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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 plandcvpaweethod. 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.

. INTRODUCTION AFC extended linear augmented plane-wéEeAPW) k-p
method now offers a possibility to determine self-consistent
Cetineites are crystalline nanoporous chalcogenoantigeneral-shape potentials with high accuracy in a reasonable
monates that have been discovered only recérniflye crys-  time frame. For the calculation of the optical and conduction
tals are formed by tubes of subnanometer diameter arranggmoperties, which require the computation of energies and
in a hexagonal rod packing. In contrast to the structuralljwave functions for a large number kfpoints, the perturba-
related and well-known zeolites, the traditional moleculartional k-p method is used.
sieve materials, and heterogeneous catdlyst are electri- In this paper we intend to explore the electronic, optical,
cal insulators, the cetineites have a semiconducting host lagnd conduction properties of the cetineites. Theoretical ad-
tice. This property is so far unique in the domain of nanopo-~vances as well as further experimental achievements provide
rous crystalline solids. Thus, new possibilities are opened@ conclusive insight into structure/property relations. In Sec.
ranging from nanosensors to electrically switched moleculat the history and chemical synthesis of the cetineites is pre-
sieves. The long, regularly arranged tubes with a diameter gfented. Section Il gives an introduction to the AFC method
about 0.7 nm suggest applications as chemical sensors 8nd lists the computational details. The experimental results,
microlasers, arising from the deposition of molecules orobtained in the way described in Sec. IV, are compared with
nanoparticles inside the chann&fsTherefore, the chemical the calculated properties in Sec. V.
synthesis of the cetineites can be viewed as an example for
the bottom-up design of nanostructures. In this approach, Il. CETINEITE STRUCTURE
rather than construct the miniature electronic circuits through
complex physical processes on substrates, the devices are toThe cetineite mineral was first described in 1987 by Sa-
be grown in the chemist's tube’ belli and Vezzalintt who found crystals of it in Le Cetine
Progress has been made in the chemical synthesis of lardgine in Tuscany, Italy, a place famous among mineral col-
cetineite single crystafé? Up to now a large number of crys- lectors. Early in the twentieth century the mine had been
tals with different composition have been obtained by hydroused to extract antimony from stibnite (%) ore. Slags
thermal synthesis. Further investigations are under way foffom the extraction process were deposited on heaps
the chemical control of the desired properties, e.g., tailoringvhere—among a number of other minerals—cetineite crys-
the band gap and other semiconductor propetfies. tals formed in cavities as a result of the natural weathering of
First ab initio calculations of the cetineite electronic the residuals of the mining process.
structuré!*?already have shown remarkable agreement with  The cetineite crystals found at the mine have the formula
experimental findings. The newly developed augmented FoudK,Na)z , (S,03)3(SbS) (OH)- (2.8-x)H,O  with  x
rier componentAFC) method!® however, gives us the pos- ~0.5 They occur as tufts of aciculdneedlelikg crystals
sibility to improve upon the earlier calculations by treating where the needles are parallel f0001]. The orange-red
the crystal potential more realistically than by the muffin-tin crystals have been found with lengths up to 0.5 mm and
approximation used before. In our earlier calculations, comd5 um in diameter. A photograph is shown in Fig. 1.
putational necessity demanded that corrections to the flat in- A number of synthetic analogs of the cetineite mineral are
terstitial part of the potential were only applied through theknown. The general formula if\g[ Shy,O15][ SbX;3],: (6
introduction of spheres empty of charge in the open channels mx—y)H,O-x[B™" (OH7),,]-y[1, where A=Na", K,
that may have distorted the actual charge distribution. Th&®b*; X=S*", S&~; B=Na", SB*; andJ may stand for
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FIG. 1. A photograph of a cetineite miner@opyright by Rob-
ert Vernet, Collection G. Favreau, used by kind permigsion

an unoccupied lattice site. The crystal formulas are abbrevi-
ated by @;X).

