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Abstract: In this review, we make a survey of the structure studies for the chalcogen
elements and several chalcogenides in liquid, amorphous and nanosized state by
using X-ray absorption fine structure (XAFS). The chalcogen elements have hierar-
chic structures; the chain structure constructed with the strong covalent bond as a
primary structure, and the weaker interaction between chains as a secondary one.
Existence of these two kinds of interactions induces exotic behaviors in the liquid,
amorphous and nanosized state of the chalcogen and chalcogenides. XAFS is a
powerful structure analysis technique for multi-element systems and the disordered
materials, so it is suitable for the study of such as liquid, amorphous and nanosized
mixtures. In section 2, the structures for the liquid state are discussed, which show the
interesting semiconductor-metal transition depending on their temperatures and
components. In section 3, the structure for the amorphous states are discussed.
Especially, some of chalcogens and chalcogenides present the photostructural
change, which is important industrial application. In section 4, the structures of
nanosized state, nanoparticles and isolated chain confined into the narrow channel,
are discussed. The studies of the nanoparticle and the isolated chain reveal the
alternative role between the intrachain covalent bonds and the interchain interaction.
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1 Introduction

Chalcogen elements (sulfur, selenium, tellurium) construct a hierarchic structure.
They form ring/chain molecules with a two-fold covalent bond, and the molecules
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form a stable crystal by adhering to each other in an orthorhombic S and trigonal Se
and Te (t-Se and t-Te) manner. The hierarchic nature is brought about by the
electronic structure of the outermost electrons s’p*. The energy level of the s-
electrons is sufficiently lower than that of the p-electrons, so they do only slightly
contribute to the bonding within the molecules. Two p-electrons form the indi-
vidual covalent bonds, and the other two ones form the lone-pair (LP) orbitals in
pairs. The LP band occupies the top of the valence band, and the anti-bonding
band forms the bottom of the conduction band. The values of the optical gap are 2.2
and 0.33 eV for t-Se and t-Te, respectively, so they are semiconductors.

LP orbitals do not contribute to the covalent bonds directly, but they affect the
conformation of the molecules. The exchange repulsion between the LP orbitals
brings about a rotational barrier around the covalent bond within the molecules.
Unlike for the intrachain interaction, LP orbitals play the key role for the interchain
interaction. They overlap with the empty anti-bonding orbitals on adjacent chain,
which induces the interchain interaction.

The covalent bond length r and the interchain’s first nearest neighbor (INN)
atomic distance R of t-Se are 2.37 and 3.44 A [1], and those of t-Te are 2.84 and 3.49 A
[2], respectively. The values of R are smaller than twice the van der Waals radius in
both t-Se and t-Te [3]. This means that the interchain interaction of t-Se and t-Te is
stronger than the van der Waals force. The values of the ratio R/r, which measure
the strength of the interchain interaction, are 1.45 and 1.23 for t-Se and t-Te,
respectively. These values imply that the interchain interaction of t-Te is stronger
than that of t-Se. Se and Te atoms form a continuous series of mixtures consisting
of mixed chains. Therefore, in Se-Te mixtures, the interchain interaction increases
and the optical gap becomes small with increasing Te concentration.

While t-Se and t-Te are both semiconductors and have a two-fold helical chain
structure, they show opposite behaviors on melting. Liquid Se (I-Se) retains its
semiconductive properties [4-8] and holds its two-fold chain structure [9-11].
However, 1-Te transforms to metal [5, 12]. The estimated coordination number
corresponding to the nearest neighbor was approximately 3, following the neutron
and X-ray diffractions [13, 14]. Therefore, it was previously assumed that 1-Te has
an arsenic-like three-fold coordinated network structure, which induces its
metallic nature [15]. Later, the idea that 1-Te has a two-fold chain structure similar
to 1-Se was proposed [16]. It is supported by the measurements of the neutron and
X-ray diffractions with the extension of the upper limit of a static structure factor
and its supercooled state [18-20]. It is interesting that the semiconductor-metal
(SC-M) transition accompanies the volume contraction [21].

