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Trigonal selenium is a prototypical one-dimensional (1D) van der Waals (vdW) solid, where cova-
lently bonded helical chains are held together by weaker vdW forces. In this work, we have studied
structural transformation from a three-dimensional amorphous phase of non-interacting Se chains
into a 1D vdW crystal using X-ray absorption spectroscopy. The crystallization process and estab-
lishment of vdW interaction is accompanied by elongation and weakening of covalent Se-Se bonds.
We have found a unique signature in the X-ray absorption near-edge structure (XANES) spectrum
that is associated with vdW bonds and can be used to identify the formation of the latter. We
believe that a similar approach can be used to study other 1D vdW solids, such as transition-metal
trichalcogenides, and particularly stress the usefulness of x-ray absorption spectroscopy to identify
vdW bonds.

When it comes to one-dimensional (1D) van der Waals
(vdW) crystals, the prototypical examples are trigonal
chalcogens such as Selenium and Tellurium. These crys-
tals are made from helical chains consisting of two-fold
coordinated covalently bonded chalcogen atoms. The
chains are held together by much weaker vdW forces.
The ability to form vdW bonds is thanks to the presence
of pairs of non-bonding p-electrons (so-called lone-pair
electrons), which are easily polarisable leading to the ap-
pearance of dispersion forces. The interest in selenium
/ tellurium in this context is further underscored by the
fact that most two-dimensional (2D) vdW solids such
as transition-metal dichalcogenides with the generic for-
mula MX2 (M = Mo, W, V, etc., X = S, Se, Te) [1],
classic topological insulators (Sb2Te3, Sb2Se3, Bi2Te3)
[2] as well as A IIIBV I layered materials (e.g. InSe [3])
all contain chalcogen species and vdW gaps are formed
between atomic planes of the latter. Recently, a differ-

ent class of materials, with 1D motifs in their crystalline
structures, has been attracting a lot of attention, namely
transition metal trichalcogenides [4], which are a promi-
nent group of quasi-1D materials that consist of strongly
bonded one-dimensional chains weakly bonded to neigh-
boring chains. The fact that various classes of vdW solids
contain chalcogen atoms and that the vdW gaps are ac-
tually formed between those chalcogen atoms makes the
study of elemental vdW chalcogenides of special interest.

Certain understanding of the physics and chemistry of
bonding comes from the consideration of electron occu-
pancy in chalcogens. Chalcogens possess two s- and four
p-electrons. From the latter, two are isolated on px and
py orbitals and serve to form covalent bonds, while the re-
maining two form a lone-pair. The bonding and lone-pair
electrons can be readily visualised from ab-initio simula-
tions as charge-density difference (CDD) clouds, which
represent the difference between the electron density in
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the material studied and non-interacting atoms. Thus
the CDD clouds between pairs of atoms is a signature
of a covalent bond and increased electron density repre-
sented by two clouds correspond to lone-pair electrons
(Supplementary information, Fig. 1S).

It is worth noting that lone-pair electrons, on the one
hand, are not involved in the formation of covalent bonds
but, on the other hand, they occupy the highest occu-
pied orbitals, i.e. they form the top of the valence band
and consequently determine the electronic structure (and
properties) of the material [5]. For this reason the term
lone-pair semiconductors was proposed to describe such
materials. As a consequence, when individual chains
move with respect to each other due to the weakness
of vdW bonds in the crystalline phase or their absence
(or significantly weaker manifestation) in the amorphous
phase, the interaction of lone-pair electrons changes and,
accordingly, changes the electronic structure.

A prototypical example of such a process is reversible
photostructural changes, where the absorption edge
shifts to lower energies upon exposure to (above) band-
gap light, whereas the initial absorption is restored upon
annealing [6]. In-situ EXAFS [7] and ESR [8, 9] measure-
ments demonstrated that this change is due to the for-
mation (and rupture) of interchain bonds due to involve-
ment of lone-pair electrons. Another interesting feature
of amorphous selenium (a-Se) is its ability to crystallize
under photo-exposure. While the thermal effect of light
may play a certain role, optical excitation is crucial to
this process. In particular, it was found that the direc-
tion of the c-axis of the crystalline phase strongly cor-
relates with the polarisation of the acting light [10–12].
Moreover, when an a-Se film was exposed to a simulta-
neous action of red (λ = 633 nm) and green (λ = 514
nm) laser beams, the crystallization rate was an order of
magnitude different for parallel and perpendicular orien-
tations of the polarisation planes of the two laser beams
[13]. At the same time, exposure of the crystalline film -
at temperatures as low as 77 K - resulted in photomelting
of selenium [14]. These results demonstrate the possibil-
ity to use electronic excitation to modify the structure
through establishing, or breaking, vdW interaction be-
tween the chains thus opening an interesting opportunity
in materials design.

