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Fermi surface nesting in Bg_,K,BiO; observed by Compton profile measurement
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Compton profiles of Ba,K,BiO5; have been measured, whete0.13 and 0.39, to elucidate the relation
between the Fermi surface and the metal-insulator transition. The two-dimensional momentum densities, re-
constructed from several directional Compton profiles, are compared with those calculated by band theory. The
momentum density of the=0.39 metallic sample is explained by the predicted Fermi surface, except for one
minor difference. Whereas, that of tlhe0.13 insulating sample is simply reproduced by the geometry of the
fce-type Brillouin zone, suggesting the disappearance of the Fermi surface at the zone boundaries due to
nesting. This result validates the interpretation that the insulating behavior of this system originates from the
charge density wave instability.
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[. INTRODUCTION experiment®) was conducted using the positron angular cor-
relation of annihilation radiatiotACAR).2* However, it re-
The perovskite-type bismuth oxide, BgK,BiO3, shows ports only for one sample, whexe=0.4, therefore it is diffi-
a complicated behavior dependent on the concentration afult to find any relation between CDWor the metal-
the potassium atonis’ Basically, the crystal structure is al- insulator transitiopnand FS. It should be noted that ACAR is
ways (pseudo} cubic. However, it is slightly distorted with also sometimes limited by the sample quality.
various tilts and rotations of the Bictahedra as a function An energy spectrum of Compton scattered x rays provides
of x. At x=0, it is a monoclinic crystal, which possesses theinformation about the electron momentum density distribu-
ordered breathing-type distortidrd. It transforms to an tion, projected onto the scattering vector, i.e., Compton pro-
orthorhombic structure ax~ 0.1, showing the disordered file (CP), J(p,) (see, e.g., Ref. 32
distortion of the same type. It then transforms again to a
simple cubic(sg structure atx~0.3. Furthermore, it has
recently been confirmed that the cubic phase also gradually J(py) = f f n(p)dpdpy, (1)
transforms to a tetragonal structure with decreasing
temperaturé=’ Around this criticalx (of ~0.3), where the
orthorhombic-cubittetragonal structural transition happens, wherep, is the momentum component along the scattering
the sample shows the insulator-metal transitiorsulating  vector, andh(p) is the momentum density. The FS is defined
—metallic, with increasingk). Just after this transition, it as the boundary between occupied and unoccupied states in
shows superconductivity with the highest critical tempera-momentum space. Therefore, one can extract information
ture (T, of 31 K, and T, goes down with increasing.?®  about the FS by analyzing the momentum density distribu-
Finally it reaches the solubility limit ok~ 0.5. It is widely  tion. The advantage of this method is that, due to the large
believed that the insulator—metal transitionxat 0.3 is due  x-ray penetration depth of 100—10@0n in a sample, it is
to the charge density wau€DW) instability on the Fermi  not limited by the sample quality and it probes the bulk.
surface (FS). In order to verify this model, numerous Furthermore, Compton scattering detects FS signals at any
experimentdi7%-11 and theoreticdf1° studies have been pointin the momentum space, even beyond the first Brillouin
carried out. In order to be able to discuss the CDW, knowl-zone(BZ), as well as the ACAR. The integration of the mo-
edge of the FS is essential. Nevertheless, experimental elsentum density along thp, and p, axes makes intuitive
cidation for the FS is apparently insufficient for this material. understanding difficult. However, the three-dimensiq3al)
In principle, it is possible to investigate the FS evolution momentum densityn(p), or the (projected 2D momentum
as a function ofx, using de Haas van Alphen experimentsdensity can be determined by a numerical reconstruction
and/or angle resolved photoemission spectroscopy, which areethod with the several directional CRge Sec. Il In this
well established methods for FS studies. However, there arstudy, we have obtained the projected 2D momentum densi-
no reports of such a study of this material until now. Theties on the(001) plane using the 2D reconstruction method
reason that these experiments have not been reported is prdbem several directional CPs for BgKg3BiO; and
ably the intrinsic difficulty in the preparation of perfect crys- Ba, s K 1BiO3. Based on a comparison with a theory, which
tals and clean surfaces for these types of materials, caused hgs previously been reported, we conclude that the obtained
the doping atoms. The only experiment associated with F&lectron momentum density distributions represent the FS
study (except for a preliminary de Haas van Alphen nesting.
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FIG. 1. (a) Raw spectra ok=0.39 andx=0.13 samplegsolid lineg. Contributions of core electronshick, solid line, the multiple
(double +triple scattering componentbroken ling, and the backgroun@lotted ling are shown only for th&=0.39 sample along tH&.00]
axis. Spectra are shifted, in tlyedirection, from the previous spectrum by 20 000 coutiisAnisotropic components of CP3;-J,,, where
J,y are the average of 4 CPs on each sample. Spectra are shifted yhtlitleetion, from the previous spectrum by 0.5. Error bars represent
the statistical accuracy. Discernible signals are marked by arfepv&xperimental geometry. Bi-O bonding directions are taken €<0).
(d) Geometries of the first BZs in the nondistorted phes#id lineg and the distorted phadgray surfaces