Although 1-Se is the semiconductor with the covalent bonding at moderate
temperatures and pressures, it exhibits an SC-M transition at high temperature
near the vicinity of the critical point [5-8]. X-ray diffraction shows that the
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coordination number of INN remain about two and decreases a bit with increasing
temperature [11, 22]. This means that the two-fold coordinated structure remains
even in the metallic region. The atomic distance of INN barely changes and de-
creases with increasing temperature. The volume contraction occurs with SC-M
transition like as 1-Te [23].

L-Se-Te mixtures also exhibit an SC-M transition with increasing temperature,
pressure, and Te concentration [7, 8, 12, 24-26]. It is characteristic that the SC-M
transition of liquid chalcogen accompanies the volume contraction against an
increase in temperature [27-29]. The change of the structure was investigated by
the diffraction measurements [18, 30]. As Se and Te atoms form a continuous series
of mixtures, the Se and Te atoms also form chalcogenide materials with other
group elements, such as, Ge-Se/Te and As-Se/Te. As is the case with 1-Se-Te mix-
tures, the liquid chalcogenides show an SC-M transition [31-35]. The chalcogenide
materials easily become glasses, which have network structures with the covalent
bonds. The chalcogen and chalcogenide glasses show reversible photostructural
change [36-41]. [llumination above the optical gap induces a shift in the optical
gap and structural change, and the subsequent annealing recovers to the initial
state, which is reversible.

The chalcogen materials have primary and secondary structures, which have
different properties and strengths of interaction. It is valuable to investigate the
isolated molecules, which do not interact with each other, to consider the primary
structure. One approach is to confine the molecules in narrow channels or cages
[42-45]. Another is to create free clusters by a supersonic jet expansion method
[46-51]. The structure and properties of metal or [V-th group element nanoparticles
have been intensively studied. A hierarchic structure is a contrastive one made up
of metallic or IV-th group elements, where a uniform structure forms a crystal.
Chalcogen nanoparticles show exotic structures and properties owing to the hi-
erarchic structure.

X-ray absorption fine structure (XAFS) appears on the absorption edge of
the X-ray absorption spectrum, and is divided into two parts: X-ray absorption
near edge structure (XANES) and extended XAFS (EXAFS) [52, 53]. In EXAFS
region, a single scattering process of ejected photoelectron is essential, so the
formulation would be rather simple. The structure analysis procedure by
EXAFS is well defined. The local structure as the interatomic distance, the
coordination number and thermal or static disorder (Debye-Waller factor)
around the X-ray absorbing atom can be obtained with high accuracy. On the
other hand, in XANES region, the multiple scattering process is dominate and
several theoretical approaches are proposed [54, 55]. The information obtained
from XANES are the electronic structure and three-dimensional structure
around X-ray absorbing atom.
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One of the most advantage of XAFS is element selectivity by tuning the inci-
dent X-ray energy, which is quite useful for the structure analysis for multi-element
systems in chalcogenide mixtures such as S, Se, Te, and also including As and Ge.
An outstanding feature of the EXAFS is that there is no difference between the
quality of structural parameters obtained from the crystalline and the disordered
material, which makes suitable for disordered materials even in liquid state. And
further, XAFS measurements are applicable under extreme measurement condi-
tions such as high temperature and high pressure, which makes XAFS possible to
study the phase transition of solid to liquid, crystalline to amorphous or glassy
state, bulk to nanoparticle, and semiconductor to metal as a function of temper-
ature or pressure.

The EXAFS function can be generally expressed by a cumulant expansion,
which presents the thermal average of the local structure. Temperature depen-
dence of the second order cumulant (which is called as Debye-Waller like factor)
gives information on the thermal vibration, and that of the third order cumulant
does the anharmonicity of the distribution [56]. Especially, the Debye-Waller factor
is useful parameter to discuss about the strength of the bonds and the atomic
interactions in the chalcogen and their mixtures.

The hierarchic structure, the intra- and inter-chain interactions, brings about
the characteristic properties and structures of the chalcogens and chalcogenides in
the various forms, such as, the SC-M transition accompanies by the volume
contraction, the photostructural change, the structural change with the isolation
and the formation of the nanoparticles. XAFS analysis is the most outstanding tool
to investigate their structures, because XAFS is element selective and suitable for
disordered materials. We review their structures obtained by the XAFS analysis
focusing on the hierarchic structure.

