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We have measured three-dimensional momentum densities in Ba1−xKxBiO3 using Compton scattering,
where x=0.10 �insulating� and 0.37 �metallic�. The momentum densities reconstructed from experimental
Compton profiles exhibit significant differences between the metallic and insulating samples. The momentum
densities in the x=0.10 insulating sample are interpreted to represent the filled, polyhedral Brillouin zone for
fcc-type crystals, displaying a feature of the perfectly nested Fermi surface. The momentum densities in the
x=0.37 metallic sample resemble those predicted by band theory based on the local-density approximation, but
still show an unusual feature due to Fermi-surface nesting. Those features, which showed some signatures in
the two-dimensionally reconstructed data that we have previously reported, have been direct and compelling in
the three-dimensionally reconstructed data in this study.
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An energy spectrum of Compton-scattered x rays provides
the electron momentum-density distribution �n�p��, projected
onto the scattering vector, i.e., the Compton profile �CP�,
J�pz�.

J�pz� =� � n�p�dpxdpy , �1�

where pz is the momentum component along the scattering
vector.1 Each CP only provides one-dimensional �1D� infor-
mation. However, the original 3D �or quasi-2D� momentum
densities can be reconstructed from several CPs measured
along different crystallographic orientations. With the n�p�
reconstructed in the extended p space, one can obtain the
occupation density in reduced k space, Nk, and finally deter-
mine the Fermi surface �FS�, which is defined as the bound-
ary between occupied and unoccupied states. An advantage
of Compton scattering is that its application is not limited by
the quality of the sample or its surface, unlike other tech-
niques for FS studies.

Transport properties of solids are closely associated with
the FS geometry. Therefore, Compton scattering, in prin-
ciple, should reveal signatures of anomalies in conduction
properties, such as the metal-insulator transition, the super-
conducting transition, or the occurrence of a charge-density
wave �CDW�. Nevertheless, there are few reports that have
observed a clear evolution of momentum densities across
such a transition using Compton scattering. The main reason
is that only a few electrons near the FS are responsible for
those transitions and it is difficult for Compton scattering,
observing all the electrons in a sample, to detect such a small
difference. A successful example is our previous study, re-
porting on the evolution of the momentum density in
Ba1−xKxBiO3 across the metal to insulator transitions.2

The pseudocubic perovskites, Ba1−xKxBiO3, exhibit com-
plex electronic properties depending on the potassium
concentration.3 At x=0, the sample is an insulator having a
monoclinic structure with ordered distortions of the

breathing-mode type.4 The orthorhombic structure, having
disordered distortions, appears at x�0.10.5 Furthermore, at
x�0.30 the crystal transforms into a simple cubic �or
tetragonal6� structure, accompanied by an insulator-to-metal
transition. The metallic sample exhibits superconductivity at
a critical temperature as high as 31 K between x=0.30 and
x=0.40.7 At x�0.3, major parts of the FS match the nesting
condition, so that a stable insulating phase appears with a
Peierls gap of 1�2 eV.8 �The Peierls gap is a direct gap
while the minimum gap is given by an indirect gap of
�1 eV.� It is reported that this insulating phase is stabilized
by �bi�polarons.9–11

In the previous report, we obtained 2D momentum densi-
ties, which were projected onto the �001� plane, for the x
=0.13 and x=0.39 samples.2 The 2D momentum densities
exhibited evidence for the evolution of the FS. However,
some important information of the FSs, being 3D in the real
samples, was lost in the projection, which made intuitive
understanding difficult. In the present study, we have ob-
served a rigorous FS evolution by applying a 3D reconstruc-
tion method to new experimental data. Note that angle-
resolved photoemission spectroscopy, which is one of the
most sophisticated techniques for FS studies at present, is
applicable to the 3D mapping of the FS �e.g., Ref. 12� but the
actual applications are very rare because it is experimentally
very demanding. It is also noted that positron annihilation
experiment, sometimes used to determine 3D-FSs �e.g., Refs.
13 and 14�, is not very suitable for this kind of sample. That
is because the small distortion of the lattices can produce
many domains, which trap positrons at their boundaries. This
domain effect is also problematic for the de Haas van Alphen
experiment, which requires high-quality samples to detect FS
signals. Our present study demonstrates that it is possible to
investigate the evolution of momentum densities or FSs us-
ing Compton scattering across the metal-insulator transitions
or the occurrence of CDW in 3D systems as well as 1D or
2D ones.

