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Dimerization of single selenium chains confined in nanochannels of cancrinite:
An x-ray absorption study
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Local structure of selenium confined in nanochannels of cancrinite~Can-Se! single crystal and powder
samples have been studied by polarized x-ray absorption. The spectra for a single crystal are strongly aniso-
tropic implying linear arrangement of Se species. Polarization dependence of extended x-ray absorption fine
structure~EXAFS! data provides direct evidence that dimers with the bond length of 2.4060.01 Å are formed.
Polarized x-ray absorption near-edge structure~XANES! spectra demonstrate that they are aligned along the
channel of cancrinite. Deconvolution of XANES spectra into Lorentzians~localized states! and the remaining
steplike function~continuous states! shows that two localized state peaks are present. While the one polarized
parallel to the cancrinite axis is strongly polarized, the other one is essentially isotropic. Comparison of
XANES peak positions for Can-Se with that for bulk selenium provides evidence for negative charge on
dimers. Despite strong temperature dependence of Raman-scattering spectra found earlier, EXAFS data do not
exhibit any noticeable temperature dependence. Possible mechanisms for dimer stabilization are discussed.
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I. INTRODUCTION

Interest in low-dimensional nanosize phenomena has b
continuously growing in the recent years. One of the pro
ising ways to fabricate such new objects consists in sta
zation of individual molecules and nanosize clusters in
matrix of microporous materials.1–3 Recently, numerous ef
forts have been put into fabrication of such nanoobjects c
fined in various zeolite matrices with the characteristic ca
size of about 10 Å. Selenium, which in bulk forms consi
of chains and/or rings held together by weak Van der Wa
interaction, is one of the candidate materials. Confinemen
individual chains in zeolite-channel-like pores can provid
new class of quasi-one-dimensional materials. They are
pected to have new physical properties that can be contro
through variation of the zeolite framework and/or furth
doping.

Selenium was shown to be efficiently confined in vario
zeolites forming either nanosize clusters or one-dimensio
isolated chains. Details are given in a recent review.4 Re-
cently, Se was shown to be confined in cancrinite, which
PRB 590163-1829/99/59~14!/9035~9!/$15.00
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parallel channels~diameter of ;7 Å! formed by 12-
membered rings made of (Si, Al!O4 tetraedra.4–10 We shall
use the notation ‘‘Can-Se’’ to refer to this material conta
ing selenium molecules in the channels throughout this
per. Results of previous optical studies6 indicated that sele-
nium forms linear ~as opposed to helical! chains in the
channels of cancrinite while Raman spectroscopy and x
diffraction studies6–10 suggested the presence of dimers. T
structure of Can-Se according to previous studies is show
Fig. 2 of Ref. 10.

In order to investigate the nature of the Se-chain m
ecule, we have studied the local structure of Can-Se us
polarized extended x-ray absorption fine structure~EXAFS!
and x-ray absorption near-edge structure~XANES!. Some of
the initial results have been reported elsewhere.1 In this pa-
per, we report full details of the x-ray absorption stud
which provides direct evidence for highly oriented Se dim
along the channels of cancrinite. Based on the novel lo
structure, we discuss the electron states and the mecha
of the dimer formation in the cancrinite channels.
9035 ©1999 The American Physical Society
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II. EXPERIMENTAL DETAILS

The Can-Se samples were similar to those used in ea
studies.4–11 Se was introduced into the~hydro!cancrinite
@the unit cell formula Na8Si6Al6O24~OH!2•2H2O# single crys-
tals ~size 1 mm31 mm33 mm) from the vapor phase at
temperature of about 500 °C after dehydration at the sa
temperature. Powdered samples obtained by crushing a s
single crystal prior to the measurement were also studie

A double crystal Si~111! monochromator designed for
high heat-load wiggler at BL13 of the Photon Factory12 was
used. For crystal cooling, an improved version of dire
water-cooling mechanism13 was used.14 The energy resolu-
tion is dependent on the vertical beam divergence and
crystal rocking curve width.