2 Liquid state chalcogenides
2.1 Liquid selenium

In this section, we discuss the structure of the liquid Se comparing the solid and
vapor Se. Selenium is a typical chalcogen element. The stable form of Se is trigonal,
where Se atoms form the chain with the two-fold covalent bond and the chains stack
each other. Liquid Se is semiconductor near the melting point as t-Se. However, 1-Se
shows SC-M transition at the high temperatures and pressures near the critical point,
which accompanies the volume contraction. X-ray diffraction measurements show
the coordination number is slightly smaller than two in the metallic region [11, 22].
The local structure of 1-Se was investigated by XAFS [11, 57-62]
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EXAFS spectra for 1-Se are shown in Figure 1 [11]. While the EXSFS oscillations
damp with increasing temperature, they are still clearly even at high temperatures.
The magnitude of Fourier transform, |FT (r)|, of y (k) gives us insight of interatomic
correlations. Figure 2 shows the |FT (r)| for t-Se, 1-Se and v-Se [58]. The first peak of
t-Se corresponds to the intrachain INN atoms, that is, the covalent bond. The
second two peaks are the interchain INN and the intrachain second nearest
neighbor atoms. In every phase, the first peaks appear clearly, but the higher order
peaks reduce or disappear with increasing temperature and melting. Temperature
variation shows that the two-fold covalent bond exists even in the liquid and gas
phases, as is seen in the solid phase. However, the interchain interaction is weak,
so it is easily reduced.

It is interesting that the covalent bond shrinks on melting, specifically, from
2.36 A in t-Se to 2.34 A in 1-Se, while the molar volume expands [58]. This is a
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Figure 1: XAFS spectra, x (k), of fluid-Se. Reprinted with permission from [11].
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Figure 2: The magnitude of Fourier transform, |FT (r)|, of x (k) of crystal, and liquid selenium.
Reprinted with permission from [57].

characteristic feature of hierarchic elements, where the inter- and intra-chain in-
teractions have different strengths and exhibit specific behaviors. On melting, the
strong interchain interaction survives while the weak interchain correlation van-
ishes. The interchain correlation originates from the overlap between the LP orbital
and the anti-bonding orbital on the adjacent chain, and weakens the covalent
bond. The disappearance of the interchain interaction on melting induces
strengthening and shrinkage of the covalent bond.

While 1-Se is a semiconductor, it exhibits the SC-M transition at a high tem-
perature near the critical point. A special cell and an autoclave vessel for XAFS
under high temperatures and pressures enabled to obtain the XAFS spectra [11, 34].
Figure 3 shows the magnitude of |FT (r)| at high temperatures, including the
temperature region where the SC-M transition occurs [60]. At high temperatures, a
new peak appears around 2.8 A, which is different from any known atomic cor-
relations in t-Se. The first peak shifts to the shorter side and becomes a broader and
anisotropic peak that tails to the shorter side with increasing temperature.

A simple harmonic approximation gave unreliable values of the coordination
number for the first shell. The value in the metallic state is smaller than 1, which is
inconsistent with the values obtained from the diffraction data [11, 22]. Therefore,
the data were analyzed with a non-harmonic analysis by using the cumulant
expansion method, which gave reasonable values of the coordination numbers
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Figure 3: Modulus of Fourier transforms (FT) of the EXAFS signals for |-Se at 600 bar and various
temperatures. A k? weighting factor and a Kaiser window (t = 2.5) have been used to calculate the
FT. Reprinted with permission from [60].

[60]. The covalent bond length is greatly reduced to 2.22 A in the metallic region
from 2.33 A in the semiconducting phase. This stronger bond is related to metallic
conduction. The value of the shrinkage is more than twice that of the isolated Se
chains against t-Se, suggesting the change of the conformation of the Se mole-
cules, such as from helical to planar chains, where LP orbitals may form a strong
covalent bond with overlapping each other. The appearance of a new bond around
2.9 A in the metallic phase may be associated with interchain interactions and a
network.

2.2 Liquid tellurium

While 1-Se becomes metallic at high temperature near the critical point, 1-Te shows
metallic behavior even at the melting point. The structure of 1-Te had been
controversial, that is, the As-like threefold coordinated network structure [15], or
the two-fold coordinated chain structure [16]. From the diffraction measurements
with wide temperature range and/or wide range of a static structure factor the
coordination number of the first neighbor is estimated to 2 [17-19, 63]. The details
of the structure of the first neighbor were investigated by XAFS [20, 57, 58, 64, 66].

