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Cetineites: Electronic, optical, and conduction properties of nanoporous chalcogenoantimonates
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The electronic, optical, and conduction properties of the cetineites, a newly discovered class of crystalline
nanoporous materials, have been calculated within a full-potential framework using the augmented Fourier
components technique in combination with the extended linear augmented plane-wavek•p method. Photo-
emission, optical, and conductivity measurements have been performed and the calculated results are in
conclusive agreement with all available experimental data. This helps in understanding the semiconducting
nature of the cetineites, which is an exceptional property for nanoporous crystals.
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I. INTRODUCTION

Cetineites are crystalline nanoporous chalcogenoa
monates that have been discovered only recently.1 The crys-
tals are formed by tubes of subnanometer diameter arran
in a hexagonal rod packing. In contrast to the structura
related and well-known zeolites, the traditional molecu
sieve materials, and heterogeneous catalysts2 that are electri-
cal insulators, the cetineites have a semiconducting host
tice. This property is so far unique in the domain of nanop
rous crystalline solids. Thus, new possibilities are open
ranging from nanosensors to electrically switched molecu
sieves. The long, regularly arranged tubes with a diamete
about 0.7 nm suggest applications as chemical sensor
microlasers, arising from the deposition of molecules
nanoparticles inside the channels.3,4 Therefore, the chemica
synthesis of the cetineites can be viewed as an example
the bottom-up design of nanostructures. In this approa
rather than construct the miniature electronic circuits throu
complex physical processes on substrates, the devices a
be grown in the chemist’s tube.3,5–7

Progress has been made in the chemical synthesis of
cetineite single crystals.8,9 Up to now a large number of crys
tals with different composition have been obtained by hyd
thermal synthesis. Further investigations are under way
the chemical control of the desired properties, e.g., tailor
the band gap and other semiconductor properties.10

First ab initio calculations of the cetineite electron
structure11,12already have shown remarkable agreement w
experimental findings. The newly developed augmented F
rier component~AFC! method,13 however, gives us the pos
sibility to improve upon the earlier calculations by treati
the crystal potential more realistically than by the muffin-
approximation used before. In our earlier calculations, co
putational necessity demanded that corrections to the fla
terstitial part of the potential were only applied through t
introduction of spheres empty of charge in the open chan
that may have distorted the actual charge distribution. T
PRB 610163-1829/2000/61~23!/15697~10!/$15.00
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AFC extended linear augmented plane-wave~ELAPW! k•p
method now offers a possibility to determine self-consist
general-shape potentials with high accuracy in a reason
time frame. For the calculation of the optical and conduct
properties, which require the computation of energies a
wave functions for a large number ofk points, the perturba-
tional k•p method is used.

In this paper we intend to explore the electronic, optic
and conduction properties of the cetineites. Theoretical
vances as well as further experimental achievements pro
a conclusive insight into structure/property relations. In S
II the history and chemical synthesis of the cetineites is p
sented. Section III gives an introduction to the AFC meth
and lists the computational details. The experimental resu
obtained in the way described in Sec. IV, are compared w
the calculated properties in Sec. V.

II. CETINEITE STRUCTURE

The cetineite mineral was first described in 1987 by S
belli and Vezzalini,1 who found crystals of it in Le Cetine
mine in Tuscany, Italy, a place famous among mineral c
lectors. Early in the twentieth century the mine had be
used to extract antimony from stibnite (Sb2S3) ore. Slags
from the extraction process were deposited on he
where—among a number of other minerals—cetineite cr
tals formed in cavities as a result of the natural weathering
the residuals of the mining process.

The cetineite crystals found at the mine have the form
(K,Na)31x(Sb2O3)3(SbS3)(OH)•(2.82x)H2O with x
'0.5.14 They occur as tufts of acicular~needlelike! crystals
where the needles are parallel to@0001#. The orange-red
crystals have been found with lengths up to 0.5 mm a
15 mm in diameter. A photograph is shown in Fig. 1.

A number of synthetic analogs of the cetineite mineral
known. The general formula isA6@Sb12O18#@SbX3#2•(6
2mx2y)H2O•x@Bm1(OH2)m#•yh, where A5Na1, K1,
Rb1; X5S22, Se22; B5Na1, Sb31; andh may stand for
15 697 ©2000 The American Physical Society
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15 698 PRB 61F. STARROSTet al.
an unoccupied lattice site. The crystal formulas are abbr
ated by (A;X).