In this work we have studied the process of the forma-
tion of the ordered crystalline phase by means of solid-
state crystallization of the amorphous phase. Samples
were prepared by thermal evaporation of 1 µm of se-
lenium onto both sides of a Kapton film kept at room
temperature. The as-deposited samples were amorphous
as was confirmed by X-ray diffraction measurements. To
obtain crystalline films, the as-deposited samples were
annealed in vacuum at 100 ◦C for three hours.

X-ray absorption measurements were performed at
beamline BL01B1 at SPring-8 in transmission mode in
a temperature range from 10 K to 403 K. The Kapton

foil with Se was cut into pieces and stacked to insure an
absorption jump of ca. 1. Analysis was performed using
the Demeter package [15]. In the fitting process the co-
ordination number of crystalline selenium (c-Se) was set
to be CN = 2.0.

The amorphous phase was generated by means of ab-
initio molecular dynamics via a melt quench process
using the plane-wave density-functional theory program
VASP 6 [16]. To create the amorphous phase, a unit cell
containing 192 Se atoms was constructed with a density
ρ = 4.03 gm cm−3 (5% lower than the crystalline phase).
The structure was then randomized at 1000 K for 10 ps.
Following the randomization, the structure was quenched
from 1000 to 500 K over a period of 5 ps. The result-
ing quenched structure was then equilibrated at 500 K
for 15 ps and then finally cooled to 0 K over a period of
15 ps. The value for the plane wave cutoff was 211 eV
following the recommendations of the VASP authors in
the projector augmented wave pseudopotential file. The
gamma point was used for integrations in the Brillouin
zone.

The theoretical XANES spectra were calculated us-
ing the ab-initio real-space full multiple-scattering code
FEFF9 [17] via relaxed prototypical models of amor-
phous and annealed GeTe-based alloys. FEFF9 is a fully
relativistic, all-electron Green function code that utilizes
a Barth-Hedin formulation for the exchange-correlation
part of the potential and the Hedin-Lundqvist self-energy
correction. In our FEFF calculations, the cluster radius
was set to 9 Å around the central atom, which corre-
sponds to about 100 atoms in the model. XANES spec-
tra were calculated for each of the 192 atoms in the final
0K unit cell.

Figure 1 shows raw EXAFS oscillations (A) and
Fourier transformed spectra (B) for the amorphous and
crystalline films. One can see that the EXAFS qual-
ity is very high with practically noiseless data till 20
Å−1. In the Fourier transformed spectrum for c-Se the
main (first-nearest neighbor) peak is followed by several
higher-shell peaks, which is characteristic of a solid with
long-range order. The peak notations are illustrated in
the inset to panel (B). Namely, Se1 is the first-nearest
neighbor within the same chain, Se3 corresponds to the
distance between two atoms bonded to a central atom in
the same chain. Both Se1 and Se3 are different intrachain
distances. The peak Se2 corresponds to the distance be-
tween two neighboring chain (the interchain distance).

Interestingly, a higher shell (Se3) is also clearly vis-
ible in a-Se. We should note here that the peak cor-
responding to Se3 is also clearly observed in the pair-
distribution function obtained from the melt-quenched
Se model (Suppl. Fig. S1). The result suggests that
the valence angles (between p-orbitals) subtended at Se
atoms are rather rigid despite the overall lability of the
structure.

One can further see that the Se1 peak for a-Se is lo-
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FIG. 1: Raw EXAFS oscillations (A) and Fourier transformed
spectra (B) for a- and c-Se measured at 10 K. The inset illus-
trates the peak notations.
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FIG. 2: Temperature evolution of Fourier transformed spectra
for a- (A) and c-Se (B). Lower panels demonstrate the quality
of the 10 K fits for a- (C) and c-Se (D). The fits are shown
for the amplitude (upper curve) and real part (lower curve)
of the Fourier transformed spectra.

cated at a shorter distance compared to the crystalline
phase, in agreement with earlier observations [7]. This
result is highly unusual (typically, due to bond anhar-
monicity, bonds are longer in the amorphous phase) and
suggests that chain ordering upon crystallization is ac-
companied by a change in bonding nature.

A similar result, Ge-Te bond shortening, in the amor-
phous phase, was also observed in a Ge2Sb2Te5 (GST)
phase change alloy [18], where it was attributed to a
change in bonding from purely covalent in the amor-
phous phase to resonant [19, 20] (also recently referred
to as metavalent [21]) in the crystalline phase. Since
both Se and phase-change alloys are characterised by the
presence of primary and secondary bonds (covalent intra-
chain bonds vs. vdW interchain bonds in Se and shorter
vs. longer bonds in GST) one could argue that bond
elongation in the crystalline phase is associated with the
formation of weaker secondary bonds.