The Fourier transform of y (k) for liquid Te including the supercooled state are
shown in Figure 4 [20]. As the covalent bond of Se shrinks on melting, that of Te
also shrinks, from 2.83 A in t-Te to 2.79 A in I-Te. In |FT(r)|, the second peak



124 —— H. lkemoto and T. Miyanaga DE GRUYTER

assigned to the interchain atomic correlation sufficiently dampens compared with
the first peak assigned to the covalent bond within the same chain. It implies that
the interchain interaction is reduced, which induces the shrinkage of the covalent
bond.

The analysis on the assumption that the pair distribution function G(r) con-
sists of one Gaussian curve gave about one for the coordination number of 1-Te. The
result is inconsistent with the neutron diffraction measurements [17-19], which
show that the two-fold coordinated structure remains even in the liquid state. The
analysis assumed two G (r) gives the reliable results [20, 58]. Unlike 1-Se, 1-Te has
two types of bonds, the long and short bonds. The lengths are 2.82 A and 3.01 A, just
above the melting point, and the shorter bond length is a bit shorter than that of t-
Se (2.84 A). The fraction of the long bond is about half near the melting point.
However, the fraction of the long bond reduces with decreasing temperature in a
supercooled state, when 1-Te transforms from a metallic to a semiconducting state.
Therefore, the existence of the long bond relates to the metallic nature of 1-Te.

2.3 Liquid mixture of Se-Te

Liquid Se-Te mixtures (1-Se-Te) are transformed from the semiconductor to metal
by increasing the Te concentration and temperature following various physical
properties for 1-Se-Te mixtures, such as, density [27, 69], electrical conductivity
[12, 25], and optical properties [7, 8, 24]. Therefore, information about the local
structure of 1-Se-Te provides important insight into the mechanism of the transi-
tion of liquid chalcogen. EXAFS is powerful tool to divide the interatomic corre-
lation to Te-Te, Te-Se, Se-Te, Se-Se [57, 58, 65].

On melting, the covalent bond lengths for the nearest Se and Te atoms around
the Te atoms rre.se and rrere shorten from 2.59 to 2.53 A, and from 2.83 to 2.75 4,
respectively [65]. The shrinkage is the same phenomenon that occurs with pure 1-Se
and 1-Te. In the case of Se-Te mixtures, the interchain interactions affect the co-
valent bond length [58]. The Se-Se bond lengthens with an increasing Te con-
centration, which is brought about by the intra- and inter-chain transfer of LP
electrons on the Te atom to an unoccupied antibonding orbital of the neighboring
Se-Se bond. In an 1-Se-Te mixture, there are also long and short Te-Te bonds, as
with 1-Te. With an increasing Te concentration or temperature, the fraction of the
long Te-Te bond increases. The charge transfer between neighboring chains brings
about electron delocalization around the Te atoms, inducing in the elongation of
the Te-Te bonds. The fraction of Te around Se and Te shows a random distribution
of Te on the Se-Te chains.



DE GRUYTER XAFS study on chalcogen =— 125

- —

0.2

butk t-Te
80K

—
L.
e 0
<<
o
L
0 d-Te
310°C

d-Te
430°C

I
i
1
i
1
1
t
i
1
1
I
1
1
1
I
I
I
1
1
i
(
!
|
|
1
1
|
i
i
1
i
I
1
1
|
i
1
1
1
!
i
1
1
1
|
|
I
1
|
i
|
1
i
|
i
1

e : Figure 4: Magnitude of the amplitude- and

phase-corrected Fourier transform of x (k) for

Te fine particles with a diameter of 20 nm

- . ) - confined in a NaCl matrix. Reproduced with

0 1 2 3 4 5 6 permission from Ref. [20]. (c) (1995) The
r(A) Physical Society of Japan.