[l. EXPERIMENTS and 15° in Fig. 1c)] after confirming their identity. By
The samples, typically having a size 6f2% mm?, were adopting the 2D reconstruction instead of the 3D one, the
prepared by the electrochemical meti#éd* The Compton number of CP.S can be reduced-+aN W'Fh a_5|m|lar accu-
scattering experiments were carried out with a dispersiont[ﬁgy’ évgerfe'\lcésngt]ﬁj&?omnberwﬂngP?t Wrs],'[ﬁlh Isrgt\a/icdeesssarr}i/cwr
compensation type spectroméfenn ID15B at the European information?® The ~100 dOO counts were achl)JmuIated at the
Synchrotron Radiation Facility. An incident photon energy Ofpeak of CP.s in a bin 0f-0.025 atomic unitga.u.: 1 a.u.
88.3 keV was chosen, Wh_ich is just b_elow tkeedge of Bi. 21 ggx 10724 kg m s1) for each(summedl CP. The momen-
The beam size was (vertica) X 2(horizonta) mm?. In o= ym resolution varied between 0.10 and 0.14 a.u. depending
der to obtain a higher count rate, the two crystals, whos@n the sample orientation. The double and triple scattering
orientations were verified by Laue photographs, were posicontributions were evaluated to be 7.18% and 0.46% using
tioned vertically. Since the sample is expected to have a 3Dthe program developed by Fajardbal?’
FS, the 3D reconstruction is the best method. It is clear that Figure 1a) shows the raw spectra along with contribu-
the more directional CPs would be better for the reconstructions from the core electroff the multiple scattering and the
tion procedure. However, it is also necessary to take a longackground. Here, Bas)%-(4p)®, K(15)%(3p)®, Bi(1ls)?
exposure time for one directional CP so as to improve statis:(5d)10 and (1s)? electrons are regarded as the core elec-
tical accuracy to detect small FS signals. A compromise Mus{ons, |t is typical for Compton scattering to observe almost
be made in order to reach a meaningful conclusion. As fofsqtropic spectra, showing no prominent structures. The most
Ba, K,BiO3, the angular dispersions of the FSs are exhopular way to make valence or conduction contributions
pected to be small, while the FS signals are anticipated to bggiple is to take the difference between two spectra mea-
very weak, due to very small numbers of electré@@$1 and  gyred along different crystal orientations. This exhibits aniso-
0.87 per unit ce)l which are relevant to the FS, compared t0 yopic contributions from valence and/or conduction elec-
the total electron number€l48.57 and 158.19 We mea-  {rons. Figure (b) shows the anisotropies of the CRs;J,,
sured 7 directional CPs betweghl0] and[110] for the 2D  whereJ,, are obtained by averaging 4 CPs for each sample.
reconstruction on théd01) plane, and then summed the two There are several discernible structures onlthd,, (marked
equivalent directional CPs in the sc representdtéog., —15° by arrows in the figure The two samples show similar be-
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haviors to each other. The=0.13 sample shows a smaller
anisotropy than th&=0.39 sample on the 15° and 45° spec-
tra, while it shows larger anisotropy on the 30° spectrum.
Even though we find the-dependent, anisotropic compo-
nents of CPs, it is difficult to discuss the FS evolution be-
cause:(i) the origins of these signals are unclear due to the
double integral of the momentum densjfyq. (1)], and (ii)

the anisotropies can arise from the other contributions, e.g.,
bonding orbitals between Ba, K) and O atoms; as well

as the FS geometry. It was also tried to take the difference
between the CPs of the=0.13 sample and the=0.39 one
along each axis. However, the differences were quite small
and the FS signals were still unclgaot shown. In order to

be able to discuss the FSs, the reconstruction and the folding
procedure are essential to isolate the FS signals from the
other contributions, as discussed below.