In order to avoid degradation of the energy resolution d
to the broadening of the width of a double crystal rocki
curve as a result of heat load, the magnetic field of the
pole wiggler magnet15 B0 was limited to 1.0 T, which
amounts to2

3 of the full power~5.4 kW! with B051.5 T. The
measured energy resolution at the CuK-edge~8.980 keV!
was 2.0 eV with a partially limited vertical beam size. E
trapolating the function to the SeK-edge energy, the energ
resolution is expected to be approximately 4 eV at 12.6
keV.

The stability of energy position was monitored by t
independent XANES measurements of reference mater
i.e., copper foil for 8.9803 keV anda-Se thin film for 12.658
keV, the former being the calibration point. It was found th
the energy scale was stable during the experiment exten
to six days within60.0002 degrees in Bragg angle, whic
amounts to approximately 0.57 eV in uncertainty. F
XANES spectra, measurements were sequentially perfor
during the same fill for which uncertainty in an energy sc
was estimated to be less than 0.5 eV.

All measurements for cancrinite samples including po
der samples anda-Se ~1000 Å film! as a reference materia
on the SeK-edge were performed in a fluorescence mode.
a fluorescence x-ray detector, we have used a 19-elem
pure Ge detector and 9-element NaI~T1! detector arrays. De
tails of Ge and NaI detectors are given elsewhere.16,17 The
output of single-channel analyzer for each detector chan
was recorded in 12-channel CAMAC counters and norm
ized by the incident beam intensity measured by an ion
tion chamber filled with dry nitrogen gas.

The sample was mounted on an aluminum holder in
evacuated cryostat equipped with windows for incident a
fluorescent x-ray beams. A closed-cycle He refrigerator w
a cooling power of;9 W at 20 K was used.

SeK-edge EXAFS and XANES spectra were measured
the temperature range from 20 to 300 K. The angular dep
dence of the pre-edge and the near-edge features arou
strong white line peak at 12 672 eV for the single crystal w
sequentially measured at room temperature.

A film of amorphous selenium (a-Se) was used as a sta
dard to obtain experimental phase-shift function for t
Se-Se pair and for normalization of the theoretical ba
scattering amplitude function.18 The EXAFS measurement
of the reference material was performed at the same temp
ture immediately after the measurements for Can-Se.
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III. RESULTS

Figure 1 shows the raw SeKa fluorescence yield spectr
taken at 30 K for Can-Se oriented with the electric vector
the x-ray beam parallel~top! and perpendicular~bottom!,
respectively, to thec axis. Strong anisotropy is obvious. Fig
ure 2 shows the corresponding SeK-EXAFS oscillations for
the two orientations~top! as well as a corresponding spect
for a powdered sample~bottom! after subtraction of smooth
backgrounds due to the atomic absorption from the fluor
cence yield spectra. The background function given a
combination of the third and forth order polynomials, wi
tabulated coefficients~Victoreen Function! which smoothly
interpolate EXAFS oscillations using a cubic spline metho
was normalized to the edge jump and subtracted from
fluorescence yield spectra. A strong anisotropy is obviou
observed: In thek range from 5 to 16 Å21 the envelope
functions of Can-Se (Eic) anda-Se agree very well in tha
both posses a maximum atk55 – 6 Å21.

In the spectra of Can-Se for the orthogonal orientat
(E'c), no oscillations are observed in the region, which
characteristic of selenium-selenium interaction. Inste
EXAFS oscillations are observed at much smallerk values,
their amplitude decreasing rapidly. The present EXAFS
cillations are somewhat different from those for the sa
system previously reported in Ref. 11. Variation of the spl
knots and inclusion of smallerk region for theE'c orienta-
tion has allowed us to improve the background subtracti
which is evidenced by disappearance of the peaks locate
about 1 Å in the results of Fourier transform discussed b
low.