Even before the natural mineral was found, Graf a
Schäfer described a synthetic analog of~K;S! in 1975.15 The
diffraction data, however, did not reveal the presence of
channel-filling guests. Since then several analogs have b
synthesized~and their structure has been described! by Nakai
et al. and Kluger and Pertlik~see Ref. 14!, Wang and
Liebau,16–18 Jockel,19 and Simonet al.8 Progress in the syn
thetic method yields the preparation of single crystals
to a length of 2 mm and a hexagonal cross section
331022 mm2.9 In the following the synthetic analog crys
tals will be referred to as ‘‘cetineites.’’

The two main structural characteristics of cetineite cr
tals are large infinite Sb12O18 tubes and isolated SbX3 pyra-
mids ~see Figs. 2 and 3!. A tube is made of interconnecte
SbO3 pyramids and has a 63 axis. The tubes form a two
dimensional hexagonal lattice perpendicular to their axe
is found in ordered arrangements in single-walled carb
nanotubes.20 The SbX3 pyramids are located in the tubula
interstices; the plane in which the threeX atoms lie is per-
pendicular to the tube axes. In a single interstice, infinite
the c direction, all pyramids have the same orientation; t
orientation, however, varies at random from one interstice
the next. When all interstitial pyramids point in the sam
direction the crystal space group isP63. The tube arrange
ment without the interstitial pyramids has an additional sy
metry, a mirror plane perpendicular to the axis in the pla
containing the O~1! and theA atom, i.e., the space grou
P63 /m. The hexagonal lattice constants for the cetine
class are 1.41 nm&a&1.46 nm andc'0.55 nm; the voids
within the tubes have a diameter of approx. 0.7 nm.

From chemical considerations it is assumed that there
strong Sb—O bonds that stabilize the Sb12O18 tubes. The
binding among the tubes is thought to be via the SbX3 pyra-
mids, which are assumed to have ionic bonds to theA atoms
on the internal wall of the tube15 and additional weake
bonds to the Sb~2! atoms of the tube wall~numbers in pa-
rentheses following the atom name denote geometrically
equivalent atoms of the same species.!

The host lattice can—and easily does—accept a num
of guest molecules. A common guest species is wate
connection with theBm1 molecules, whereB is an alkali

FIG. 1. A photograph of a cetineite mineral~copyright by Rob-
ert Vernet, Collection G. Favreau, used by kind permission!.
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metal, for example. Water molecules can be extracted fr
the tubes by evacuating the environment and heating
crystals. However, the ease of extraction and the degre
which it is actually performed is dependent on the spec
crystal. Defects in the tubes hinder the extraction. Sim
et al.8 report that from well-formed crystals of~K;Se! the
water can be expelled at room temperature in high vacu
within a few seconds.

III. THE AUGMENTED FOURIER COMPONENT
METHOD: COMPUTATIONAL DETAILS

Linear augmented plane-wave~LAPW! calculations yield
the electronic band structure and wave functions of a v
high accuracy.21 The muffin-tin approach to the crystal den
sity and potential, which adopts spherical averaging of th

FIG. 3. The cetineite~Na;Se! viewed from the top.

FIG. 2. A perspective view of the cetineite~Na;Se!. The shaded
tube is included only as a guide for the eye.
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two functions in the muffin-tin spheres around the atoms
constant quantities in the interstitial region, yields very go
results for close-packed materials, such as elemen
metals.22 However, in open structures, where the interstit
region has a volume equal to or greater than the volu
covered by the muffin-tin~MT! spheres, the approximation
hard to justify. In the semiconductor silicon, for examp
which crystallizes in the diamond structure where only 34
of the unit cell volume is covered by touching MT sphere
the muffin-tin approximation will not yield a band gap in th
electronic band structure. A first step to remedy this situat
is the introduction of ‘‘empty spheres,’’ additional spher
without any atomic nuclei where the charge density and
potential are allowed to take on values different from the r
of the interstitial volume, thus adding a primitive corrugati
of the functions there. A better solution is a potential that c
take on a general shape, as is implemented in the well-kn
full-potential LAPW ~FLAPW! method.23