Even before the natural mineral was found, Graf and
Schder described a synthetic analog @f;S) in 1975° The
diffraction data, however, did not reveal the presence of the

channel-filling guests. Since then several analogs have bee Na [Sb._O__][SbSe,]
synthesizedand their structure has been describieg Nakai 67 12718 372
etal. and Kluger and Pertlik(see Ref. 13 Wang and FIG. 2. A perspective view of the cetineitila;Se. The shaded

Liebau;*~*® Jockel!® and Simonet al® Progress in the syn- tube is included only as a guide for the eye.
thetic method yields the preparation of single crystals up

to a length of 2 mm and a hexagonal cross section Ofnetal, for example. Water molecules can be extracted from
3%10 2 mn?-® In the following the synthetic analog crys- the tubes by evacuating the environment and heating the
tals will be referred to as “cetineites.” crystals. However, the ease of extraction and the degree to
The two main structural characteristics of cetineite crys-yhich it is actually performed is dependent on the specific
tals are large infinite SBO,g tubes and isolated 3Q pyra-  crystal. Defects in the tubes hinder the extraction. Simon
mids (see Figs. 2 and)3A tube is made of interconnected et a|® report that from well-formed crystals aK;Se) the

SbQ; pyramids and has aj6axis. The tubes form a two- water can be expelled at room temperature in high vacuum
dimensional hexagonal lattice perpendicular to their axes agithin a few seconds.

is found in ordered arrangements in single-walled carbon

nanotubeg® The SIX; pyramids are located in the tubular

interstices; the plane in which the thrXeatoms lie is per- lll. THE AUGMENTED FOURIER COMPONENT
pendicular to the tube axes. In a single interstice, infinite in METHOD: COMPUTATIONAL DETAILS

the c direction, all pyramids have the same orientation; this | jnear augmented plane-waveAPW) calculations yield
orientation, however, varies at random from one interstice tQne glectronic band structure and wave functions of a very
the next. When all interstitial pyramids point in the samepigh accuracy! The muffin-tin approach to the crystal den-

directiqn the crys'tal space group Eseg. The tube'a'lrrang& sity and potential, which adopts spherical averaging of these
ment without the interstitial pyramids has an additional sym-

metry, a mirror plane perpendicular to the axis in the plane
containing the @1) and theA atom, i.e., the space group
P65;/m. The hexagonal lattice constants for the cetineite
class are 1.41 nma=<1.46 nm anct~0.55 nm; the voids
within the tubes have a diameter of approx. 0.7 nm.

From chemical considerations it is assumed that there art
strong Sb—O bonds that stabilize the kg tubes. The
binding among the tubes is thought to be via thX$pyra-
mids, which are assumed to have ionic bonds toAlaoms
on the internal wall of the tulde and additional weaker
bonds to the SI2) atoms of the tube wallnumbers in pa-
rentheses following the atom name denote geometrically in-
equivalent atoms of the same spedgies.

The host lattice can—and easily does—accept a numbe
of guest molecules. A common guest species is water in
connection with theB™" molecules, whereB is an alkali FIG. 3. The cetineitéNa;S¢ viewed from the top.
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two functions in the muffin-tin spheres around the atoms and TABLE I. The lattice constants used for the calculations of the
constant quantities in the interstitial region, yields very goodfour cetineites(in nm).
results for close-packed materials, such as elementary

metals?? However, in open structures, where the interstitial (KSe) (Na;Se K:S) (Na;9
region has a volume equal to or greater than the volumg 1.4630 1.4423 1.4318 1.4152
covered by the muffin-titMT) spheres, the approximation is ¢ 05616 0.5565 0.5633 0.5576