The x=0.10 and x=0.37 single crystals, having a size of
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approximately 5 mm�vertical��3 mm�horizontal��1 mm
�thick�, were prepared by an electrochemical method.15,16 For
both crystals the �100� axis �in the cubic notation� was nor-
mal to the surface. The Compton-scattering experiments
were carried out with the Laue-type dispersion-compensating
spectrometer at ID15B, ESRF �France�.17 The incident pho-
ton energy was 88 keV, i.e., just below the K edge of Bi.
These high-energy x rays have a penetration depth larger
than 100 �m, probing real bulk properties. The resolution
varied between 0.12 and 0.18 atomic units �a.u.: 1 a.u.
=1.99�10−24 kg m s−1=1.89 Å−1�, depending on the sample
orientation. Ten CPs were measured along different direc-
tions in the irreducible wedge of the cubic Brillouin zone
�BZ� for both the x=0.10 and x=0.37 samples �see Fig. 1�,
and around 100 000 counts were accumulated in the peak
data channel �of bin size 0.02 a.u.� for each CP for half a day.
The experiments were carried out at room temperature.

The code developed by Fajardo et al. was used to correct
for multiple scattering,18 while the reconstructions were
made by the code of Tanaka et al.19 The occupation densities
�in k space� were obtained by folding the reconstructed mo-
mentum densities into the first cubic BZ based on the Lock-
Crisp-West method.20 It is shown in our previous report how
those procedures transform the data on similar samples. In
order to evaluate the propagation of statistical errors origi-
nating from the experimental data, we added artificial errors
on theoretical CPs using random numbers, corresponding to
the experimental statistical accuracies, and then carried out
the reconstruction. The difference between the reconstructed
momentum densities with and without errors provided the
error propagation.21

The full-potential linearized augmented plane-wave
�FLAPW� calculations based on the LDA band theory were
carried out for comparisons with the experimental data.23 For
the x=0.37 metallic phase, pseudoatoms having an atomic
number �Z� of 55.63 were placed at the Ba sites. The calcu-
lated band structure and the FS topology agreed well with
those obtained by the Korringa-Kohn-Rostoker coherent po-
tential approximation method used by Ref. 22. On the other
hand, from our previous study we already know that the
experimentally observed momentum densities in the insulat-
ing phase are well explained by the filled, polyhedral BZ due
to the perfect nesting of the FS. The momentum densities in
the insulating phase were calculated in the cubic 2�2�2
superlattice at x=0.0. A displacement of oxygen in the
breathing-mode type �0.13 Å� slightly larger than the real
one �0.09 Å� was necessary to stabilize the insulating phase
without tilts of the BiO6 octahedron.

Figure 2 shows the occupation densities �Nks�, obtained

from the reconstruction method and the LCW folding, in the
cubic BZ. Slices at kz=0,0.5� /a ,� /a are shown for the x
=0.37 and x=0.10 samples, where a is the lattice parameter.
The right side of each panel shows experimental Nk while the
left side shows the LDA theoretical Nk. For precise compari-
sons, the theoretical momentum densities were first con-
verted to directional CPs, which were then reconstructed and
folded in a similar approach to the experimental data. Here,
the broadening effect due to the experimental resolution is
included in the Fourier filtering functions during the recon-
struction. It is generally a delicate procedure to determine the
FS from momentum densities. Since the FS is defined as a
discontinuous surface of the Nk, the derivative of the Nk can
in principle be used to determine the FS. �For insulators, the
derivatives should provide the surface corresponding to BZ
boundaries.� However, it is pointed out that the derivative

FIG. 1. Stereograph displaying the axes where CPs were mea-
sured �Pz�.

FIG. 2. �Color online� Slices of the occupation densities for x
=0.37 ��a�, �b�, and �c�� and for x=0.10 �0.0� ��e�, �f�, and �g��.
Broken lines in each panel show the boundaries between occupied
and unoccupied states, determined from the electron filling, 1−x.
They correspond to the FS and the BZ boundary in the metallic and
the insulating samples, respectively. �d� and �h� are the momentum
densities on the �001� planes in extended zones �before folding�,
where isotropic components are subtracted.
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does not always provide the correct FS, unless the momen-
tum resolution is very high compared with the size of the FS
or BZ.19 In fact, we found an unrealistically large FS for the
x=0.37 sample when we employed this approach. Since the
experimental resolution achievable was about 0.1 a.u. �13%
of the BZ�, we have determined the FS by applying the fol-
lowing procedure. We calculated the volume inside various
isodensity surfaces of the occupation densities, and deter-
mined the FS or the boundary between occupied and unoc-
cupied states as the isodensity surface in which the volume
coincided with the number of conduction electrons, i.e., 0.63
�x=0.37� or 0.9 �x=0.10�. This analysis is based on Lutting-
er’s theorem, which states that the volume inside the FS is
invariant even for correlated electrons. When we applied this
procedure to the density reconstructed from theoretical CPs
for x=0.37, the obtained FS agreed with the original FS
within an accuracy of a few percent. Even though this is not
an exact procedure, such accuracy is sufficient to observe the
main features of the FS nesting, which is the central issue in
this study. The determined boundaries between occupied and
unoccupied states are shown with the broken lines in the
contour maps of Fig. 2.