The FLAPW method has shortcomings, however, parti
larly in its convergence properties, which is the reason w
we have developed the augmented Fourier component~AFC!
method.13 The main difference between the two methods
that while in the FLAPW method the APW representation
retained for the construction of the charge density, in
AFC method the density is separated into two parts: a F
rier part,rF(r ), which represents the charge density of t
valence electrons, and a narrow MT part,rMT(r ), describing
the nucleus and the core electron distribution in a spheric
symmetric average. The Fourier charge density distribu
is easily accessible in this method because the ELA
k•p method easily yields the Fourier transform of the v
lence wave functions. Additionally, the AFC method can
accelerated by transferring charge, whose distribution
given by the higher Fourier components ofrF, to the MT
part. This combination of a significant gain of speed an
tiny and controllable loss of accuracy makes possible v
quick LAPW calculations with a general-shape potent
The extension of the ELAPW AFC method to structure o
timization is straightforward; however, this feature still is
be implemented in the computer code.

The perturbationalk•p method is a traditionalk•p ap-
proach in which the lower 1000 solutions at the referen
point k0 multiplied by a phase factor exp@i(k2k0)•r # are
used as basis functions. Using this approach we significa
reduce the size of the Hamiltonian matrix and the over
matrix is the unity matrix. Since the AFC method provid
the Fourier transform of the wave functions and the mom
tum operator is diagonal in a plane-wave basis the calc
tion of the momentum matrix elements is simplified and
order of scaling in the construction of the Hamiltonian m
trix is reduced. This approach has generally been used
calculations requiring a larger number ofk points.

For the calculations a simplified structure of that given
Sec. II has been used: The contents of the inner tubes
been dropped so that the formula isA6@Sb12O18# @SbX3#2.
Also, the orientation of the intertubular pyramid chains h
been assumed to be parallel in all cases. For~K;Se! the
23231 superstructure has not been taken into account.
unit cell contains 44 atoms of 8 inequivalent types with t
atomic positions and lattice constants taken from x-ray
fraction data.7 These experimental parameters have been
d
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tablished to a high degree of confidence. Calculations w
slightly differing positions from earlier experiments~con-
cerning mainly the position of the chalcogen! showed that
the main features of these results are stable with respe
small changes of the geometry. The guest ionsBm1 and the
water molecules or hydroxyl groups OH2 have been left out
of the calculations because they are considered to be stro
disordered24 and the presented discussion neither needs
justifies the additional computational burden at this stage.
ionic conductivity, however, carried by the water and/
the Bm1 ions has been excluded through impedan
measurements.8 The lattice constants are given in Table I.

All the results presented here were calculated using
AFC ELAPW k•p method. The calculation of all observ
ables is based on self-consistent potentials determined by
AFC method. The basis size of the decisive calculations w
3000 functions, or about 70 APW’s per atom. This ratio h
been found to be sufficient for other complex structures, s
as perovskites.25 For Ru2Si3, Wolf et al. find that the elec-
tronic structure is well converged with 75 LAPW’s pe
atom.26 The parameteruGmaxuSmin was about 4.5, whereSmin
is the smallest sphere radius. For the self-consistent calc
tions, the densities were computed at thek point G, which is
justified by the large real-space dimensions of the unit c
translating into a very small Brillouin zone.

Earlier calculations11,12 were carried out within the
muffin-tin approximation. Aspherical corrections were intr
duced by adding an empty sphere within the tubes. The n
results using the AFC method presented here offer a m
better description of the physics. The results show that
former calculations describe the basic properties of the c
neites; however, new and important effects are discovere
this highly accurate calculation.

IV. EXPERIMENTAL SETUPS

Three experimental methods were used to determine
crystals’ band gaps:~1! transmission spectroscopy usin
ultraviolet/visual light~UV/vis!,8 ~2! wavelength-dependen
measurement of the photoconductivity,19 and ~3! measure-
ment of the thermal activation energy.9,27

All measurements have been performed under amb
conditions on individual single crystals of each cetine
phase, which have been synthesized under hydrotherma
action of elementary antimony and sulfur or selenium,
spectively, in aqueous NaOH or KOH.9 Since thea3b faces
of the crystals in some cases have shown to be capped b
amorphous oxide layer the crystals’ ends have been bro
off. Conductivity measurements have been performed
providing silver contacts to the clean faces as well as to
sides~see Fig. 11!. Besides~K;Se!, where the tubes are jus
occupied by removable water molecules, all other co
pounds show traces of Sb31, Na1, or K1 ions, in addition to

TABLE I. The lattice constants used for the calculations of t
four cetineites~in nm!.

