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Abstract. By neutron diffraction it was shown that nanostructured Se confined within a porous glass matrix
exists in a crystalline as well as in an amorphous state. The spontaneous crystallization of crystalline Se
from confined amorphous phase was observed. The root-mean-square amplitudes of the atomic motions
in the bulk as well as in confinement are found to be essentially different in a basal plane and in the
perpendicular direction along the hexagonal axis. The atomic motions in the confined Se differ from the
atomic motions in the bulk at low temperatures. The results shows an unusual “freezing” of the atomic
motion along the chains, while the atomic motions in the perpendicular plane still keep. This “freezing”
is accompanied by the deformation of nanoparticles and the appearance of inner stresses. This effect is
attributed to the interaction of confined nanoparticle with the cavity walls.

PACS. 61.46.-w Nanoscale materials – 61.12.Ld neutron diffraction. – 63.22.+m Phonons or vibrational
states in low-dimensional structures and nanoscale materials

1 Introduction

The thermal motions of atoms determine such funda-
mental properties of the solids as thermal-conductivity,
thermal-expansion, heat capacity and melting-freezing
transition. However, little is known about the atomic vi-
brations in nanoparticles, where the size of the system be-
comes comparable with the characteristic length of inter-
atomic interactions and a wavelength of atomic vibration
is limited by nanoparticle dimension.

In the case of “restricted geometry” when nanopar-
ticles are confined within cavities of a porous media the
interaction with cavity walls modifies the atomic motion.
Therefore the spectrum of thermal vibrations of confined
nanoparticles should be significantly changed because the
amount of atoms located near to the surface is comparable
with the total number of atoms in a nanoparticle.

In this context the behavior of the classic semiconduc-
tor selenium in confinement is especially interesting. This
semi-metal is used in solar cells, light flux-meters, xerog-
raphy and for other application.

In the crystalline state Se has several structure mod-
ifications [1]. However, under the normal conditions only
the trigonal phase is stable; the others, being metastable,
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slowly convert to the trigonal form [2,3]. The crystal struc-
ture of trigonal Se consists of rigid spiral chains, which
are weakly bonded in between (Fig. 1), while the struc-
ture of monoclinic form consists of eight-membered rings.
Therefore crystalline Se easily transforms to the glassy
amorphous state and conversely, keeping the the short
fragments of spirals or the eight-membered rings as the
structure units.

The thermal motion in the selenium nanoparticles
crystallized within the amorphous Se by the melt quench-
ing technique [4] has been investigated by X-ray diffrac-
tion in temperature range 88–325 K [5,6]. There are some
reports on the Se embedded within various forms of zeo-
lites. However super-small cage dimensions limit the size of
the selenium entities and prevent Se crystallization [7–9].
Therefore the role of confinement in the thermal motion,
especially at low temperatures remains still open.

In this paper we present the comparative neutron
diffraction studies of the nanostructured Se within a
porous vycor-glass matrix and the bulk Se in the tem-
perature interval 4.2–500 K. Selenium was embedded into
a porous matrix under applied pressure. This method al-
lows to insert a significant amount of Se, that gives the
possibility to use neutron diffraction.

The information about the temperature dependence of
atomic motion in the bulk selenium is rather scarce and
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Fig. 1. Hexagonal crystal structure of Se. A unit cell is shown
by the solid line. Hexagonal axis is directed vertically.

controversial. For example, the reported data on Debye
temperature in the bulk Se at room temperature varies
from 90 K [12] to 160 K [13]). Therefore for comparison
we performed neutron diffraction experiments with the
high purity bulk Se.

The neutron diffraction is a very powerful method for
studies of thermal vibrations since it offers the direct mea-
surement of the atomic displacements and has such advan-
tage over X-ray diffraction as low absorption of neutrons,
which practically does not affect the measured thermal
parameters.

2 Experiment

Selenium was embedded in the porous matrix by a special
technique under external pressure 10 Kbars in the molten
state. After decreasing temperature it crystallizes within
nanopores.

The silica matrix with the mean pore diameter 70(5) Å
has a random interconnected network of elongated pores
with a narrow distribution of the pore diameters [11]. In
order to observe the dynamic properties of the embed-
ded compounds at elevated temperatures such matrix is
preferable because of its high thermo-resistance. Moreover
the amorphous SiO2 does not give any additional Bragg
reflections in the diffraction pattern.