Figure 3 shows the 3D representations of the boundary
surfaces between occupied and unoccupied states. The evo-
lution of the FS is clearly seen across the metal-insulator
transition. The FS nesting in the x=0.10 insulating sample is
directly visible. The x=0.10 data exhibit a similar topology
as the BZ for fcc crystals resulting from perfect nesting.
Here, we have used an electron filling of 0.9 to determine the
boundary surface from the x=0.10 experimental data �Fig.
3�c��. Its geometry appears even more similar to Fig. 3�d� if
the filling of 1.0 is assumed �not shown�.

Even though the LDA apparently fails to reproduce the
insulating phase for x=0.10, it may nevertheless be interest-
ing to consider its predicted FS. This complements the com-
parison between the experimental data for x=0.10 �Fig. 3�c��
and the LDA result for x=0.0 �Fig. 3�d��. Figures 3�e� and
3�f� show the x=0.10 LDA-FS, where the holes are doped by
pseudoatoms having Z=55.9. The LDA predicts the appear-
ance of hole pockets around the X points in the BZ �see Fig.
3�e��. These hole pockets are not well resolved after the re-
construction �because of the Fourier filtering that introduces
a broadening comparable with the experimental resolution�,
but they manifest themselves as significantly reduced necks
�Fig. 3�f��. The fact that the x=0.10 experimental data are
explained well by the LDA for x=0.0, rather than that for
x=0.10, reconfirms the disappearance of the hole pocket
with decreasing potassium concentration.

In fact, a nesting feature is also discernible in the experi-
mental data for the x=0.37 metallic sample �Fig. 3�a��. The
FS touches the �111� zone boundary planes, showing a weak
nesting feature at the L points. Therefore, the cubiclike FS
that is predicted by the LDA is not seen in the experimental
FS. In our previous report, the 2D occupation density pro-
jected onto the �001� plane exhibited an unusual feature at
�0.5� /a ,0.5� /a�. The present data show direct evidence of
the nesting feature at the L points �0.5� /a ,0.5� /a ,0.5� /a�
in the BZ.

One of the central issues in the insulating phase is the
behavior of the doped holes. A reasonable prediction for this

is provided by the �bi�polaron model of Bischofs et al.9 In
this model, the doped holes become localized �bi�polarons
because the movement of the holes changes the valence
number of the Bi atoms, leading to the expansion �contrac-
tion� of the BiO6 octahedron; this model is compatible with
our data. The boundary surface between occupied and unoc-
cupied states in the x=0.10 experimental data resembles that
of the x=0.0 LDA as if the doped holes had disappeared, as
already discussed. Localized charges, such as heavy po-
larons, can escape from the detection of Compton scattering
because they have a broad distribution in momentum
space.24

Another prominent difference between theory and experi-
ment is the high occupation density around the M points in
the x=0.10 experimental data �Fig. 2�e��, which arises from
the low contrast of the occupation densities in the �001�
plane. This is not very surprising. It is well known that elec-
tron correlation can transfer some electrons from inside a FS
�the first BZ for fcc crystals, in this case� to the outside. In

FIG. 3. �Color online� 3D representations of the boundary sur-
faces between occupied and unoccupied states, determined from the
electron filling, 1−x. The LDA provides an insulating phase for the
x=0.0 superlattice �d�, so that the boundary surface corresponds to
the BZ for fcc crystals �solid lines in �e��.
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addition to this, the Ba/K disorder effect, which is not taken
into account in our calculation, might also be significant.
Since Ba and K significantly differ in charge and mass, the
lattice periodicity could be strongly disturbed.6

In summary, we have measured the electron momentum
distributions in Ba1−xKxBiO3, where x=0.10 �insulating� and
x=0.37 �metallic�, using Compton scattering. The 3D mo-
mentum densities reconstructed from the Compton profiles
exhibited a significant evolution across the insulator-metal
transitions. The boundary surface between occupied and un-
occupied states, determined in the x=0.10 experimental data,
agreed well with the topology of the Brillouin zone for fcc
crystals as the LDA band theory provided for x=0.0. This
represents the feature of a perfectly nested Fermi surface,

suggesting the disappearance of the hole pockets that are
predicted by the theory to be around the X points in the
Brillouin zone. The experimentally determined Fermi surface
for the x=0.37 sample resembled that of the LDA band
theory. However, a weak nesting feature of the Fermi surface
was observed near the L points. Although these conclusions
are basically the same as those of our previous report, in this
study they have been directly visible and compelling.
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