hard to justify. In the semiconductor silicon, for example,
which crystallizes in the diamond structure where only 34%
of the unit cell volume is covered by touching MT spheres,tablished to a high degree of confidence. Calculations with
the muffin-tin approximation will not yield a band gap in the slightly differing positions from earlier experimentson-
electronic band structure. A first step to remedy this situatiorcerning mainly the position of the chalcogeshowed that
is the introduction of “empty spheres,” additional spheresthe main features of these results are stable with respect to
without any atomic nuclei where the charge density and themall changes of the geometry. The guest iBAS and the
potential are allowed to take on values different from the restvater molecules or hydroxyl groups Othave been left out
of the interstitial volume, thus adding a primitive corrugation of the calculations because they are considered to be strongly
of the functions there. A better solution is a potential that cardisordereé* and the presented discussion neither needs nor
take on a general shape, as is implemented in the well-knowjustifies the additional computational burden at this stage. An
full-potential LAPW (FLAPW) method?? ionic conductivity, however, carried by the water and/or
The FLAPW method has shortcomings, however, particuthe B™* ions has been excluded through impedance
larly in its convergence properties, which is the reason whymeasurementsThe lattice constants are given in Table .
we have developed the augmented Fourier compdAdFt) All the results presented here were calculated using the
method*3 The main difference between the two methods iSAFC ELAPW k-p method. The calculation of all observ-
that while in the FLAPW method the APW representation isables is based on self-consistent potentials determined by the
retained for the construction of the charge density, in theAFC method. The basis size of the decisive calculations was
AFC method the density is separated into two parts: a Fou3000 functions, or about 70 APW’s per atom. This ratio has
rier part, p™(r), which represents the charge density of thebeen found to be sufficient for other complex structures, such
valence electrons, and a narrow MT partl'(r), describing  as perovskite®® For RwSi;, Wolf et al. find that the elec-
the nucleus and the core electron distribution in a sphericallyronic structure is well converged with 75 LAPW's per
symmetric average. The Fourier charge density distributiomtom?® The parametelG,, 4, Smin Was about 4.5, wher8,,,
is easily accessible in this method because the ELAPWs the smallest sphere radius. For the self-consistent calcula-
k-p method easily yields the Fourier transform of the va-tions, the densities were computed at khgointT", which is
lence wave functions. Additionally, the AFC method can bejustified by the large real-space dimensions of the unit cell
accelerated by transferring charge, whose distribution igranslating into a very small Brillouin zone.
given by the higher Fourier components @f, to the MT Earlier calculations"'? were carried out within the
part. This combination of a significant gain of speed and anuffin-tin approximation. Aspherical corrections were intro-
tiny and controllable loss of accuracy makes possible veryluced by adding an empty sphere within the tubes. The new
quick LAPW calculations with a general-shape potential.results using the AFC method presented here offer a much
The extension of the ELAPW AFC method to structure op-better description of the physics. The results show that the
timization is straightforward; however, this feature still is to former calculations describe the basic properties of the ceti-
be implemented in the computer code. neites; however, new and important effects are discovered by
The perturbationak-p method is a traditionak-p ap-  this highly accurate calculation.
proach in which the lower 1000 solutions at the reference
point kg multiplied by a phase factor ejk—kg)-r] are IV. EXPERIMENTAL SETUPS
used as basis functions. Using this approach we significantly
reduce the size of the Hamiltonian matrix and the overlap Three experimental methods were used to determine the
matrix is the unity matrix. Since the AFC method providescrystals’ band gaps(1) tfananlSSlO” spectroscopy using
the Fourier transform of the wave functions and the momenultraviolet/visual light(UV/vis),? (2) wavelength-dependent
tum operator is diagonal in a plane-wave basis the calculaneasurement of the photoconductivifyand (3) measure-
tion of the momentum matrix elements is simplified and thement of the thermal activation energy’
order of scaling in the construction of the Hamiltonian ma-  All measurements have been performed under ambient
trix is reduced. This approach has generally been used faronditions on individual single crystals of each cetineite
calculations requiring a larger number lofpoints. phase, which have been synthesized under hydrothermal re-
For the calculations a simplified structure of that given inaction of elementary antimony and sulfur or selenium, re-
Sec. Il has been used: The contents of the inner tubes hagpectively, in aqueous NaOH or KOFSince theax b faces
been dropped so that the formulaAg[ Sb;,0,5] [ SbX;]5. of the crystals in some cases have shown to be capped by an
Also, the orientation of the intertubular pyramid chains hasamorphous oxide layer the crystals’ ends have been broken
been assumed to be parallel in all cases. #Se) the  off. Conductivity measurements have been performed by
2X2X1 superstructure has not been taken into account. Thgroviding silver contacts to the clean faces as well as to the
unit cell contains 44 atoms of 8 inequivalent types with thesides(see Fig. 11 Besides(K;Se), where the tubes are just
atomic positions and lattice constants taken from x-ray dif-occupied by removable water molecules, all other com-
fraction datd. These experimental parameters have been egpounds show traces of $b, Na*, or K* ions, in addition to
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) ] ) FIG. 5. The DOS for the four cetineit€k;Se), (Na;Se, (K;S),
FIG. 4. The density of states of the cetinefiéa;Se computed 54 (Na:§ for the valence region. It has been calculated with the

by three different methods: with a single point and 8k points e rhationak - p method for 64k points in the IBZ. TheNa;Sé
using the AFC ELAPW-p method and with 64 points using the  pog shown in Fig. 4 is the one displayed here convoluted with a
perturbational AFC ELAPWk-p method. The curves have been g ssian.