Figure 2 (panels A and B) shows the variation of the
Fourier transformed spectra for the amorphous and crys-
talline phases with temperature, namely the peak inten-
sity decreases as the temperature is increased. The lower
panels (C) and (D) demonstrate the high quality of the
fits in both cases. Table I summarises the fitting re-
sults. The slightly smaller coordination number for the
first-nearest neighbors in a-Se suggests the presence of
short chains, and consequently chain ends. This result is
in agreement with photo-ESR measurements [8, 9]. The
temperature variation of the obtained structural param-
eters is shown in Suppl. Fig. S2.

TABLE I: Coordination numbers (CN), bond lengths
(BL) and mean-square relative displacement (MSRD) of as-
deposited and crystallized Se

Bonds CN BL/Å MSRD/Å2

aSe1 1.88± 0.05 2.35 ± 0.01 0.0025 ± 0.0001

aSe3 0.85 ± 0.28 3.69 ± 0.02 0.0048 ± 0.002

cSe1 2.0 2.38 ± 0.01 0.0026 ± 0.0001

cSe2 3.92± 0.84 3.40 ± 0.01 0.0065 ± 0.0002

cSe3 1.08 ± 0.50 3.73 ± 0.01 0.0024 ± 0.0003

aSe1
ΘE = 367 ± 1K
aSe3
ΘE =187 ± 2K
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FIG. 3: Temperature dependences of MSRD for various peaks
for a- and c-Se. The fitting results (the Einstein temperature)
are shown as legend.

In Fig. 3 we show the temperature dependence of
the mean-square relative displacement (MSRD), a disor-
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der parameter somewhat similar to Debye-Waller (DW)
factor. The critical difference between the two is that
the DW factor characterises deviation of an (individual)
atom from its equilibrium position, while MSRD is a mea-
sure of disorder in interatomic distances. The extent to
which MSRD increases with temperature as well as its
absolute value are determined by the bond strength usu-
ally represented by an Einstein temperature ΘE that is
related to MSRD, σ, through the following equation:

σ2 = h̄2

2µkBΘE
cothΘE

2T + σ2
0

Here, µ is the reduced mass, kB is Boltzmanns con-
stant, and σ0 is the static disorder. A larger Einstein
temperature indicates a stronger bond. The fitting re-
sults are also shown in Fig. 3.

One can see that ΘE(Se1) for c-Se is a little smaller
than that for a-Se, which indicates stronger covalent
bonds in the amorphous phase. This result is in agree-
ment with the shorter bonds in the amorphous phase and
also with the higher frequency of Raman scattering ob-
served in a-Se with respect to its crystalline counterpart
[22]. At the same time, the ΘE(Se3) is notably larger
in the crystalline phase. Since the Se3 distance charac-
terises the rigidity of covalent angles within a chain, the
result is readily understood: it is easier to distort an an-
gle in an isolated chain than that in a structure consisting
of interacting chains.

Of special interest is the significantly smaller ΘE(Se2)
value. Typically, the shorter the distance, the stronger
the interaction. The fact that ΘE(Se2) is smaller than
ΘE(Se3) is unambiguous evidence of a difference in chem-
ical bonding: while the Se1 and Se3 are determined by
covalent bonds, the Se2 has a different chemical nature.
Namely, the interaction between chains is due to signifi-
cantly weaker vdW forces.

Figure 4 shows the evolution of the Se1 peak during
the crystallization process, one can see that the Se-Se first
nearest distance continuously increases with temperature
but no further details of the process can be deducted from
EXAFS analysis.

We now turn to the most exciting finding of this work.
In Fig. 5 (panel A) the X-ray absorption near-edge struc-
ture (XANES) spectra of the amorphous and crystalline
phases are compared and panel C shows the evolution
of XANES (a zoomed-in image) upon the amorphous-to-
crystal transition. Several aspects of result shown on Fig.
5(C) should be stressed. One is the presence of so called
isosbestic points. In spectroscopy, an isosbestic point is
a specific wavelength, wavenumber or frequency at which
the total absorbance of a sample does not change during
a chemical reaction or a physical change of the sample
(the word derives from Greek words ”iso” (equal) and
”sbestos” (extinguishable)). In chemical kinetics, isos-
bestic points are used as reference points in the study of
reaction rates, as the absorbance at those wavelengths
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FIG. 4: Thermal evolution of EXAFS during the crystalliza-
tion process in a temperature range from 343 K to 403 K.
The room temperature spectrum is also shown for compari-
son. The inset compares EXAFS spectra for c-Se at 10 K and
at room temperature. One can see that the room temperature
spectrum is dominated by the first shell (and looks similar to
the amorphous spectrum), higher shells are essentially at a
noise level.

remains constant throughout the whole reaction. The
presence of isosbestic points provides proof for a direct
conversion of one phase to another without intermediary
or side products.