For experiments with the bulk to minimize the content
of the amorphous Se, which usually co-exists with the crys-
talline phase the Se powder was annealed at about 200 ◦C
for 24 h.

The neutron diffraction experiments have been per-
formed with the diffractometer SLAD [14] of the Studsvik
Neutron Research Laboratory at temperatures 15–493 K
using a neutron wavelength of 1.118 Å. This diffractometer
is not equipped with fine collimators, that leads to non-
Gaussian instrumental lineshape, however provides high
luminosity. Low temperature neutron diffraction studies of
the bulk Se were carried out at the powder diffractometer
of PNPI at a neutron wavelength of 1.36 Å. All diffraction
patterns were analyzed with the FullProf program [15].

The intensity of the diffraction reflection is propor-
tional to the square of the atomic temperature factor
Tk(Q), which in the approximation of the independent
normal modes can be written as follows

Tk(Q) = exp
(
−1

2
〈(Q · uk)2〉

)
, (1)

here uk is the displacement of k -atom. Therefore from
the reduction of the Bragg reflections with the transfer
momentum Q one can get information about the atomic
thermal vibrations.

In isotropic case the atomic motion is usually expressed
by the isotropic Debye-Waller factor B = 8π2〈u2〉. In this
case the atomic temperature factor reduces to

Tiso(Q) = exp
(
−B

Q2

16π2

)
. (2)

In anisotropic case it is customary to describe the atomic
displacements in the terms of anisotropic temperature pa-
rameters βij , which in fact are refined variables and re-
lated with the mean-square amplitudes of the atomic mo-
tion by the unitary transformation [16].

The absorption of neutrons with a wavelength of
1.118 Å in selenium is small and does not affect the mea-
sured Debye-Waller factors. Indeed, taking into account
the absorption correction increases of the isotropic Debye-
Waller factor for about 0.005 Å2, which is negligible in
comparison with the statistical error of about 0.1–0.05 Å2.

3 Experimental results and discussion

3.1 Crystal structure of confined Se

All observed reflections from nanostructured Se were in-
dexed in the trigonal space group P3121. The presence of
others modifications was not detected. The result of pro-
file refinement of a typical neutron diffraction pattern is
shown at Figure 2.

The observed peak broadening in comparison with the
instrumental linewidth results from size-effect and/or in-
ner stresses. However because of the different angle depen-
dence these contributions can be easily separated. Using
the Thompson-Cox-Hastings approximation of the line-
shape with independent variation of the Gauss and Lorenz
contributions [17] we found that the inner stresses appear
only below about 100 K. Above this temperature the peak
broadening results from a size-effect only. The volume av-
eraged diameter of the confined nanoparticles was found
to be of 183(6) Å. Starting from about 400 K the nanopar-
ticle size increases drastically demonstrating the melting
process.

The averaged diameter of the confined nanoparticles
appears to be noticeably larger than the estimated mean
diameter of a nanopore of 70(5) Å. This fact had been
already marked for practically all compounds embedded
in a porous glass (see for example Ref. [18]), and it was
attributed to the spreading of crystallization process to
the adjacent pores.
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Fig. 2. Observed (at the top) and difference (at the bottom)
neutron diffraction patterns of the nanostructured Se embed-
ded in a porous glass at 300 K. Strong diffuse scattering origins
mainly from amorphous porous glass. Vertical bars mark the
reflection positions.
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Fig. 3. Solid and open circles correspond to the unit cell pa-
rameters a (in the basal plane) and c (along the hexagonal
axis) for the nanostructured Se while open and solid triangles
correspond to those for the bulk.

The values and temperature behavior of the mea-
sured unit cell parameters was found to be similar to
that observed for nanocrystalline Se synthesized by melt-
quenching of amorphous Se [5,6] (Fig. 3). In this figure it
is seen that the parameter a, basal edge of the hexagonal
cell, is systematically smaller than that of the bulk. Struc-
ture positional parameter x, which defines the bonds and
angles in Se chain along the hexagonal axis c, does not
show any anomaly and linearly decreases with tempera-
ture increasing.