convoluted with Gaussian curves of a full width at half maximum

(FWHM) of 1 eV. method. Shifts in the peaks of the three DOS curves due to

) the dispersion of the band structure are minor. The worst
water and OH. These ions could not be extracted, PresuM-gyample is the peak at about9 eV, which in the single-
ably o_Iue to StF“Ct“ra' defects. , ) #(-point approximation is shifted by about 0.5 eV to higher

Using the first two methods, band gaps in the region Oenergies.
about 2.0-2.4 eV were obseryed, whergas .the tempe.rature- In all four of the cetineites, the valence DOS has one
dependent measurements yielded activation energies ﬂf\ajor band ranging from the Fermi energy to about
about 0'5. ey reflecting a fundamental gap of about 1.0 E"V'—6 eV. This peak can be roughly subdivided into two
Photoemission spectroscopy experiments have been done Abnifolds ranging approximately from 0 te4 eV and
samples of a number of randomly oriented crystals with '

h f 2122 eV f heli disch %om -4to—6 eV.Toa large degree the states in the first
photon energy o << €V 1rom a hefiuime dISCharge yy5nif1q gre hybridized O R and chalcogep states, where
lamp. The overall energy resolution was chosen to be bett

; : . Ghe chalcogerp character dominates near the highest occu-
than 100 meV. Random orientation was viewed as an anglie g state, The lower energy manifold is almost exclusively

integration to compare the photocurrent with the calculate ade up of oxygem with a small contribution from Stp.

density of states. The states in the energy interval from6 to —8 eV are
mainly of Sb 5 and O 2 character. So the binding of O and
V. RESULTS Sb in the wall is carried out by the states in these two energy

For the four cetineite&<:Se), (Na:S8, (K:S), and(Na:9 intervals. The lower unoccupied states are to a large degree

a number of electronic and optical properties have been callybridizedp orbitals of all the atoms in the crystal, except

culated, which here will be compared to the experimentafor the alkali metal. In the cetineites containing sulfurkat
results Where available. point I", the lowest unoccupied state is strongly delocalized

in the ¢ direction and is confined entirely to the interior of
the SBO; channels. Similar nearly-free-electron-like states
have been observed in calculations on boron nitride
To show that our approach is viable the density of state;ianotubeg® It will be difficult to experimentally observe
(DOSY) of the compoundNa;Se has been computed in three this state in samples whose tubes are not completely evacu-
different ways all based on the AFC ELAPWp method  ated since we expect it to be destroyed by impurities. In the
(see Fig. 4 One of the two curves calculated with the exactfollowing discussions of gap sizes this state is therefore
ELAPW k- p method is the sum of Lorentzians centereff at treated separately.
point band energies, while the other is derived from a calcu- The densities of states for the four substances show a gap
lation with 8k points in the irreducible part of the Brillouin of between 1.5 and 1.8 elsee Fig. 5. In the crystals con-
zone(IBZ). The third curve was derived using the perturba-taining sulfur,(K;S) and(Na;S, within this gap the DOS of
tional k- p method for 64k vectors(the IBZ has 1/12th the the single free-electron-like state mentioned above appears,
volume of the full Brillouin zong The comparison in Fig. 4 which narrows the gap to 0.1 and 1.0 eV, respectively. This
shows that all three methods give the same result to a versingle state has a very high dispersion. These states are also
high degree. This does not only mean that the sikgi®int  visible, with some distortions indicating hybridization, at
method is justified but also that the perturbatiokalp  higher energies among the conduction bands of the selenium
method describes the electronic structure of the valence barmbmpounds. In the energetic interval extending a few elec-
region with very small differences from the exaktp  tron volts around the gap this band is easily identified and it

A. The density of states
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TABLE Il. Optical gaps of the cetineites. The size of the gaps of 500 ‘ .