~K;Se! ~Na;Se! ~K;S! ~Na;S!

a 1.4630 1.4423 1.4318 1.4152
c 0.5616 0.5565 0.5633 0.5576
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15 700 PRB 61F. STARROSTet al.
water and OH2. These ions could not be extracted, presu
ably due to structural defects.

Using the first two methods, band gaps in the region
about 2.0–2.4 eV were observed, whereas the tempera
dependent measurements yielded activation energies
about 0.5 eV reflecting a fundamental gap of about 1.0
Photoemission spectroscopy experiments have been don
samples of a number of randomly oriented crystals with
photon energy of 21.22 eV from a heliumI a discharge
lamp. The overall energy resolution was chosen to be be
than 100 meV. Random orientation was viewed as an an
integration to compare the photocurrent with the calcula
density of states.

V. RESULTS

For the four cetineites~K;Se!, ~Na;Se!, ~K;S!, and~Na;S!
a number of electronic and optical properties have been
culated, which here will be compared to the experimen
results where available.

A. The density of states

To show that our approach is viable the density of sta
~DOS! of the compound~Na;Se! has been computed in thre
different ways all based on the AFC ELAPWk•p method
~see Fig. 4!. One of the two curves calculated with the exa
ELAPW k•p method is the sum of Lorentzians centered aG
point band energies, while the other is derived from a cal
lation with 8 k points in the irreducible part of the Brillouin
zone~IBZ!. The third curve was derived using the perturb
tional k•p method for 64k vectors~the IBZ has 1/12th the
volume of the full Brillouin zone!. The comparison in Fig. 4
shows that all three methods give the same result to a
high degree. This does not only mean that the single-k-point
method is justified but also that the perturbationalk•p
method describes the electronic structure of the valence b
region with very small differences from the exactk•p

FIG. 4. The density of states of the cetineite~Na;Se! computed
by three different methods: with a singlek point and 8k points
using the AFC ELAPWk•p method and with 64k points using the
perturbational AFC ELAPWk•p method. The curves have bee
convoluted with Gaussian curves of a full width at half maximu
~FWHM! of 1 eV.
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method. Shifts in the peaks of the three DOS curves du
the dispersion of the band structure are minor. The wo
example is the peak at about29 eV, which in the single-
k-point approximation is shifted by about 0.5 eV to high
energies.

In all four of the cetineites, the valence DOS has o
major band ranging from the Fermi energy to abo
26 eV. This peak can be roughly subdivided into tw
manifolds, ranging approximately from 0 to24 eV and
from 24 to 26 eV. To a large degree the states in the fi
manifold are hybridized O 2p and chalcogenp states, where
the chalcogenp character dominates near the highest oc
pied state. The lower energy manifold is almost exclusiv
made up of oxygenp with a small contribution from Sbp.
The states in the energy interval from26 to 28 eV are
mainly of Sb 5s and O 2p character. So the binding of O an
Sb in the wall is carried out by the states in these two ene
intervals. The lower unoccupied states are to a large de
hybridizedp orbitals of all the atoms in the crystal, exce
for the alkali metal. In the cetineites containing sulfur atk
point G, the lowest unoccupied state is strongly delocaliz
in the c direction and is confined entirely to the interior o
the Sb2O3 channels. Similar nearly-free-electron-like stat
have been observed in calculations on boron nitr
nanotubes.28 It will be difficult to experimentally observe
this state in samples whose tubes are not completely ev
ated since we expect it to be destroyed by impurities. In
following discussions of gap sizes this state is theref
treated separately.

The densities of states for the four substances show a
of between 1.5 and 1.8 eV~see Fig. 5!. In the crystals con-
taining sulfur,~K;S! and~Na;S!, within this gap the DOS of
the single free-electron-like state mentioned above appe
which narrows the gap to 0.1 and 1.0 eV, respectively. T
single state has a very high dispersion. These states are
visible, with some distortions indicating hybridization,
higher energies among the conduction bands of the selen
compounds. In the energetic interval extending a few el
tron volts around the gap this band is easily identified an

FIG. 5. The DOS for the four cetineites~K;Se!, ~Na;Se!, ~K;S!,
and ~Na;S! for the valence region. It has been calculated with t
perturbationalk•p method for 64k points in the IBZ. The~Na;Se!
DOS shown in Fig. 4 is the one displayed here convoluted wit
Gaussian.
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is an obvious feature to display significant changes from
compound to the next, whereas the other bands ap
largely unchanged.