2.4 Liquid mixtures of As-Te, As-Se, Ge-Se, and Ge-Te

In this subsection, we first discuss the XAFS studies for 1-As-Te mixtures [67-71].
1-Te shows metallic character in the all temperature range higher than melting
point. On the other hand, the liquid mixture of As-Te shows the SC-M transition at
specific temperature range depending on the concentration and it is important to
reveal the mechanism of the transitions for the origin of metallic feature.
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As K-edge EXAFS for stoichiometric 1-As,Tes in the liquid state up to 900 °C has
been studied [69]. An original sample cell made by polycrystalline sapphire was
developed for the high temperature EXAFS measurements. A distinct EXAFS signal
has been observed even at 900 °C. From the analysis of the EXAFS data, it is
reported that the As-As atomic pairs exist in addition to As-Te in metallic 1-As,Tes,
whereas As and Te atoms are arranged as chemically ordered in crystalline As,Tes.

More wide concentration range for the 1-As-Te mixture were surveyed by
EXAFS, DC conductivity and Hall coefficient measurements [70]. The connection
between the structures and the electronic properties for 1-As,Te;go_, mixtures
(18 < x < 40) have been investigated. The EXAFS results indicate the presence of
chemical disorder with the existence of As-As and Te-Te atomic pairs in 1-As, Tejgo.x
analogously to the previous study for the stoichiometric 1-As,Tes. The network
structure formed by threefold As atoms and two-fold Te atoms transforms to the
two-fold chain structure around 500 °C.

On the other hand, it is interesting to consider the behavior at high tempera-
ture and As-rich region in 1-As,Te;g0... Figure 5 shows the concentration variation
of the coordination number, N, obtained from (a) As K-edge and Te K-edge EXAFS
for 1-As,Te g0, mixtures measured at 500 °C. The extrapolates of the plots for
Nas_te and Nps_as approach to about one and the sum of them, N totan), iS
conserved around two up to 50 at.% As (in Figure 5 (a)). In Figure 5 (b), Nte_as and
Nrte-te, and their sum, Nre total), are also shown with the variation of As concen-
tration. In this case N1e_as increases to one but Nrt._1e decreases as increase of As
concentration. Because of the large difference in bonding energies between As-Te
(45 kcal mol*) and Te-Te (38 kcal mol”) bonds, the As atoms are favorite to make a
covalent bond to Te atoms. This result indicates that a local atomic unit such as Te-
As-As-Te exists at As rich region, in which both ends of -As-As- are connected by Te
atoms. In other word, there are few Te-Te bond units, while As-As and As-Te much
exist. The transformation from network to chain transformation occurs at higher
temperature with higher As concentration. That is, the chains are very short at
higher temperature and the Te atoms terminate the chain units.

The SC-M transition occurs by this network to chain transformation. These
transitions could be demonstrated by the study of electric conductivity and Hall
coefficient measurements. Let us discuss the microscopic viewpoint of the SC-M
transition: The transition from the network to chain modifies the non-bonding
and unfilled p-like electronic states. The dangling bonds located on Te atom
produce the large fluctuations in the electric charge distribution, which results in
an increase of the charge transfers. The increase of charge carriers and the pro-
duction of new electron conduction path across the chains induce the SC-M
transition.
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Next, we discuss the XAFS results for glassy (g-) and 1-As,Se; mixtures [35, 72—
74). EXAFS of the 1- and g-As,Se; were studied at the temperature range up to
500 °C [35]. EXAFS analysis indicates the existence of the chemical order but no As-
As and Se-Se bonds in this temperature range. When the temperature decreases as
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1-As,Se; changes to the amorphous state, the interlayer correlation increases and
the two-dimensional network structure transforms to a three-dimensional one.
This transformation causes the change of the coordination number, N, at 300 °C,
which is higher than T, (181 °C).

The EXAFS investigations have been carried on 1-As,Se; over a wide temper-
ature range under high pressure [74]. A formation of new As-As bonds in addition
to the original As-Se bonds in the metallic region higher than 1000 °C are sug-
gested by XAFS and X-ray scattering. Disappearance of the chemical order or the
existence of the homopolar bonds induce the SC-M transition as previously dis-
cussed in 1-As-Te mixture.

Liquid chalcogen and Ge mixture are also studied by XAFS [67, 69, 75]. Ge has
four-fold covalent bonds and give an interesting effect onto threefold and two-fold
chalcogen networks.