the cetineites determined by measuring the absorption threshol I 09;»3
Egap-trans. the onset energy of the photoconductiviy,,— pnoto — Calculated DOS oo;’o"g
and calculating the first maximum of the squared plasma frequency 400 - ° PEShv=2122eV wof ]
Egap-theor @S Well as the indirect band g&, girec: taken from the = °
band structure neglecting the gap state. 3
Z 300
Crystal (K;Se) (Na;Se (K;S) (Na;9 %
Egap-trans 203eV  212eV  229eV  238eV § 200
Egap-photo 2.10 eV 2.15eV 2.25eV 2.40 eV 8
Egap-theor 22eV 24 eV 25eV 2.6eV 100
Eindirect 1.0ev 1.3 eV 1.6 eV 1.7 eV
0
is an obvious feature to display significant changes from one -15 -10 -5 0
compound to the next, whereas the other bands appec. E-E; (eV)

largely unchanged.
The earlier calculations using the muffin-tin approxima-

tion of the potential yielded fundamental gaps of about O. een calculated using the perturbatiokab method for 64 points

11,12 Lo : At
ev. _The muffin-tin potential approximation Ie_ads to a in the IBZ and has been convoluted with a Gaussian peak of 1 eV
narrowing of the gap, an effect that also appears in the semj\ .

conductor silicon, for example, where the self-consistent
muffin-tin potential yields a semimet&l. The gap size cal- respect to each other. The most striking feature of cetineite
culated by the AFC method still is slightly too small, which band structures is the stronger dispersion alongctteeis,
appears to be an effect of the treatment of many-particlé€., in thel’A direction. This dispersion indicates that the
interactions in the local density approximatirDA ). binding of the atoms making up the tubes is stronger than the
Using photoconductivity measurements and uv/visiblebinding among the tubeghis well-known effect is analo-
spectroscopy a gap size of slightly above 2 eV was obtaineg0Us 0 the tran5|tlon—metal Ia_yere_d crystals,_ where the dis-
at room temperature. The values are given in Table II. persion along the layer direction is much higher than that
By scanning through the temperature and monitoring thé/0ng the layer norma). In the sulfur substances, the single
conductivity the electronic activation energies have beerptate discussed above with a very high dispersion is found
found, i.e., the minimum thermal energies that are necessarlgs_'lfjﬁetz,f’rogn%pée character near the top of the valence band
to excite electrpns_ _from the Ferml_edge Into the.conductlorfsee Sec. V Agives a hint that the selenium of the pyramids
band so that significant conductivity can be registered. Fo

) i s responsible for a large part of the photoconductivity. Elec-
the (Na;Se crystals the temperature interval was from 326.5. 1< "trom there will be the first to be excited to the conduc-

to 238.5 K and an activation energy of 0.43 eV was foundyjon pand. Since the lowest conduction bands have strong
Going from 294 to 229 K the activation energy(K;Se) was  contributions from orbitals of nearly all the atoms in the
0.48 eV, from 240 to 310 K inK:S) yielded 0.5 eV and  crystal no particular pathway for the conductivity can be de-
from 268 to 327 K in(Na;§ yielded 0.55 eV. This must be duced from their orbital composition. The two bands in the
compared with 1/2 the values of the indirect gaps of the ban@yand structure marked by an asterisk in Fig. 7 are highly
structure(see Table . dispersive and prime candidates for the conduction of the
The calculated density of states is compared to an angleslectricity. AtI" the states are composed of selenium as well
integrated photoemission spectrum(bia;Sg taken at 21.22  as the wall antimony and the oxygen orbitals, suggesting a
eV photon energy. In Fig. 6 one can see that the oxygemigzagging electron path between the selenium of the pyra-
2p—derived peak at about-3 eV and the antimony mids and the wall atoms.
5s—derived peak at about 12 eV are reproduced. Their The c axis dispersion of all bands has increased signifi-
relative intensities agree with those suggested by the DOSantly with respect to the earlier muffin-tin calculations.
curve. Two structures in the DOS at6 and—9 eV are not However, similar bands are present also in the muffin-tin
resolved. That may possibly be due to the selection rules dfand structure, in particular the highly dispersive ones
the photoemission process, which have not been taken int§arked by the asterisk.
account here or may be because only an incomplete angle "€ valence band maximum appears on the top of the
integration has been achieved on the experimental side bg}nlloum zone with hardly any energetic difference among

averaging the emissions from a number of differently ori-1€ States there. The highest energy is found aitipaint,
ented crystals. the conduction band minimum 1.3 eV above at theoint,

at almost the same level with tHeMK plane. The band

structures of the three other substances are displayed in
B. The band structure Fig. 8.