The earlier calculations using the muffin-tin approxim
tion of the potential yielded fundamental gaps of about
eV.11,12 The muffin-tin potential approximation leads to
narrowing of the gap, an effect that also appears in the se
conductor silicon, for example, where the self-consist
muffin-tin potential yields a semimetal.29 The gap size cal-
culated by the AFC method still is slightly too small, whic
appears to be an effect of the treatment of many-part
interactions in the local density approximation~LDA !.

Using photoconductivity measurements and uv/visi
spectroscopy a gap size of slightly above 2 eV was obtai
at room temperature. The values are given in Table II.

By scanning through the temperature and monitoring
conductivity the electronic activation energies have be
found, i.e., the minimum thermal energies that are neces
to excite electrons from the Fermi edge into the conduct
band so that significant conductivity can be registered.
the ~Na;Se! crystals the temperature interval was from 326
to 238.5 K and an activation energy of 0.43 eV was fou
Going from 294 to 229 K the activation energy in~K;Se! was
0.48 eV, from 240 to 310 K in~K;S! yielded 0.5 eV and
from 268 to 327 K in~Na;S! yielded 0.55 eV. This must be
compared with 1/2 the values of the indirect gaps of the b
structure~see Table II!.

The calculated density of states is compared to an an
integrated photoemission spectrum of~Na;Se! taken at 21.22
eV photon energy. In Fig. 6 one can see that the oxy
2p–derived peak at about23 eV and the antimony
5s–derived peak at about212 eV are reproduced. The
relative intensities agree with those suggested by the D
curve. Two structures in the DOS at26 and29 eV are not
resolved. That may possibly be due to the selection rule
the photoemission process, which have not been taken
account here or may be because only an incomplete a
integration has been achieved on the experimental side
averaging the emissions from a number of differently o
ented crystals.

B. The band structure

The band structure of the~Na;Se! compound is shown in
Fig. 7. The cetineite band structures have a very sim
structure, where corresponding bands can easily be ident
even though they sometimes are shifted energetically w

TABLE II. Optical gaps of the cetineites. The size of the gaps
the cetineites determined by measuring the absorption thres
Egap2trans , the onset energy of the photoconductivityEgap2photo

and calculating the first maximum of the squared plasma freque
Egap2theor as well as the indirect band gapEindirect taken from the
band structure neglecting the gap state.

Crystal ~K;Se! ~Na;Se! ~K;S! ~Na;S!

Egap2trans 2.03 eV 2.12 eV 2.29 eV 2.38 eV
Egap2photo 2.10 eV 2.15 eV 2.25 eV 2.40 eV
Egap2theor 2.2 eV 2.4 eV 2.5 eV 2.6 eV
Eindirect 1.0 eV 1.3 eV 1.6 eV 1.7 eV
e
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respect to each other. The most striking feature of cetin
band structures is the stronger dispersion along thec axis,
i.e., in theGA direction. This dispersion indicates that th
binding of the atoms making up the tubes is stronger than
binding among the tubes~this well-known effect is analo-
gous to the transition-metal layered crystals, where the
persion along the layer direction is much higher than t
along the layer normal30!. In the sulfur substances, the sing
state discussed above with a very high dispersion is fo
inside the gap.

The strong Se character near the top of the valence b
~see Sec. V A! gives a hint that the selenium of the pyrami
is responsible for a large part of the photoconductivity. Ele
trons from there will be the first to be excited to the condu
tion band. Since the lowest conduction bands have str
contributions from orbitals of nearly all the atoms in th
crystal no particular pathway for the conductivity can be d
duced from their orbital composition. The two bands in t
band structure marked by an asterisk in Fig. 7 are hig
dispersive and prime candidates for the conduction of
electricity. At G the states are composed of selenium as w
as the wall antimony and the oxygen orbitals, suggestin
zigzagging electron path between the selenium of the p
mids and the wall atoms.

The c axis dispersion of all bands has increased sign
cantly with respect to the earlier muffin-tin calculation
However, similar bands are present also in the muffin-
band structure, in particular the highly dispersive on
marked by the asterisk.

The valence band maximum appears on the top of
Brillouin zone with hardly any energetic difference amo
the states there. The highest energy is found at theA point,
the conduction band minimum 1.3 eV above at theG point,
at almost the same level with theGMK plane. The band
structures of the three other substances are displaye
Fig. 8.