IIl. RECONSTRUCTION AND LCW FOLDING

The direct Fourier transformation method was used for
the reconstruction. This reconstruction is generally carried
out as follows. We first define the so-callBgr)-function as
the 3D Fourier transformation of the momentum density,

n(p), i.e.,
B(r):fffn(p)exp(—ip-r)dr. (2)

Conversely, thea(p) is given as, 0.74 a.u.

Low momentum density High momentum density

n(p):(zw)‘?’fffB(r)exp(ir -p)dr. (3) N ]

From Eqs(l) and (2), we find that Small derivative coefficient Large derivative coefficient

. FIG. 2. (a) and(d) Reconstructed 2D momentum densit{fft
B(0,0,Z):fJ(pz)exq—lpzz)dpz: (4) sideg and their anisotropic componentsight sides for the x
=0.39 sample and thg=0.13 samples(b) and (e) LCW-folded
Namely, theB(r) is simply given by the Fourier transforma- momentum densitieeft), compared to band theofyight). (c) and
tion of the Compton profile on each axis. Once we perform(f) Derivatives of the LCW-folded momentum densities.
the 3D interpolation of thé(r) for all of real spacdup to
points whereB(r)=0], it is possible to carry out the inverse The program developed by Tanakaal. was use#f for the
3D-Fourier transformation of thB(r) based on Eq3), so as  reconstruction. Except for the dimensionality, this is basi-
to obtain the 3D momentum density. In this study, a 2Dcally the same as the program described in detail in Ref. 31.
reconstruction was performed. The 2D reconstruction pro- Figure 2a) shows the reconstructed 2D-momentum den-
vides the projected momentum density onto phep, plane.  Sity (left sidg and its anisotropic componeftight side of

The conversion to the 2D reconstruction is straightforwardthe x=0.39 sample, where the latter is obtained by subtract-
Eq. (3) is simply converted to ing the isotropic component from the former. Even after the

reconstruction, it is still difficult to recognize FS signals.

Mool )= | n(p)d Therefore, we have adopted the Lock-Crisp-West folding
20{Px: Py) = p)ap; method(LCW folding),®2 which folds the momentum density
into the first BZ using reciprocal lattice vectors. The LCW

=(2 —ZJ f B(x,y, 0)exp(ixp, + i dxdv. folding e.nhances perlo_dlc_ signals with respect to the recip-

(2m) 0y, O)explixps + iy py)dxdy; rocal lattice vectors while it suppresses other signals. Figure

(5) 2(b) shows the folded 2D-momentum densitgft side of
thex=0.39 sample and it is compared with LDA band theory
B(x,y,0) is obtained by the Fourier transformation of Comp- (right side. The theoretical result is obtained just by the
ton profiles and the 2D interpolation, similar to the procedurep,-axis projection of the electron density inside the FS, re-
in the 3D reconstruction. Note here that the scattering axegproduced from the FS parameters of Sahraketyail. '8 This
are customarily taken in thp,-p, plane, unlike in Eq(1). calculation only provides FS effects and includes no other
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contributions, i.e. wave function effects, and also the broad-
ening effect due to the experimental resolution. The reason-
able agreement between the theory and the experiment al-
lows for us to regard that the LCW-folded momentum
density represents the contributions from the 3%, This
study is not the only case where the FS signals are drastically
enhanced by the folding. The ACAR experiménbserved
a similar enhancement on this kind of sample. Furthermore,
our Compton scattering experiments on a molybdenum
oxide®® and a ruthenium oxidé also show a similar en- Reconce=
hancement. Theo
Figure 2c) shows the derivatives of the folded 2D-
momentum densities. Generally, when a 2D reconstruction
method is applied to 3D samples, the derivative does not
provide the correct positions of the FS, unlike a 3D recon-
struction method. However, the derivative of the theoretical
2D momentum density exhibits the clear FS on {081)
plane as seen in Fig.(® (right side, because the 2D mo-
mentum density rapidly drops near these positi@ee Fig.
2(b), right]. Unfortunately, our experimental resolution,
which is typical for Compton scattering experiments, is not
high enough to resolve such a feat{iFég. 2(c), left]. Nev- Low momentum density High momentum density

ertheless, the derivative is still useful for making close com- _I T T ]

parisons. The same analysis has been carried out fox the
=0.13 sample{see FigS. @i)—Z(f)]- The difference between Small derivative coefficient Large derivative coefficient
the experiment and the theory will be discussed below.