FIG. 6. Comparison of the photoemission spectrum(fés;Se
given in arbitrary units and the density of states. The DOS has

The band structure of th@Na;Se¢ compound is shown in
Fig. 7. The cetineite band structures have a very similar
structure, where corresponding bands can easily be identified The complex dielectric function has been calculated for
even though they sometimes are shifted energetically witkall four crystals considered using the perturbational ap-

C. The dielectric function
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proach. The imaginary part is shown in Fig. 9 #mparallel  in a superstructure. While the experimental chemical trend
to the crystal axigthe dependence of the function upon thegiven in Table Il is clearly visible for the cetineites contain-
polarization of the light is very small Disregarding the ing selenium, it is less distinguished for those containing
(A;S) gap state, the sizes of the fundamental gaps arsulfur. For(K;S), a maximum appears at a photon energy of
slightly larger than 2 eV, which is in excellent agreementabout 0.8 eV which is due to transitions to the highly delo-
with the experimental values for the gaps taken from transealized state in the gap. This peak is not visible in the ex-
mission measurement. periment.

The energy onset of optical absorption, as represented by The comparison of the calculated absorptisee Fig. 1D
the imaginary part of the dielectric function, is significantly with the measured transmission spectra shows that the
smaller for(K;Se) than for the three other cetineites, which chemical trend of the onsets of transmission in both theory
approximately have a common onset ener@§;Se) differs  and experiment agrees when cetineites of the same chalcogen
in two respects from the other crystals: K &nd Se 4 are  and of the same alkali metal are compaired pairwise. We also
strongly hybridized here and the optical properties are differhave agreement in that tlifla;S compound has the lowest
ent. Experimentally, it is found that the substance crystallizesnset andK;Se) the highest. In the theoretical curves it is
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FIG. 8. Band structures dNa;9 (left), (K;S) (centey, and(K;Se) (right) calculated with the ELAPW AF&-p method.
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6 . ‘ . . . . Theory: Absorption
— (K;Se) ! “ 0.0
---- (Na;Se) LN ’
- (K;S)
—-— (Na;S)

4_

5

-Absorption coefficient (10" / cm)
S
wn
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Photon energy (eV)

1'0400 500 600 700 800

FIG. 9. The imaginary parts of the dielectric functions of the Wavelength (nm)
cetineitegK;Se), (Na;Se, (K;S), and(Na;S. The curves have been
convoluted with a Gaussian of a FWHM of 0.25 eV. The electric 80
field vectorE is parallel to the crystal axis.

Experiment: Transmission

70+

difficult to determine, however, the relationship between %01
(K;S) and(Na;Se.

80 +

404
D. Anisotropy of the electrical conductivity

transmission [%]

30+

Experimentally a strong anisotropy in the conductivity of
cetineites has been meastffett (see Table Ill. The con-
ductivity has been measured in white light parallel and per-
pendicular to thec axis by applying silver contacts to 0 f
(Na;Se crystals as indicated in Fig. 11. Two of those crys- 00; 490 S0 S0, e 6a0: w00, a0
tals measured at room temperature yielded the results give., Wavelength (nm)
in Table lll, the typical variation with the sample preparation
being visible in the difference of the results.

In (Na;Se the conductivity along the tubes has been
found to be by about a factor of 30 higher than perpendicular _ S
to it. For aztheoretical comparison, the squared plasma freléc}\)(r![(i())ﬁrtlgl(%cEAt(hke)/sacll(Jérég 2|£§2l’fr;hqeu gr(])g(/j:uctlwty IS pro-
quenciesw ,, have been determined from the perturba-
tional k- p results for 64k points. The quantityuaw char- 7-
acterizes both the DOS and the averaged electron velocity at U;Tﬁtalzf‘”s,w(EF)' (2
a given energysee Eq.(1)]. While the conduction band ™
DOS provides the final states for the photoexcitation proces
the averaged velocity determines the electron mobility an
thus the magnitude of the photocurrent, which is measured t
yield the conductivity, in a given Cartesian directigpn The
w,ZJ’W(E) curves are displayed in Fig. 12. The squared
plasma frequencies are defined as

20+

10+

FIG. 10. The calculated absorption coefficient is compared with
the measured transmission.

"he valuesm;W(E) shown in Fig. 12 can be interpreted for
emiconductors as the conductivity electrons encounter when
8xcited to states of a certain energy as in the photocon-
ductivity experiments. Clearly, the conductivity is consider-
ably higher along the axis, that is, parallel to the tubes.