The spectrum for a powdered sample looks as an inter

FIG. 1. SeK-edge fluorescence yield spectra for Can-Se (Eic,
top andE'c, bottom! taken using a 19-element solid-state detec
array and a 27-pole wiggler at the Photon Factory.
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PRB 59 9037DIMERIZATION OF SINGLE SELENIUM CHAINS . . .
diate of the two spectra for a single crystal.
The EXAFS oscillations multiplied byk @kx(k)# were

Fourier transformed using the region extending from 4 to
Å21 for Eic and 3 to 16 Å forE'c. The results for the
single crystal and powder are shown in Fig. 3. One can
that for the sample orientation with channels parallel to
electric vector of the x-ray beam (Eic) there is one strongly
pronounced peak representing the Se-Se interaction wit
second or third peak observed. The other spectrum (E'c)
has several broad peaks at distances different from that o
Se-Se bond length. Thek dependence of the EXAFS osci
lations suggests that these peaks represent the interacti
Se atoms with the cancrinite channels and/or Na ions
OH groups contained in the channels. In the spectrum for
powder~bottom! which, again, is close to an average of t
two spectra for the single crystal, both Se-Se interaction
interaction with the matrix are present.

EXAFS data analysis was performed by the a TSS-ba
data analysis package ADA~Ref. 19! written in
FORTRAN-77 language with a graphical user interface
ing a mainframe computer. The least-squares curve fit
performed using the amplitude function calculated by FEF
~Ref. 20! and the empirical phase-shift function~polyno-
mial!. Coefficients of polynomial were determined so th

FIG. 2. SeK-edge EXAFS oscillations for single-crystal Can-S
~top! and powder~bottom! plotted as a function of photoelectro
wave numberk.
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the simulated data fit to the experimental one for the re
ence (a-Se) for which the Se-Se bond length was previou
determined.21 The errors in obtained values of the bon
length, coordination number and mean-square relative
placement~MSRD! have been determined as follows. Firs
the statistical error was evaluated by the criterion that
error is given as the deviation of one parameter, which gi
the twice larger residue. The systematic error was estima
from repeated measurements on the same sample. The
mated error limit was finally obtained by the convolution
the two contributions.

To analyze the data quantitatively, the Fourie
transformed data were filtered in order to extract the con
bution of the first nearest neighbors, and back Fourier tra
formed into thek space. The filtered data for the first shell
Can-Se (Eic) together with the result of the least-squar
curve fitting based on a single-scattering theory22 are shown
in Fig. 4. The curve fitting analysis gives the bond length
2.4060.01 Å and the coordination number of 3.160.6 for
Can-Se,assuming isotropic orientation of selenium chain.
The mean-square relative displacement~MSRD! for the
Se-Se distance is comparable to that obtained forc-Se.23

This indicates that the Se-Se bond has a short-range o
comparable with a covalent single bond.

Figure 5 shows the average coordination number for
Se-Se interaction measured on a single crystal with differ

FIG. 3. Magnitude of Fourier transform of SeK-EXAFS oscil-
lations multiplied byk for Can-Se. Top—single crystal.~Solid line
and dotted line indicate the results forEic andE'c, respectively.!
Bottom—powder.
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9038 PRB 59KOLOBOV, OYANAGI, POBORCHII, AND TANAKA
orientations of the sample. A decrease in the average S
coordination with an increase in the angle between thec axis
and E vector is clearly seen. One can expect the effect
coordination number 3N cos2 u to be three for a perfectly
oriented dimer (N51) when theE vector coincides with the
orientation axis. This is a strong evidence that Se atoms f
a linear array ofdimers with negligible amount of other
forms.

Similar data analysis performed on the crushed sam
gives the bond length of 2.4060.01 Å ~same as for the single
crystal!, average coordination number of 1.460.3 and the
MSRD similar to that of the single-crystal sample. A po
sible reason for a somewhat larger coordination number
tained for the crushed sample is discusses later.