C. The dielectric function

The complex dielectric function has been calculated
all four crystals considered using the perturbational

f
ld

cy

FIG. 6. Comparison of the photoemission spectrum for~Na;Se!
~given in arbitrary units! and the density of states. The DOS h
been calculated using the perturbationalk•p method for 64k points
in the IBZ and has been convoluted with a Gaussian peak of 1
FWHM.
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FIG. 7. Band structure of the
~Na;Se! crystal in the hexagona
Brillouin zone, which is indicated
on the left. An asterisk is used to
denote the two dispersive band
noted in the text.
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proach. The imaginary part is shown in Fig. 9 forE parallel
to the crystal axis~the dependence of the function upon t
polarization of the light is very small!. Disregarding the
(A;S) gap state, the sizes of the fundamental gaps
slightly larger than 2 eV, which is in excellent agreeme
with the experimental values for the gaps taken from tra
mission measurement.

The energy onset of optical absorption, as represente
the imaginary part of the dielectric function, is significant
smaller for~K;Se! than for the three other cetineites, whic
approximately have a common onset energy.~K;Se! differs
in two respects from the other crystals: K 3p and Se 4s are
strongly hybridized here and the optical properties are dif
ent. Experimentally, it is found that the substance crystalli
re
t
-

by

r-
s

in a superstructure. While the experimental chemical tre
given in Table II is clearly visible for the cetineites contai
ing selenium, it is less distinguished for those contain
sulfur. For~K;S!, a maximum appears at a photon energy
about 0.8 eV which is due to transitions to the highly de
calized state in the gap. This peak is not visible in the
periment.

The comparison of the calculated absorption~see Fig. 10!
with the measured transmission spectra shows that
chemical trend of the onsets of transmission in both the
and experiment agrees when cetineites of the same chalc
and of the same alkali metal are compaired pairwise. We a
have agreement in that the~Na;S! compound has the lowes
onset and~K;Se! the highest. In the theoretical curves it
FIG. 8. Band structures of~Na;S! ~left!, ~K;S! ~center!, and~K;Se! ~right! calculated with the ELAPW AFCk•p method.
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difficult to determine, however, the relationship betwe
~K;S! and ~Na;Se!.

D. Anisotropy of the electrical conductivity

Experimentally a strong anisotropy in the conductivity
cetineites has been measured27,31 ~see Table III!. The con-
ductivity has been measured in white light parallel and p
pendicular to thec axis by applying silver contacts t
~Na;Se! crystals as indicated in Fig. 11. Two of those cry
tals measured at room temperature yielded the results g
in Table III, the typical variation with the sample preparati
being visible in the difference of the results.

In ~Na;Se! the conductivity along the tubes has be
found to be by about a factor of 30 higher than perpendicu
to it. For a theoretical comparison, the squared plasma
quenciesvp,mm

2 have been determined from the perturb
tional k•p results for 64k points. The quantityvp,mm

2 char-
acterizes both the DOS and the averaged electron veloci
a given energy@see Eq.~1!#. While the conduction band
DOS provides the final states for the photoexcitation proc
the averaged velocity determines the electron mobility a
thus the magnitude of the photocurrent, which is measure
yield the conductivity, in a given Cartesian directionm. The
vp,mm

2 (E) curves are displayed in Fig. 12. The squar
plasma frequencies are defined as

vp,mm
2 ~EF!5

1

p2 (
l
E dSF

vl
2~k!m

uvl~k!u
, ~1!

where the integral is over the Fermi surface~below general-
ized to ak surface of constant energy!, l enumerates the
energy bands,m designates the real-space coordinates,

FIG. 9. The imaginary parts of the dielectric functions of t
cetineites~K;Se!, ~Na;Se!, ~K;S!, and~Na;S!. The curves have bee
convoluted with a Gaussian of a FWHM of 0.25 eV. The elect
field vectorE is parallel to the crystal axisc.
r-

-
en

r
e-
-

at

s,
d
to

d

vl(k)m5]El(k)/]km . In a metal, the conductivity is pro
portional to the squared plasma frequency:

smm
metal5

t

4p
vp,mm

2 ~EF!. ~2!