Se and Ge K- edge for 1-GeSe, were studied in the high temperature up to
1400 °C and under the pressure to 120 bar [67]. N around Se atom changes from two
to one at 900 °C and the SC-M transition occurs. EXAFS spectra of Ge K-edge for 1-
GeTe, up to 1000 °C have been analyzed and the existence of the Ge-Ge bonds has
been reported in metallic state of 1-GeTe, [69].

Summarizing above discussions, the chemically disordered atomic pairs of chal-
cogen atoms and the collapse of the network structures induce the SC-M transition.

3 Amorphous chalcogens and chalcogenides
3.1 Amorphous state of Se-Te, Te, and Ge-Se

In this section, we discuss the structural studies for amorphous state of chalcogen
mixtures by XAFS [76-95].

Se K-edge EXAFS study has been taken for a-Se-Te and the isolated Se-Te
chains confined in the mordenite in comparison to the t-Se-Te [116]. The Se-Se and
Se-Te bond distances in the Se-Te chain have been determined; the bond distance
in the a-Se-Te shows the intermediate values between that for the isolated chains in
the mordenite and that of t-Se-Te.

EXAFS of a-Se;.,Te, (0 < x < 0.4) has been extensively studied on both of the Se
and Te K-edges [80]. It was reported that the intrachain chemical order (existence
of Se-Te atomic pairs) increases with Te content in the amorphous state. On the
other hand, it was suggested that a random distribution of Se and Te atoms exists
in the chains. And in the amorphous state, the thermal disorder dominates in the
intrachain covalent bond.
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The structure changes for Se under the amorphization process by a me-
chanical milling were studied [81]. t-Se has a chain structure by the combination
between the strong intrachain covalent bonds and the weak interchain in-
teractions as already discussed. It was reported that the interchain distance
increases while the intrachain covalent bond distance decreases by the me-
chanical milling.

The local structure of the a-Te was investigated by EXAFS [87]. The a-Te film
was obtained by deposition at liquid nitrogen temperature, and in-situ X-ray
absorption was measured at the same temperature. The covalent bond distance
decreases and the Debye-Waller factor of the intrachain decreases in a-Te in
comparison with t-Te. The intrachain coordination number is around 2, which is
almost same as t-Te, and the coordination number of the interchain interaction
decreases. These results indicate that the primary intrachain structure remains in
the amorphous state, but the secondary interchain interaction disappears. The
strengthen of the intrachain interaction is enhanced by the decrease of the
interchain interaction. Essentially the structure of amorphous state of chalco-
gens is similar to their liquid states.

Next, we discuss the amorphous state of Ge-contained chalcogenides. The
XAFS results show the existence of the chemical ordering in the system [88]. EXAFS
analysis shows that short-range order is fully preserved in the first shell throughout
the present composition range. The coordination numbers of Ge and Se are un-
changed.

The EXAFS studies on the structural change for a-GeSe,, Ge;Se, and
Ge,Se; prepared by mechanical milling have been carried out [91]. In GeSe,
the short-range order remains during the milling process. The tetrahedral
units in the crystalline rapidly decreases with increasing the milling time.
Therefore, the amorphization is performed even at short milling time. On the
other hand, it takes longer milling time for the amorphization of GesSe, and
Ge,Ses.

The structure of the amorphous and glassy state chalcogenides shows disor-
dered arrangements and existence of homopolar atomic pairs in the systems as
same as liquid state as discussed previously.

3.2 Photostructural change

In this subsection, we discuss the photostructural change inducing the photo-
darkening phenomenon of the amorphous chalcogenides, which is considered to
be one of the most important applications, such as a photocopy, DVD-RAM and
X-ray imaging sensors, etc. It is useful to survey the mechanism for the
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photostructural change of the chalcogens and chalcogenides from the local
structural point of view. [96-112].

EXAFS studies for reversible photostructural change have been carried out in
the systems of GessSeg;, Ge,oSeso, Ge40Se0, and As,oSeo, AS43Ss7. In the As-S sys-
tem, the photostructural change is characterized by an increase in the As-S-As
bond angle (about 10°), whereas a mechanism of bond breaking and creation
dominates in the Ge-S(Se) systems [99, 100].