In a semiconductor, the conductivity tensor is given by an

. 2 (1) integral

2 _ U\
= 3 [ s W

()

b 4ar ~OE

T afo
O_nonmetalz_f dsz,,u/.L(E)( ) ’
where the integral is over the Fermi surfabelow general-
ized to ak surface of constant energyn enumerates the wheref, is the electron distribution function andthe re-

energy bandsy designates the real-space coordinates, anthxation time. The Fermi distribution will not be strongly

TABLE lll. The conductivity of two(Na;Se crystals at room temperature parallel and perpendicular to
the crystal axesRefs. 10 and 27

Crystal 1 Crystal 2
Conductivity parallelo; 5.4x10°7 S/m 6.8<10°7 S/m
Conductivity perpendiculas, 1.96x10 8 S/m 2.2%10° 8 S/m

Factor (o—o,) o, 26.6 295
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FIG. 11. A cetineite crystal contacted for measurement of the
conductivity parallel and perpendicular to the crystal axis.

distorted by the temperature but the illumination will yield a
nonzero distribution of carriers in the low conduction bands.
Since the functionf, applies to both spatial directions
equally, it is a good approximation to assume that the ratio of
the plasma frequencies will translate to the conductivity.
Clearly the conductivity is much higher in the direction par-
allel to c than perpendicular to it. For the first peak in the
conduction band, ranging from 1.5 to 3 eV, at the maximum
the ratio iswh: w5, =13:1. a

This result can be easily seen in the band strudfig 7) _ FIG. 13. The charge densi_ty of the cetingiiéa;S¢ shown in a
where the stronger dispersion parallellté translates into ~Slice through the crystal that includes the tube dzfzown by the
the larger magnitudes of the derivatives parallel to this axiscentral line markee) and is parallel to the axis. Shown are three
which are integrated for the plasma frequencies. In the eriNit cells, i.e., the height of the graph is &nd the widtha.
ergy interval of the first conduction band peak a humber of
bands with a particularly high dispersion alohd can be carriers to yield the current measured in the photoconduction
observed, whereas around 3 eV the dispersion is reduce@Xperiments. To estimate the lowest excitation energy for an
which is reflected in the plasma frequencies. These resul@xperimentally significant photocurrent we look at the first
show that the order of magnitude of the anisotropy in themaximum to make sure that the resulting current can really
conductivity can be explained as a band structure effect. Pe measured and to exclude a contribution from the mislead-

The energy dependence of the plasma frequencies cdfg structure of the delocalized states in the sulfur com-
also be used to extract the onset energies of the photocoRoUnds. We expect those free-electron-like states not to be
ductivity assuming that it will set in with the first extended Present in the samples due to guest atoms present in the
maximum in the conduction band region. The mechanisnfubes. Since the absolute size of the gaps is somewhat am-
supposed here is that valence band electrons are excited ifdguous due to LDA effects, our main aim here is to estab-
conduction bands that show an appreciable conductivity aésh whether we can reproduce the trend of the gap sizes
expressed by the plasma frequencies. We assume that tAeeasured in the photoconduction experiments. The photo-
density of states near the valence band maximum is higﬁonductivity mechanism is different from that leading to the

enough to Support a sufficient population of photoexcited)ptical SpeCtra Wh?re the transition probabilities between va-
lence and conduction bands connected by the photon energy

0.04 : : : : , , play a major role. When we look at the first extended

maxima of the plasma frequency in the conduction band of
(Na;Se) Bl the considered compoundsee Table I, we find that they
0.03 R follow the experimental gap sizes.

E. The electron density

The electronic density distribution in the cetineii¢a;Se

0.01 for the plane including the tube axis and being parallel to the
crystal axisa is shown in Fig. 13 and a plane perpendicular
0.00 , L[N , Ly to thec axis is shown in Fig. 14. The atomic spheres around
3 2 -1 0 1 2 3 4 5 the nuclei are left empty so as to make the atoms easier to