The valuesvp,mm
2 (E) shown in Fig. 12 can be interpreted fo

semiconductors as the conductivity electrons encounter w
excited to states of a certain energyE, as in the photocon-
ductivity experiments. Clearly, the conductivity is conside
ably higher along thec axis, that is, parallel to the tubes.

In a semiconductor, the conductivity tensor is given by
integral

smm
nonmetal5

t

4pE dEvp,mm
2 ~E!S 2

] f 0

]E D , ~3!

where f 0 is the electron distribution function andt the re-
laxation time. The Fermi distribution will not be strongl

FIG. 10. The calculated absorption coefficient is compared w
the measured transmission.
r to
TABLE III. The conductivity of two~Na;Se! crystals at room temperature parallel and perpendicula
the crystal axes~Refs. 10 and 27!.

Crystal 1 Crystal 2

Conductivity parallels i 5.431027 S/m 6.831027 S/m
Conductivity perpendiculars' 1.9631028 S/m 2.2331028 S/m
Factor (s i2s')/s' 26.6 29.5
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distorted by the temperature but the illumination will yield
nonzero distribution of carriers in the low conduction ban

Since the functionf 0 applies to both spatial direction
equally, it is a good approximation to assume that the ratio
the plasma frequencies will translate to the conductiv
Clearly the conductivity is much higher in the direction pa
allel to c than perpendicular to it. For the first peak in th
conduction band, ranging from 1.5 to 3 eV, at the maxim
the ratio isvpuu

2 :vp'
2 513:1.

This result can be easily seen in the band structure~Fig. 7!
where the stronger dispersion parallel toGA translates into
the larger magnitudes of the derivatives parallel to this a
which are integrated for the plasma frequencies. In the
ergy interval of the first conduction band peak a number
bands with a particularly high dispersion alongGA can be
observed, whereas around 3 eV the dispersion is redu
which is reflected in the plasma frequencies. These res
show that the order of magnitude of the anisotropy in
conductivity can be explained as a band structure effect.

The energy dependence of the plasma frequencies
also be used to extract the onset energies of the photo
ductivity assuming that it will set in with the first extende
maximum in the conduction band region. The mechan
supposed here is that valence band electrons are excited
conduction bands that show an appreciable conductivity
expressed by the plasma frequencies. We assume tha
density of states near the valence band maximum is h
enough to support a sufficient population of photoexci

FIG. 11. A cetineite crystal contacted for measurement of
conductivity parallel and perpendicular to the crystal axis.

FIG. 12. The squared plasma frequencies for~Na;Se! calculated
by the perturbational AFC ELAPWk•p technique.
.

f
.

s,
n-
f

d,
lts
e

an
n-

nto
s

the
h

d

carriers to yield the current measured in the photoconduc
experiments. To estimate the lowest excitation energy for
experimentally significant photocurrent we look at the fi
maximum to make sure that the resulting current can re
be measured and to exclude a contribution from the misle
ing structure of the delocalized states in the sulfur co
pounds. We expect those free-electron-like states not to
present in the samples due to guest atoms present in
tubes. Since the absolute size of the gaps is somewhat
biguous due to LDA effects, our main aim here is to esta
lish whether we can reproduce the trend of the gap s
measured in the photoconduction experiments. The ph
conductivity mechanism is different from that leading to t
optical spectra where the transition probabilities between
lence and conduction bands connected by the photon en
play a major role. When we look at the first extend
maxima of the plasma frequency in the conduction band
the considered compounds~see Table II!, we find that they
follow the experimental gap sizes.

E. The electron density

The electronic density distribution in the cetineite~Na;Se!
for the plane including the tube axis and being parallel to
crystal axisa is shown in Fig. 13 and a plane perpendicu
to thec axis is shown in Fig. 14. The atomic spheres arou
the nuclei are left empty so as to make the atoms easie
identify. The charge density has been computed from thG
point states, which is justified because of the very small B
louin zone.

e

FIG. 13. The charge density of the cetineite~Na;Se! shown in a
slice through the crystal that includes the tube axis~shown by the
central line markedc) and is parallel to the axisa. Shown are three
unit cells, i.e., the height of the graph is 3c and the widtha.
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From the figures it is apparent that the tubes are ne
free of electronic density. The charge density between
atoms of the tube walls is quite high, indicating that t
binding among the wall atoms is strong. Figure 14 sho
that there is hardly any density surrounding the Na ato
although some of it will be covered by the large sphe
Nevertheless, in the third and fourth plane it is particula
visible that the Na atom is rather free of surrounding den
in the opening in the wall made up of the oxygen atoms a
Sb~2! and Sb~3!. This confirms that in~Na;Se! the binding of
the alkali metal to the pyramids, which is assumed to
responsible for holding the tubes together, is ionic in natu
This ionic binding has already been suggested by the D
the Na and Se states do not interact. Particularly the oxy
atoms are surrounded by a rather high electronic density.
have already mentioned the sizable contribution oxyg
makes to the higher valence band where the states are m
up of O 2p hybridized with Sb 5p or Se 4p.