The photostructural change in a-Se has been extensively studied by in-situ
EXAFS by Kolobov et al. [101, 102, 105-107, 109]. The characteristics of the
amorphous state are the strengthening of intrachain covalent bond and the
weakening of interchain interactions. In a-Se, the coordination number is reported
as 2.2 which means the presence of 20% threefold-coordinated sites. The increases
of the average coordination number and structural disorder are observed under
photostructural change, while the interatomic bond length remains.

Figure 6 shows a schematic diagram of the local structural change in a-Se as a
result of the photoexitation. Interchain bond formation makes the threefold-co-
ordinated sites by the photoexcitation. The formation of new bonds induces the
increase of the coordination number of 1NN intrachain bond as shown in EXAFS.
On the other hands, there are several pathways returning to the ground state as
annealing. (path1, II, and IIl in the figure) These returning processes cause that the
photostructural change is reversible.

Several mechanisms were proposed for the photostructural change process for
each kind of chalcogenides. In any cases, the illumination of the light affects the
electronic structures or the optical gaps and subsequently the combination of the
networks and chains change.

4 Nanosized state
4.1 Nanoparticle of chalcogen

In this subsection, we discuss the structure of nanoparticles for Se and Te. As
shown previously, Se and Te have hierarchic structures, and we discussed the
primary and secondary interactions in the amorphous, liquid and confined state.
From such point of view, the nanoparticles of chalcogens may show another
interesting feature of the hierarchic structure.

EXAFS study has been carried out for Se nanoparticles with the sizes from 13 to
60 nm. Both the covalent bond distance and the nearest neighbor coordination
number in the chain are unchanged while the interchain interaction weakens [113].
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Figure 6: A schematic diagram of the local structural change in Se chains under the
photostructural change. Reprinted with permission from [102].

While the change of intrachain structure in Se is quite small under the
reduction of the particle size, Te nanoparticles show interesting features con-
cerning to the relation of intrachain structure with interchain one. The interchain
interaction is originated from the hybridization between the lone-pair orbitals and
the anti-bonding orbitals in the adjacent chain.

The temperature dependent EXAFS study has been performed for t-Te and
nanoparticle Te, which was made by island deposition with NaCl [114]. In the
nanoparticle systems, the coordination number of the covalent bond is about 2.
This means that two-fold coordinated chains, generally appears in t-Te, exist even
in the Te nanoparticles. And further, the covalent bonds in the chain become
stronger than those in t-Te, which is demonstrated by a shorter bond length and
higher Einstein temperature obtained from temperature dependent EXAFS study.

Figure 7 shows the temperature dependence of ¢? for the intrachain covalent
bond. The solid lines are fitting by applying the correlated Einstein models for t-Te and
the smaller particle size (0.5-nm-thick films). The static and the thermal contribution to
02, which is related to the Einstein temperature 85, are obtained from the model fitting.
At all temperature range, the o of the smaller particle size are larger than that of t-Te
and the larger particle size (300-nm-thick films). But the inclination of the ¢? with
temperature of the smaller particle is steeper than the larger particle size. The obtained
value of 6 of the smaller particle size is higher than the larger particle. This result
indicates strengthening of covalent bond in the smaller Te nanopatrticle.
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Figure 7: Temperature dependence of Debye-Waller factor o2 of the covalent bond in the chains.
The correlated Einstein model was applied for t-Te and the 0.5-nm-thick films. The triangles are
fort-Te, the squares are for the 300-nm-thick films, and the circles are for the 0.5-nm-thick films.
Reprinted with permission from [114].

As previously discussed, weakening the interchain interaction induces the
strengthen of intrachain covalent bond. The two-fold chain structure with covalent
bond is preserve, the intrachain 1NN atomic distance (ria) shortens, and the
interchain coordination number (Nin,) decreases with decreasing particle size. It
is quite interesting that they have a strong correlation with each other [115]. The
characteristic parameters for the discussion to the intra- and interchain in-
teractions are ringa and Ninger, respectively. In Figure 8 the riny, is plotted with Nipger,
which are obtained from the EXAFS for several film thicknesses. The smaller Nijter
or the weaker interchain interaction, the stronger covalent bond in intrachain. ria,
reflects the force constant Ky of the covalent bond, and K has also correlation with
Ninter- The weakening of the interchain interaction brings the strengthening of the
covalent bond in the chain. The interchain secondary structure impacts the
intrachain primary structure.