E - Eypy (V) identify. The charge density has been computed fromlthe
FIG. 12. The squared plasma frequencies(f;Se calculated ~ point states, which is justified because of the very small Bril-
by the perturbational AFC ELAPWK - p technique. louin zone.
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along those perpendicular to this line. This property of the
band structure is visible in the theoretical conductivity,
which is considered in the form of squared plasma frequen-
cies. The calculations show that the conductivity along the
axis is by about a factor of 10 stronger than that perpendicu-
lar to it. The measurements find an anisotropy factor of 30.
The atoms participating in the binding of the crystal have
been found by determining the composition of the valence
band density of states and the real-space charge density dis-
tribution. Particularly the oxygen atoms appear to be respon-
sible for the stability of the tubes which are bound ionically
. to each other by the 33 pyramids and thé atoms. Only in
a (K;Se) does a hybridization between the pyramids and the
FIG. 14. The charge density of the cetingiiéa;Se shown ina  potassium appear at semicore energies. As a further singular
plane through the crystal perpendicular to the axi§wo unit cells ~ property the optical gap is smaller by about 0.5 eV in this
are shown. The plane is far=0.5. substance than in the othetK;Se) is also the only cetineite
that is known to crystallize in a superstructure. The effective
From the figures it is apparent that the tubes are nearlwybridization of binding states may hint to a stronger bond of
free of electronic density. The charge density between thgotassium to the host structure(i;Se). It is thus less likely
atoms of the tube walls is quite high, indicating that thety jnterfere with guest molecules. This could explain why
binding among the wall atoms is strong. Figure 14 show§yk:se) most easily can be filled with water molecules, for
that there is hardly any density surrounding the Na atomgyample and why these molecules are most easily extracted
although some of it will be covered by the large Sphere1‘rom it, compared to other cetineites. The generally strong

l\!e_vertheless, in the thir_d and fourth plane it is r?articular.lydispersion in thd"A direction of all the cetineites suggests
visible that the Na atom is rather free of surrounding density trong binding within the tubes but a rather weak interaction

in the opening in the wall made up of the oxygen atoms and . X
Sh2) anF:j Sllif'?)- This confirms thatF:r(Na;Se) th):egbinding of among them. This property is observed when the crystals are

the alkali metal to the pyramids, which is assumed to bénechanlcally disintegrated.

responsible for holding the tubes together, is ionic in nature, _1he density of states of the top 15 eV of the valence band
This ionic binding has already been suggested by the DOZS in good agreement with an angle-integrated photoemission
the Na and Se states do not interact. Particularly the oxygePPectrum. Minor discrepancies may be due to experimental
atoms are surrounded by a rather high electronic density. wdifficulties in the measurement of the crystals and the neglect
have already mentioned the sizable contribution oxygeﬁ)f transition-matrix elements as well as water molecules in-
makes to the higher valence band where the states are magigle the tubes in the calculations. Further investigations on
up of O 2p hybridized with Sb % or Se 4. these points are in progress.

Since the density distribution does not include the excited The chemical trend found in the experiment for the opti-
states these figures cannot directly help interpreting the charal gap width is in agreement with the theoretical results for
nels of conduction. However, the ground state density almoghe cetineites containing selenium. For the cetineif®sS}
vanishing within the tubes, together with the nearly-free-the gap size is nearly the same. The significant difference in
electron-like excited density localized there, may indicate arthe onset of optical absorption @€;Se) from the other three
unencumbered electron path when a voltage is applied to theetineites may be connected to the above-mentioned hybrid-
ends of the tubes under light incidence or other excitationaization of the potassium 8 and the selenium g} orbitals.
processes. The squared plasma frequencies yield the onsets of the pho-

toconductivity for the four crystals showing the same trend
VI. CONCLUSIONS found in the experiment.
However, despite the wealth of information on the prop-

The basic properties of the electronic structure of fourerties of cetineites gained so far a number of questions re-
cetineite crystals have been investigated. We have confirmagain to be solved: What is the influence of the water or other
both experimentally and theoretically that the crystals argyuest molecules? What would be the result if not all the
semiconductors. The size of the optical gaps has been undgferstitial pyramid chains were oriented in the same direc-
stimated slightly in the theoretical results, which is not sur-tion? What is the exact nature of the delocalized state in the
prising for LDA calculations. In crystals containing sulfur fyndamental gap of theA:S) cetineites and how can we get

there are delocalized states within the fundamental gap, angkperimental evidence on it? Work on these questions is on-
in the selenium compounds they are shifted to higher enefgoing.

gies. The new AFC method significantly improves the values
of the fundamental gaps compared to earlier muffin-tin cal-
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