. 7, one can see

that the experimental spectrum in Fig. 7 (d) shows FS
structures consistent with the LDA theory shown in
Fig. 7 (a). Clearly the FS discontinuity along the nodal
direction is smeared when including resolution broaden-
ing as shown in Fig.7 (b) and Fig7 (c ). The best over-
all agreement between theory and experiment lies be-
tween Fig. 7 (b) and Fig7 (c ). This is also confirmed
by the cuts taken along the nodal direction plotted in
Fig.8. The remaining discrepancy between experiment
and theory could result from intrinsic or extrinsic inho-
mogeneity effects such as the appearance of local ferro-
magnetic clusters about concentrated regions of dopant
atoms,8 which have been neglected in the present simu-
lations. Our conclusion is that the closed FS for x = 0.30
predicted by our LDA calculation is consistent both with
the present Compton scattering data and with surface-
sensitive ARPES results.60

VI. CONCLUSIONS

We have performed momentum density measurements
on a high quality overdoped LSCO sample using both
Compton scattering and 2D-ACAR. First principles
calculations were also performed for the corresponding
spectra. The quantitative agreement between the calcu-
lations and the experiment for ACAR as well as EMD
anisotropies suggests that x = 0.3 overdoped LSCO
can be explained within the conventional Fermi-liquid
theory. Nevertheless, a FS signal was only clearly
observed by Compton scattering in the third Brillouin
zone along [100]. Our FS analysis confirms previous
ARPES FS measurements60 showing an electron-like FS
in the overdoped regime. This validation is important
since we provide via deep inelastic x-ray scattering
experiments a truly bulk-sensitive image of momentum
density maps of electrons near the Femi level. In general,
this momentum density information is difficult to extract
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resolution 0.07 a.u.. (c) Theory convoluted with experimental
resolution 0.13 a.u.; (d) Experiment. The white color corre-
sponds to a weight of unity (occupied) while the black color
corresponds to zero (unoccupied).

from ARPES experiments due to difficulties associated
with matrix element effects and the well-known surface
sensitivity of ARPES.
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is the convoluted theory with a resolution 0.13 a.u. and the
fourth curve is the experimental data.
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