In order to investigate the anisotropy we have also m
sured XANES spectra at different anglesu between the can
crinite c axis and theE vector of the x-ray beam. The ob
tained spectra~Fig. 4 of Ref. 11! exhibit two features. A
near-edge peak~A! at 12 667 eV, corresponding to the whi
line of bulk selenium, decreases asu increases and disap
pears completely for the sample oriented with thec axis per-
pendicular to the electric vector of the x-ray beam. This p
cess proceeds in parallel with an appearance and growt
another peak~B! at 12 672 eV indicating that the two peak
are negatively correlated.

Figure 6 shows the result of deconvolution of the me
sured spectra for three different orientations, namelyEic

FIG. 4. Fourier-filtered first-shell SeK-EXAFS oscillations for
Can-Se (Eic) ~solid line! and the result of the least-squares cur
fitting ~dashed line!.

FIG. 5. Average Se-Se effective coordination numberN* as a
function of the angle betweenE vector and cancrinitec axis calcu-
lated in the assumption of isotropic sample.
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~top!, E'c ~bottom! and for the 45° angle betweenE andc
~middle!, into Lorentzian functions describing the transitio
to bound states and the Fermi function corresponding to
continuum states. The deconvolution was performed so
the two Lorentzian peaks with variables~intensity, position,
and width for each peak! were fit to the near-edge region
which is not affected by the EXAFS oscillations. It wa
found that the empirical continuum function shown in
dash-dot line in Fig. 6 gives a constant threshold value
energy, which justifies the procedure of deconvolution.

One can see that although the intensity of the peak rela
to featureA is strongly orientation dependent, the intensity
the peak fitting the featureB hardly varies indicating that the
electron wave function corresponding to that peak has
preferred orientation. The steplike contribution of continuu
states~in the shown energy range, which is much below t
EXAFS region! is essentially identical in all cases. The fu
width at half maximum of the deconvoluted Lorenzian pe

FIG. 6. Measured spectra~dots! and deconvolution into the
boundlike states~dotted lines! and the steplike continuum stat
function ~dashed-dotted line! for three different anglesu between
the electrical field vectorE and thec axis. The corresponding angle
are marked in the top-right corner of each spectrum. The solid
indicates the fitted curve using the Lorentzian distributions~bound
states! and the Fermi functions~continuum!.
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PRB 59 9039DIMERIZATION OF SINGLE SELENIUM CHAINS . . .
A is 4.1 eV in good agreement with the energy resolut
discussed earlier.

In order to analyze the polarization dependence quan
tively we have applied simple formulas of Ref. 24 and w
have found11 that the best fit is obtained fora50° indicating
that Se-Se bonds are highly oriented in the direction para
to thec axis of the cancrinite.

In Fig. 7, the near-edge features for the Can-Se anda-Se
are compared. One can find that the energy position for p
A for the single crystal Can-Se lies at lower energy than t
of a-Se. In the data for the crushed Can-Se sample, the
ergy shift is not, however, clearly observed. Similar
EXAFS, the XANES spectrum for the powder sample loo
intermediate between those for the single crystal. Figur
shows the measured XANES spectrum and that calcul
from the single-crystal data assuming1

3 contribution from the
(Eic) and 2

3 from (E'c) orientations. Taking into accoun
the accuracy in the orientation of the single crystal~65°! and
the fact that single crystal and powder aredifferentsamples
~with somewhat different loading and background signa!,
the overall agreement is quite good.

We now turn our attention to the temperature depende
of EXAFS (Eic). This question is of special interest sinc
the results of a Raman study4–8 of Can-Se suggested th
presence of structural transformations in the tempera

FIG. 7. Comparison of the XANES spectra for Can-Se a
a-Se.