4.2 Confined chalcogen chains

Chalcogen atoms form chain/ring molecules as their primary structure, and bulk
systems are formed by stacks of the molecules. It is important to understand the
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Figure 8: Correlation of the covalent bond length in the chain (rin,) with the interchain
coordination number (Ninter). That of the force constant (Kg) with Njnter is also shown. Black
closed circles denote rinta, red open triangles denote Kg. Straight lines are linear fits for each
data. Reprinted with permission from [115].

primary structures as independent structures to understand chalcogen systems.
Some materials have been chosen as host materials, which have a one-dimen-
sional space where the chalcogen atoms can form a one-dimensional structure,
such as mordenite, cancrinite and carbon nanotubes [45, 116—119].

Mordenite (Na,0-Al,0520Si0,) has one-dimensional channels with a 6.7 A
inner diameter [120]. In Se chains confined in mordenite [116], M-Se, the 1NN
atomic distance locates at 2.33 A, which is shorter than that of t-Se (2.37 A) and
close to that to a-Se (2.34 A). The second nearest intrachain neighbor atomic
distance is 3.61 A, which is shorter than that of t-Se (3.72 A) and a-Se (3.67 A).
These atomic distances imply that helical chains are formed in the mordenite and
the covalent bond shrinks. The mechanism of shrinkage of the covalent bonds is
the same for 1-Se and M-Se, that is, the reduction of the interchain interaction
brings about the shrinkage of the covalent bond. In chalcogen systems, the
secondary structures are formed by the piling of elementary structures, and on
the other hand the secondary structure affects the elementary structure. The
mutual correlations are characteristic of chalcogen materials. Se-Te mixtures are
confined in mordenite. The atomic distances rg..g. from Se to Se, and rge.7e from
Se to Te in mordenite are shorter than those of t-Se-Te. It is interesting that rge.ge
elongates gradually as the Te concentration increases, while rs..1e changes little.
Se and Te atoms in mordenite, crystal, and amorphous form are randomly
distributed.
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The structure of single Se chains (Can-Se) confined in cancrinite (NagSigAlgO.,
(OH), 2H,0) was investigated using polarized XAFS [118]. The covalent bond length
of Can-Se is 2.40 A, which is longer than that of t-Se. The opposite result against
M-Se, a-Se and 1-Se is attributed to the interaction between Se atoms and the inner
wall atoms of the cancrinite. Can-Se forms Se, dimers and is aligned along chan-
nels. They investigated other Se chains confined in mordenite and ALPO-5, and
reported that Se chains form continuous helical chains and do not show strong
polarization dependence.

5 Conclusion

We presented the reviews including the recent progresses for the structural study
for the chalcogen elements and several chalcogenides in liquid, amorphous, and
nanosized state by using XAFS. The chalcogen elements have hierarchic struc-
tures; the chain or ring structure constructed with the strong covalent bond as a
primary structure, and the weaker interaction between chains as a secondary one.
Existence of these two kinds of interactions induces exotic behaviors in these
systems.

The liquid chalcogen elements and chalcogenide mixtures show the SC-M
transition. For 1-Se, the shrinkage of the chain with strengthen of the covalent
bond is related to reduction of overlapping between LP orbital and anti-
bonding orbital on adjacent chain, which induces the SC-M transition. In 1-Te,
shorter and longer covalent bonds appear in the chain. The long bond is
considered to relate to the metallic nature. On the other hand, in 1-As-Te
mixture, As has a threefold coordination and the networks are formed in the SC
region. When the network transforms to chain structure depending on the
temperature and the components, the SC phase changes to metallic state. In
case of Ge-chalcogen mixtures, the strong Ge-Ge bond relates to the SC-M
transition.

Some of amorphous chalcogen elements and chalcogenides present photo-
structural change, which is the one of important industrial application. The change
of optical property is related to the angle change of the covalent bond in a-As-S and
the reversible transformation between chains and network structurers in a-Se. This
behavior is also concerned with the relation between the primary covalent bond
and the secondary interchain interaction.

From the study of nanosized state, the alternative role between the intra-
and the interchain interactions is revealed, that is, the weakening the interchain
interaction makes the intrachain covalent bond strong.
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