Since the density distribution does not include the exci
states these figures cannot directly help interpreting the c
nels of conduction. However, the ground state density alm
vanishing within the tubes, together with the nearly-fre
electron-like excited density localized there, may indicate
unencumbered electron path when a voltage is applied to
ends of the tubes under light incidence or other excitatio
processes.

VI. CONCLUSIONS

The basic properties of the electronic structure of fo
cetineite crystals have been investigated. We have confir
both experimentally and theoretically that the crystals
semiconductors. The size of the optical gaps has been un
stimated slightly in the theoretical results, which is not s
prising for LDA calculations. In crystals containing sulfu
there are delocalized states within the fundamental gap,
in the selenium compounds they are shifted to higher e
gies. The new AFC method significantly improves the valu
of the fundamental gaps compared to earlier muffin-tin c
culations.

The strong anisotropy found in the conductivity of th
crystals parallel and perpendicular to thec axis can be ex-
plained from the band structure. The dispersion along li
in reciprocal space parallel toGA is much stronger than tha

FIG. 14. The charge density of the cetineite~Na;Se! shown in a
plane through the crystal perpendicular to the axisc. Two unit cells
are shown. The plane is forc50.5.
ly
e

s
,
.

y
d

e
.

S:
en

e
n
de

d
n-
st
-
n
he
al

r
ed
e
er-
-

nd
r-
s
l-

s

along those perpendicular to this line. This property of t
band structure is visible in the theoretical conductivi
which is considered in the form of squared plasma frequ
cies. The calculations show that the conductivity along
axis is by about a factor of 10 stronger than that perpend
lar to it. The measurements find an anisotropy factor of 3

The atoms participating in the binding of the crystal ha
been found by determining the composition of the valen
band density of states and the real-space charge density
tribution. Particularly the oxygen atoms appear to be resp
sible for the stability of the tubes which are bound ionica
to each other by the SbX3 pyramids and theA atoms. Only in
~K;Se! does a hybridization between the pyramids and
potassium appear at semicore energies. As a further sing
property the optical gap is smaller by about 0.5 eV in th
substance than in the others.~K;Se! is also the only cetineite
that is known to crystallize in a superstructure. The effect
hybridization of binding states may hint to a stronger bond
potassium to the host structure in~K;Se!. It is thus less likely
to interfere with guest molecules. This could explain w
~K;Se! most easily can be filled with water molecules, f
example, and why these molecules are most easily extra
from it, compared to other cetineites. The generally stro
dispersion in theGA direction of all the cetineites sugges
strong binding within the tubes but a rather weak interact
among them. This property is observed when the crystals
mechanically disintegrated.

The density of states of the top 15 eV of the valence ba
is in good agreement with an angle-integrated photoemis
spectrum. Minor discrepancies may be due to experime
difficulties in the measurement of the crystals and the neg
of transition-matrix elements as well as water molecules
side the tubes in the calculations. Further investigations
these points are in progress.

The chemical trend found in the experiment for the op
cal gap width is in agreement with the theoretical results
the cetineites containing selenium. For the cetineites (A;S)
the gap size is nearly the same. The significant differenc
the onset of optical absorption of~K;Se! from the other three
cetineites may be connected to the above-mentioned hyb
ization of the potassium 3p and the selenium 4s orbitals.
The squared plasma frequencies yield the onsets of the
toconductivity for the four crystals showing the same tre
found in the experiment.

However, despite the wealth of information on the pro
erties of cetineites gained so far a number of questions
main to be solved: What is the influence of the water or ot
guest molecules? What would be the result if not all t
interstitial pyramid chains were oriented in the same dir
tion? What is the exact nature of the delocalized state in
fundamental gap of the (A;S) cetineites and how can we g
experimental evidence on it? Work on these questions is
going.
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