FIG. 8. XANES spectra for powdered Can-Se: measured~solid
line! and calculated from those for the single crystal~dashed line!.
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range between 20 and 300 K resulting from incommensu
bility between selenium chains and cancrinite. It was argu
that a competition between intrachain dimer-dimer inter
tion and chain-matrix interaction occurs. According to th
some changes in dimer arrangement should take place
we can expect some effects in EXAFS corresponding to
second nearest-neighbor distance. However, we could
observe the second nearest-neighbor distance. We ana
temperature dependencies of the coordination number
mean-square relative displacement~MSRD! corresponding
to the first nearest neighbor. In Fig. 9, the effective coor
nation numberN* and MSRD are plotted as a function o
temperature. Our results show that there is no noticea
change of coordination as the temperature is changed f
30 to 300 K:N* remainspractically unchanged in the whole
temperature range, which indicates that the dimers are st
bilized throughout this temperature range. The MSRD mo
tonically increases with the temperature increase as a re
of increased amplitude of Se-Se intradimer vibrations.

IV. DISCUSSION

A. Polarized EXAFS

Remarkable anisotropy is obvious from comparison
spectra of the single-crystal Can-Se shown in Figs. 2 an
Comparison of the SeK-EXAFS for Can-Se (Eic) anda-Se
~Ref. 23! shows that the envelopes of the two spectra
similar, which should be the case since the envelope is
termined by the chemical nature of scatterers and seleniu
the nearest scatterer in both cases. Quantitative analys
the Fourier-transformed~and filtered! data gives the Se-S

d

FIG. 9. Temperature dependence for the effective coordina
number ~top column! and MSRD ~lower column! for the Se-Se
correlation in Can-Se (Eic). For comparison, similar dependenc
~MSRD! for crystalline selenium (c-Se) is shown.



u
tio
tin
n

on
i

d
o
e

o

be
S
ei
h
m

w
te

fo
t-
ru
e
se
f

a
o
al
e
ge
ly
e

n
rre

e
n

ps
g

-
ft

or

t

ct
tu

he
the

ese
ers

he

6
hat

dy
ed
que

tra
nite
k

form
ic
his
the

-

-
, is
tes.
ems
edge

me
be
ge

ay
-
t in
the
ate

is
he
fer-
are

h
is
gly
ns

gle
f

di-
the

This

9040 PRB 59KOLOBOV, OYANAGI, POBORCHII, AND TANAKA
bond length of 2.4060.01 Å for Can-Se, while that for bulk
Se equals 2.3660.01 Å for a crystal and 2.3260.01 Å for
a-Se. Such an increase in the bond length is very unus
since, in the case of confined selenium, interchain interac
is weakened and intrachain interaction is reinforced resul
in a decrease in the bond length, provided the chemical
ture of bonding remains unchanged. Such a decrease in
bond length resulting from removal of interchain interacti
was reported earlier for isolated Se chains confined
mordenite channels.25 The observed increase in the bon
length possibly implies a change in the chemical nature
bonding, such as appearance of strong interaction betw
selenium atoms and the cancrinite matrix.

Complete absence of Se-Se interactions for the other
entation (E'c) suggests that Se formslinear structures. The
obtained effective coordination number of 3.160.6 for the
(Eic) configuration using the isotropic reference sample
comes;1.060.2 for the case of a linear arrangement of
atoms, which means that each selenium atom has one n
bor, i.e., indeed, dimers are formed in the channels. T
value for the coordination number agrees well with the nu
ber obtained for the crushed~isotropic! sample: 1.460.3.
Taking into account the fact that in the crushed sample
simultaneously determine the Se-Se and the Se-matrix in
action in other directions the two results are consistent.

In sharp contrast to the results previously reported
linear polyions in (CH)x ~Ref. 27! the second neares
neighbor Se-Se correlation is not observed in the spect
for Eic ~Fig. 3, top!. Strong focusing effect due to multipl
scattering results in enhancement of interference for the
ond nearest neighbor in a linear chain28 and the magnitude o
the second nearest-neighbor peak is used to estimate
number of atoms in a chain. Its complete absence in our c
independently suggests that selenium forms not continu
linear chain but strongly oriented dimers that are not equ
spaced along thec axis. Alternative explanations could b
either very large thermal motion of dimers or a lar
~Se2! . . . ~Se2! distance. While the former can be possib
ruled out by the absence of any temperature dependenc
EXAFS, the latter is quite possible.