FIG. 3. Comparisons between theory and experiment foixthe
=0.39 sampld(a) momentum density an¢b) derivativg and the
x=0.13 samplé(c) momentum density an@l) derivative. L' is the
2ﬂrojection of L onto thg001) plane.

IV. RESULTS AND DISCUSSION

Figure 3 shows comparisons between the experiment
and theoretical LCW-folded 2D momentum densities. For apjc Bz, i.e., R points are replaced by néwpoints, and

complete comparison, the theoretical 2D momentum densihen they make new additional FSs there. However, such a
ties were obtained as follows: First the 3D momentum denprocess is never strong because the orthorhombic structure is
sities were calculated from the FS parameters of Sahrakorgirovided only by a very small lattice distortion. Therefore
et al!® as before. Then its 1D projections, i.8(p,)s, were  one can uphold the assumption that the BZ is cubic. Apart
computed based on E(l) along the four directions, where from this, in an insulator state, the discontinuity in the mo-
the experimental CPs were collected. Finally, the reconstruamentum densityFermi break, which defines FS, is smeared
tion and the LCW-folding were performed in the same wayout in the momentum range efE,/vg. Here, E is the energy
as the data analysis so as to obtain the 2D momentum degap andvr is the Fermi velocity of the associated metallic
sities. The reconstruction procedure included the broadeningtate, which can be defined as the gradient oBtecurve at
effect, corresponding to the experimental resolution, as a filthe Fermi energy in the band structure diagram. If the insu-
tering function in the Fourier transformation. Note again thatlating behavior of the sample originates from the small gap,
the theory only provides the contribution of the FS. As forthe FS is smeared only in a small range, which may be much
the x=0.39 sample, the experimental result is explained bysmaller than the experimental resolution. Hence such a
the theory except for one minor difference, i.e., a structuré¢pseudo” FS may be detected by the experiments. Here, even
near L's seen in the derivative. Such a feature is also recogf we assume the large gap of 2 el¢orresponding to
nizable in the ACAR data! This difference is discussed at ~0.15 a.u. broadening which is observed by optical
the end of this section. measurementsthis interpretation does not change. This mo-
On the other hand, fok=0.13 sample, it is disputable mentum broadening, slightly larger than the present resolu-
whether or not the experimental momentum density can béon, is not so large as to completely smear out the FS geom-
compared with the theory becaug,the real sample devi- etry.
ates from the cubic structure assumed by the theory, causing Nevertheless, the present experimental result shows the
the BZ geometries to differ, and becau8® the sample two crucial differences from the theoretical result. Basically,
shows an insulatorlike behavior although the theory assumasoth the experimental and the theoretical results are inter-
the metallic phase. Reference 18 has provided a sensible digreted as the expansion of the FS due to the increase of the
cussion to justify this comparison, which is interpreted asnumber of electrons asdecreases. Firstly, however, the ex-
follows. Since the metal-insulator transition accompanies th@erimental momentum density of tixe0.13 sample seems
cubic-orthorhombic structural transition, the BZ also changeso be in contact with BZ boundaries A5, much more than
its shape from cubic-type to fcc-ty§éThe corners of the the theory suggests. Secondly, the experimental momentum
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(bi)polaron model in Ref. 19. In this model, a hole moves
between two different sites of Bi, which have different va-
lencies(charge disproportionatiorand also different Bi-O
distances. Since the hole itself changes the valencies and
Bi—O distances, a hole is expected to becdigolarons
with quite low mobility. Such a localized carrier could es-
cape from the detection of the Compton scattering experi-
ment, because it would have a spread momentum distribu-
tion. With increasing x, the charge disproportionation
becomes smaller, and thus the polaron effect also becomes
FIG. 4. Comparisons between the 2D-momentum dengity less significant. This explains why LDA band theory repro-
[the derivative(b)] of the filled fcc-type BZ and the experimental duces the data on the=0.39 sample, but not for th&
results on thex=0.13 sample. =0.13 sample.