The hexagonal unit cell parameters of confined Se
at room temperature a = 4.3729(3) and c = 4.9557(4)
slightly differ from the reported single crystal unit cell pa-
rameters a = 4.3662 and c = 4.9536 [2]. Because of the
strongly anisotropic shape of the unit cell it is natural to
expect an anisotropic shape for embedded nanoparticles.
Indeed, in the case of nanostructured Se synthesized by
crystallization from amorphous Se the anisotropic shape of
nanoparticles was observed experimentally [4]. Moreover,
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Fig. 4. (a) Diffuse background calculated by the interpolation
of the points where the Bragg contribution is negligible; (b)
Diffraction pattern of amorphous Se; (c) Diffraction pattern
from unfilled porous glass.

in the recent neutron diffraction experiments with con-
fined Pb we detected the anisotropic shape of nanoparti-
cles too [10]. However, in the case of Se we did not succeed
in finding any systematic broadening of the diffraction re-
flections beyond the limits of statistical accuracy.

3.2 High temperature crystallization of amorphous Se

In Figure 4a the diffuse background calculated by the in-
terpolation of the points where the Bragg contribution is
negligible is shown. It turns out that this profile does not
coincide with the diffuse scattering profile measured from
a pure porous matrix (Fig. 4c). However the positions of
the additional peaks clearly seen at the background pat-
tern (shown by the arrows in the figure) coincide with
the peaks at the diffuse scattering pattern from the amor-
phous Se shown in Figure 4b [19]. This analysis evidences
that Se presents in the matrix pores not only in a crys-
talline state but in an amorphous state as well.

With increasing temperature a part of the amorphous
Se within pores starts to crystallize into the trigonal Se. In
Figure 5 the temperature dependence of the scale factor,
which is proportional to the amount of crystalline phase
is shown. It is seen that the formation of the crystalline
Se from the amorphous part starts at about 50 ◦C and
undergoes a maximum at about 150 ◦C. After that the
scale factor goes down because of the melting.

The coexistence of the crystalline and the amorphous
Se is not surprising and can be explained by the phase
instability of confined Se [9]. The co-existence of the dis-
ordered Se clusters and the trigonal crystalline Se had
been observed within AlPO4-5 zeolite voids by the Raman
spectroscopy [8]. The reported transition temperature co-
incides with our observation, i.e. the phase transformation
in confinement does not depend on matrix topology.

From the slope of the scale factor at the highest tem-
peratures (Fig. 5) the melting point of confined Se can
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Fig. 5. Temperature dependence of the scale factor propor-
tional to the amount of crystalline phase. The error is about
the size of the symbols.

be estimated by the extrapolation to the temperature
of 229(2) ◦C, while for the bulk the melting point is of
221 ◦C. In Figure 5 it is seen that at the last experimental
point of 220(1) ◦C, the scale factor is well above the zero,
i.e. the crystalline phase still exists. It evidences that the
melting point, considered as the point when the melting
is completed, in confinement is higher than in the bulk.

The increasing of the melting point in confinement has
been observed for different confined compounds [20], in
particular in Pb embedded in a porous glass [10], and is
attributed to the specific peculiarity of the “restricted ge-
ometry” for the nanoparticles confined to irregular pores
of SiO2 matrix.

3.3 Atomic motion in confined Se

From the temperature dependence of the Bragg inten-
sity the anisotropic βij factors and the root-mean-square
(rms) amplitudes were calculated for the bulk and for con-
fined Se. In Figure 6 the temperature dependences of the
isotropic and anisotropic parts of the rms amplitudes are
shown.

The observed temperature dependence of the isotropic
part of the rms amplitude for the bulk shows a large static
contribution at T = 0. Usually such static contribution is
explained by the pinning the atomic motion by defects.
The comparative data on the static and the temperature
dependent part of the atomic motion are controversial [5].
However, in the studied case the static contribution in the
isotropic rms amplitudes for confined nanoparticles and
for the bulk appear to be very close. It means that the
static term should be considered as intrinsic.