In Fig. 3 (E'c), one can observe two broad peaks ce
tering at approximately 2.5 Å and 4 Å. These peaks co
spond to the interactions between Se atoms and light elem
atoms forming the host matrix, i.e., Si, Al, and O atoms a
ions such as OH groups and Na cations.

Recent studies10 have revealed that Se and OH grou
belong to different regions of the crystals. A possible ran
of Se-Na distance~3.00–3.26 Å! in the crystal structure de
termined from x-ray diffraction10 matches the phase-shi
corrected first-peak position in the Fourier transform~ca. 3
Å!. It should be noted that the Se-Na distance in Na2Se2
~2.948 Å! is close to this value.

Three oxygen cites~O1, O3, O4! are located at around
4.4–4.5 Å in the radial distribution function calculated f
the average structure, while there are other atoms~Si, Al! at
slightly distant positions~4.8–5.0 Å!. Because of insufficien
resolution inr space due to the limited range ink, these two
peaks are expected to appear as the double-peak stru
separated by approximately 0.5 Å. The double-peak struc
separated by 0.4 Å in the Fourier transform at around 4 Å is
thus likely due to these correlations.
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Summarizing the results of the Fourier transform for t
perpendicular orientation, the overall agreement between
x-ray diffraction data10 and EXAFS is reasonably good.

According to x-ray diffraction data,10 the electron density
of Se atoms displays three broad overlapping peaks. Th
peaks are interpreted as a result of distribution of Se dim
along the channel. It is difficult to determine precisely t
bond length from the present x-ray diffraction data.10 Further
x-ray diffraction studies based on symmetry lower than P3
space group symmetry and with resolution better than it t
of Ref. 10 are necessary.

We can thus conclude from the polarized EXAFS stu
that selenium forms dimers, which are perfectly orient
along the channel and the dimer-dimer distance is not uni
indicating the incommensurate structure.

B. Polarized XANES

Analysis of the angular dependence of XANES spec
provides further evidence that selenium chains in cancri
channels are strongly anisotropic. The best fit for the peaA
angular dependence is obtained fora50°, which means that
Se-Se bonds are oriented along the channels and do not
helical structures, which is usual in all known allotrop
forms of selenium containing chain structural elements. T
strong anisotropy of selenium chains gives grounds to
calculated value of the coordination number to be;1.0.

The fact that the peakA strongly polarized along the
channel and the possible LUMO~lowest unoccupied molecu
lar orbital! for Se is 4ps* , it is likely that the peakA cor-
responds to 4ps* . The peakB, which has very weak polar
ization dependence and is located at higher energy
probably related to higher level orbitals, i.e., Rydberg sta

To discuss the electron state of selenium species, it se
reasonable to compare the energy positions of the near-
structures for crushed Can-Se anda-Se. The two
K-absorption edges basically coincide implying the sa
~neutral! state of confined selenium species. It should
bared in mind, however, that direct comparison of the ed
energy positions may not be correct. Different from x-r
photoemission spectroscopy~XPS!, where the energy be
tween the core level and the vacuum level of an elemen
question is measured, in XANES, the measured value is
energy from the core level to the lowest unoccupied st
~conduction band, or antibonding state!. If the structure of
the material is significantly changed or if the material
strongly anisotropic the energy position of the bottom of t
conduction band also changes and selection rules for dif
ent polarizations may be different. One should thus comp
transitions involving identical orbitals@1s⇒4p(s* )# and in
our case the spectrum fora-Se has to be compared wit
transitions in theEic orientation of the Can-Se sample. Th
also clearly shows that isotropic samples for locally stron
anisotropic structures may lead to totally wrong conclusio
regarding the charge state of the species.