One can see that the peak “C” located (at 12667 eV)
to the left of the isosbestic point “1” and correspond-
ing to covalent bonding that prevails in the amorphous
phase decreases, while the peak “vdW” located at higher
energies appears and grows during the formation of a
1D vdW structure from a three-dimensional amorphous
phase. The strength of the “vdW” peak is thus a mea-
sure of the extent to which vdW forces link together in-
dividual Se chains. The presence of the “vdW” peak
in the crystalline phase has also been confirmed by ab-
initio simulations using the FEFF code applied to the
melt-quenched amorphous structure obtained from ab-
initio molecular dynamics simulations (Fig. 5(B)). The
crystalline and amorphous structures used for FEFF sim-
ulations are shown in supplementary information (Fig.
S3).

Of special interest is the fact that, while EXAFS os-
cillations change with temperature (as evidenced by the
decrease of the intensity of the first shell and nearly dis-
appearance of higher shells at higher temperatures and
also illustrated by Fig. S4 where the raw EXAFS oscil-
lations for a-Se and c-Se at 10 K and room temperature
are shown), the shape of XANES spectra, essentially does
not depend on temperature as is illustrated by the inset
to Fig. 5(C), where XANES spectra for a-Se and c-Se
at 10 K and at room temperature are compared. One
can see that the thermal effect on XANES is negligible.
As a consequence, the appearance and the intensity of
the “vdW” peak in XANES spectrum can be a reliable
signature of the presence of vdW bonds in a system of



5

1.1

1

0.9

X-
ra

y 
ab

so
rp

tio
n

1268512680126751267012665 12690
X-ray photon energy (eV)

 343 K
 355 K
 360 K
 365 K

 368 K
 370 K
 373 K
 403 K

 293 K

1.1

1

0.9

0.8

X-
ra

y 
ab

so
rp

tio
n

12677126731266912665
X-ray photon energy (eV)

 a-Se (10 K)
 a-Se (293 K)
 c-Se (10 K)
 c-Se (293 K)

2

1

0

 a-Se (10 K)
 c-Se (10 K)

X-
ra

y 
ab

so
rp

tio
n

126801267012660

2

1

 MQ-Se 
 c-Se (trigonal)

 1

 2  3

X-ray photon energy (eV)

 C

 vdW

126801267012660

(A) (B)

(C)

FIG. 5: Experimental (A) and simulated (B) XANES spec-
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essentially temperature independent.

Se chains.

Finally, we would like to note that the presence of
shorter chains in a-Se as discussed above helps estab-
lishing the 1D vdW crystal. If the amorphous phase is
kept for a long time, (some of the) chain ends may in-
teract with neighboring chains and form valence alter-
nation pairs [23], cross-linking the structure. Once the
amorphous phase has been cross-linked (similar to entan-
gled spaghettis), it becomes more difficult to form the 1D
crystalline phase. We illustrate this statement by Fig. 6,
where the optical transmission spectra of an as-deposited
a-Se film is shown in comparison with the annealed (70
◦C, 6 hours) two pieces of the same film, of which one
was annealed immediately after deposition, and the other
has been kept in the darkness at room temperature for
3 months prior to crystallization. Since the band gap of
c-Se is smaller that that of a-Se, the observed shift of
the absorption edge to longer wavelength is a measure of
the degree of crystallization. One can clearly see a signifi-
cantly stronger effect of annealing of the freshly deposited
film with a larger concentration of shorter chains.

FIG. 6: Absorption spectra of an as-deposited a-Se film and
two identical films crystallized for 6 hours at 70 ◦C: one was
crystallized immediately from the as-deposited state and the
other one was kept in the dark (aged) at 30 ◦C for 3 months
prior to annealing.

In conclusion, we have performed an x-ray absorp-
tion study of the formation of a 1D vdW crystal - se-
lenium - through solid-state crystallization from a three-
dimensional amorphous phase. Our results demonstrate
an unusual change in the bond length and bond strength
upon crystallization, namely bond elongation and weak-
ening upon crystallization, which is an unambiguous in-
dication of the different bonding nature in the amorphous
and crystalline phases. We have discovered a character-
istic fingerprint in XANES spectrum of Se that can be
used to identify the presence of vdW bonding.

See the supplementary material for the information re-
garding the structural details of the amorphous and crys-
talline Se and the temperature evolution of the first near-
est neighbor coordination number and Se-Se bond length
variation.
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