density of thex=0.13 sample shows a squarelike shape, ro- Finally, we briefly dlscus§ the minor difference betvyeen
o o ', the theory and the experiment for the=0.39 metallic
tated by 45° from thd100] axis, in contrast to the round le. Th in feat fthe data of ¥e0.13 e
shape in thex=0.39 sample. This feature is not seen in the>2MPI€. 1he main feature ot e data of Xzev. sam,p €IS
theory. Those features are more emphasized in the derivati strong drop off in the _momentum density near L-points.
image. As a model to explain these features, we suggest thgiS feature is not prominent for the=0.39 sample but an
momentum density distribution which fills the fcc-type BZ un_usual structure is still recognizable at same the positions
for the x=0.13 sample, i.e., FS which coincides with the[F'g'_ 3Ab)]. Th|§ mlght be d_UG to the gap opening atouqd
foc-type zone boundaridsee, Fig. 1d)]. This model is ob- L-points even in this metallic sample. This interpretation is

tained by considering that the FS expansion is impeded ofonsistent with the reports of optical measurentettand
{111 planes. In order to confirm this model, we have com-angle-integrated photo-emission spectroscpyhich have

puted the 1D projection of the fcc-type Biithout consid- observed a remnant CDW signature and a pseudogap in me-

ering any FS effegt and then reconstructed the 2D momen_taIIic samples, respectively. This may arise from the tetrago-

tum density in the same manner as before. Figure 4 showdl distortion, found by neutron diffraction at low tempera-

the result. It shows a very good agreement with the experitd'®: The tetragonal structure can also lead to the CDW

mental result, indicating the validity of this model. This mo- I"Stability because it still has fcc-type BZ, as well as the
mentum density distribution is closely associated to thePrthorhombic structure. Itis reported that t%e0.39 sample
emergence of the CDW and/or the CDW-derived structura as a _cublc_structure 'at room temperature, but the tetragonal
transition. The CDW consists of Bi and BF*, indexed by ~distortion might remain locally.

the V2X2X2-type orthorhombic structure. Since this

CDW makes an energy gap at the boundaries of the fcc-type V. SUMMARY

BZ, the electrons near the FS gain alot of energy and the FS e carried out the Compton scattering 2D-reconstruction
disappears once the CDW appedriime-Rothery mecha- gyperiments on BaK,BiOs so as to elucidate the relation
nism). The present result clearly depicts how the FS evolupetween the FS and the CDW instability. The FS signals
tion leads to the CDW instability. , were unclear on the Compton profiles themselves, but the
As often discussed so far, it is only possible for #%€0  ¢jear FS signals were detected on the reconstructed momen-
sample, possessing a half-filled B5-6-O 2p band, to have a -y gensities with the folding procedure. The 2D momentum
complete nesting. While, th&=0.13 sample has to have {ensity in thex=0.39 sample was explained by the FS based
small hole pockets somewhere in the fcc-type BZ, according, pand theory. Whereas, the 2D momentum density in the
to Luttinger theorem. The sample, thereforel, is expectgd 19=0.13 sample was simply explained by the geometry of the
be a low-carrier metal with a pseudo gap. This expectation ig.c_type BZ. The present study has experimentally confirmed
contradicted by the insulating behavior of the sample. Thishe FS nesting in the=0.13 insulating sample. The other
issue is in common with a question, which has been disgjgpificance of this report is that the feasibility of Compton
cussed for 20 years and has not been completely solved y&{cattering experiments is shown for the CDW-derived tran-
why do the insulator phases in BA.BiO3 and  gjtion, This method is particularly powerful when neither

BaPh_,Bi,O; extend in wide KPb) concentration ranges? In pigh quality sample nor clean surface is available because no
order to explain this, various theoretical models aresiper experiment shows FS.

proposed?-1416.17.19t s difficult to examine them with this

result because, first, those theories show no clear prediction ACKNOWLEDGMENTS

for the FS geometry or the electron distributionkispace
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