Comparison of the edge positions for the Can-Se sin
crystal measured inEic orientation shows that the edge o
the Can-Se is located at lower energies~by about 1.7 eV!.
Taking a-Se as a reference of charge on Se atom, this in
cates that the electron density on Se atoms increases in
former sample, i.e., Se species are negatively charged.
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PRB 59 9041DIMERIZATION OF SINGLE SELENIUM CHAINS . . .
charging gives a most natural explanation as to why the b
length in Can-Se is larger than in bulk Se or in case
confinement of continuous~neutral! chains in nanochannel
of mordenite. Previous result of an XPS study10 has shown a
decrease in the core-level binding energy by 1 eV for C
Se. Taking this into account and assuming the same en
shift for different core levels our present data suggest that
final s* state in Can-Se is about 0.7 eV lower than that
bulk selenium. This result is consistant with the elonga
Se-Se bond in Can-Se.

C. Mechanism of dimerization

Now, we turn our attention to the change in electron sta
caused by dimerization. As seen from Fig. 7, the lowest
ergy feature~peakA! observed in the XANES spectrum o
Can-Se corresponds to the sharp bound-state-like pea
a-Se. Ina-Se, twop orbitals are split intos ~bonding! and
s* ~antibonding! states, which lie below and above the no
bonding~lone-pair! orbitals, respectively. The lowest uno
cupied states ares* for which the transition from 1s states
is allowed within the dipole selection rule. Since excitatio
from Se 1s to s* are allowed byEic but not byE'c, as the
angle between thec axis andE increases, the intensity o
peakA decreases. Theoretical calculation of XANES for tw
orthogonal orientations currently underway29 give spectra
that agree very well with the experimental ones.

We now consider possible models for the electron sta
associated with the dimerization. In the crystalline state,
lenium forms helical chain structure with a dihedral angle
100.6°. For an intercalated selenium chain in a nanocha
of cancrinite, however, interaction between the chain an
cage molecule forces the helical chain to be extended in
linear one~or prevents the formation of helical chains wh
Se dimers, which are majority species in the vapour ph
are incorporated into the cancrinite channels!. Such a linear
chain is unstable because of the repulsive interaction
tween lone pairs and bond charges. Removal of heli
would thus push up the energy levels of lone-pair electr
decreasing the energy of the antibonding states sincespmix-
ing is not achieved because of lack in the overlap. In t
case, one should expect a rearrangement of atoms suc
bond breaking and dimerization, which would remove t
instability in one of the following ways.

First, we consider a possibility of a double bond betwe
the two selenium atoms. The corresponding molecu
orbital diagram for the Se2 dimer, which is a triplet in the
ground state,30 is shown in Fig. 10~a!. For Se2 in the gaseous
phase, a bond length~2.15 Å! has been found,31 which is
much shorter that the bond length observed in our case~2.40
Å!. It is, thus, unlikely that the double bond formation tak
place.

Another possibility is the formation of resonating charg
defect states as illustrated in Fig. 10~b!. In bulk selenium
neutral dangling bonds are unstable and charged defect
formed due to negative correlation energy.32,33 In the initial
selenium dimers, two one-fold defect sites (C1

0) are bonded
together as nearest neighbors. It is, thus, plausible that
tral defects with dangling bonds can be stabilized by a
namic charge transfer or resonating between the charged
fect sites (C1

1-C1
2).
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Finally, we consider a possibility of a chemical reactio
between selenium and cancrinite such as the formation
chemical bonds and charge transfer@Fig. 10~c!#. Since the
dimerization introduces one dangling bond to each selen
atom, hydroxyl group might terminate these bonds if th
make covalent bonds. However, we have found no contri
tion from the interaction between Se atoms and light elem
atoms around the crystallographic distance between the
atom and OH group~1.5 Å!. This indicates that OH sites
near Se dimers are not occupied. Further, the recent IR m
surements on Can-Se~Ref. 10! demonstrated that OH group
are absent in samples heavily loaded with selenium.

The last and quite likely mechanism of stabilization is
charge transfer from Na species of the cancrinite matrix to
atoms. The distance between Se atoms and the nea
neighbor light element atoms is observed at about 3.0
which is likely to be due to Na species for which the cry
tallographic Se-Na distance is 3.0–3.3 Å depending on
Se-atom position in the channel. In addition the obtain
Se-Se distance is very close to that in a Na2Se2 crystal
(2.3860.05 Å).34 The absence of features at lower energ
that could be ascribed top* states in XANES spectra is
consistant with the MO diagram for the charge transfer. T
decrease of OH concentration in Can-Se agrees with
mechanism, which achieves the charge neutrality. This p
sibility is also consistent with the conclusion of a rece
x-ray photoemission spectroscopy~XPS! study, which sug-
gested a presence of doubly charged dimers Se2

22.4,10 In a
recent paper35 where selenium was introduced into cancrin

FIG. 10. Schematic MO diagram of selenium dimers in cancr
ite. Unstable strained linear chains form dimers. Unpaired electr
can form a molecule with a double bond~a!. Resonating between
positively and negatively charged defects stabilizes the dimer st
ture ~b!. A charge transfer results in the closed-shell configurat
of selenium atoms in Se2

22 ~c!.
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during the synthesis, the authors also concluded that Se2
22

species were present. Thus, we conclude that the ch
transfer is quite likely to be the case.

The observed increase in Se-Se distance in oriented
dimers in cancrinite by 0.25 Å compared to that in Se2 in
gaseous phase~2.15 Å! agrees well with the double negativ
charge on the dimer. It was reported that a negative ch
transfer to a O2 molecule increases the bond lengthRO-O.
RO-O’s for O2, O2

2, and O2
22 equal 1.21, 1.28, and 1.48 Å

respectively.26 The removal of an electron, on the other han
reduces the bond length andRO-O for O2

1 is 1.12 Å resulting
in the shortest one of all. This result indicates that in a sim
dimer molecules such as O2, the electron removal from an
antibonding orbital strengthens the bond~increases the bond
order! while the addition of an electron weakens it in agre
ment with the present observation that for negatively char
dimers, the bond length increases. The bond length dif
ence between Se2

22 and Se2 ~11.5%! is much smaller than
that for oxygen~22%! reflecting the spatial extention of bon
orbitals.

V. CONCLUSIONS

Our x-ray absorption study of selenium chains confined
cancrinite enabled us to make the following conclusions
garding the structure of selenium confined in nanochan
of cancrinite.~1! Strong polarization dependence for Can-
single crystals provides direct experimental evidence for
ear orientation of Se-Se bonds along the channel of canc
ite. This kind of information is not obtainable if one me
sures the EXAFS for a powder. This result also demonstr
that previous EXAFS experiments on Se confined in diff
ent zeolite powders have to be reconsidered as to comp
ness and reliability of the information they provide.~2! Se-
lenium confined in nanochannels of cancrinite forms wea
s

g

d

ge

Se

ge

,

le

-
d
r-

n
-
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-
n-

es
-
te-

y

interacting linearly arranged dimers and not continuo
chains. ~3! The obtained Se-Se bond length~2.40 Å! for
Can-Se is larger than in any other known form of seleniu
~4! Polarized XANES clearly demonstrates that Se dime
are oriented parallel to the channel of cancrinite. Fitting
the XANES spectra indicates the existance of two types
boundlike states: one being strongly polarized along thec
axis and the other one being essentially isotropic. Compa
son of XANES for Can-Se with that for bulk selenium indi
cates a negative charge transfer to Se dimers~most likely
from Na species! which also explains an increased Se-S
bond length in Can-Se. Comparison of spectra for sing
crystal and powder clearly shows that isotropic samples
locally strongly anisotropic structures may lead to total
wrong conclusions regarding the charge state of the spec
~5! Despite a strong temperature dependence of Raman s
tering, which suggested several phase transitions, no cha
was detected in EXAFS showing that the basic structure
dimers is unchanged within the whole temperature range
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