The fit of the temperature dependence of the isotropic
part of the mean-square displacement for the bulk 〈u2〉 in
the frame of the Debye theory [16]:

〈u2〉 =
3�

2T

mkBΘD
2

[
F

(
ΘD

T

)
+

ΘD

4T

]
(3)

where m, � and kB , T — the atomic mass, the Planck and
the Boltzmann constants, temperature, respectively, and
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Fig. 6. (a) Isotropic root-mean-square displacement versus
temperature for confined Se (open circles) and the bulk Se
(solid circles). Solid line is a fit by the Einstein law. (b)
Anisotropic root-mean-square displacement versus tempera-
ture: in the basal plane for confined Se (solid circles) and for
the bulk (open triangles); along the hexagonal axis c for con-
fined Se (open circles) and for the bulk (solid triangles). By
the open and solid stars the rms amplitudes in the basal plane
and along the hexagonal axis, respectively, from a single crys-
tal experiments are shown [2]. The error is about the size of
the symbols. Lines are the guide for the eye.

F(x) — Debye function:

F (x) =
1
x

∫
0

x ydy

ey − 1
(4)

leads to the Debye characteristic temperature ΘD of
315(10) K, which is much more than of 135 K — the
value of ΘD reported for the bulk [21]. Taking into re-
finement the temperature independent constant as a re-
finable parameter does not improve the quality of conver-
gence (goodness-of-fit). The static constant appears to be
of 0.04(1) Å and ΘD = 165(5) K.

Much better results can be obtained using the Einstein
model of the independent vibrational modes [16]:

〈u2〉 =
3�

2

mkBΘE

[
1

exp(ΘE/T ) − 1
+

1
2

]
. (5)

A fit in the frame of the Einstein model with the only
refined parameter ΘE , the characteristic Einstein tem-
perature, gives twice better convergence (goodness-of-fit)
(solid line in Fig. 6a). The refined value of ΘE appears of
161(5) K.

As expected the anisotropic rms amplitudes of atomic
motion (Fig. 6b) appears to be essentially different in a
basal plane and in the perpendicular direction, along the
hexagonal c axis. These data are consistent with the early
single crystal measurements of rms amplitudes in Se [2]
shown for comparison in Figure 6.
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Fig. 7. Temperature dependencies of the inner stresses (a) and
the volume averaged nanoparticle size (b).

The atomic motion anisotropy is intrinsic phenomenon
and is observed in the nanostructured as well as in the bulk
Se. It reflects the high anisotropy of the crystal structure
of the trigonal Se, consisted of the weakly coupled rigid he-
lix chains along the c-axis (Fig. 1). Indeed, the interaction
between Se atoms within the spiral chains along hexago-
nal axis are much stronger than interaction between the
chains. Therefore the rms amplitude in the basal plane,
corresponding to the interaction between the chains is
larger than in the perpendicular direction.

In Figure 6 it is seen that the atomic motion am-
plitudes in confinement are systematically slightly en-
hanced in contrast with the bulk above 100 K. There are
the essential distinctions of the atomic motions at low
temperatures. Especially the decrease of the motions is
well-defined for the anisotropic root-mean-square displace-
ments (Fig. 6b). It reflects the fundamental difference in
the spectra of atomic motions in confinement and in the
bulk.

It should note that in confined Pb [10] the situation is
opposite: the atomic motions in confinement at low tem-
peratures are stronger than those in the bulk. Apparently
it is a result of the differences in the crystal structures of
Pb and Se and different wetting ability, that leads to the
different interaction of confined metals with a matrix.

In confinement we observe the surprising “freezing” of
the atomic motion along the chains, while the atomic mo-
tion in the perpendicular plane (chain motion) still keeps
(Fig. 6b). Moreover, it turns out that this “freezing” was
accompanied by the appearance of the inner stresses and
an increase of the volume averaged size of the confined
nanoparticles (Fig. 7).

We did not detect any change of the background at
low temperatures, i.e. there is no any crystallization of
Se from the amorphous state, as it was observed at high

temperatures. Therefore, the total volume of the embed-
ded nanoparticles is constant. Since the observed slight in-
crease of the averaged nanoparticle size means the change
of a nanoparticle shape, which obviously becomes slightly
elongated. Unfortunately because of a low statistical ac-
curacy we cannot see it directly from the systematic peak
broadening.

Note, that the unit cell of Se at low temperatures
demonstrates the noticeable deformation (see Fig. 3),
namely, with decreasing temperature the hexagonal prism
length increases while the basal edge decreases. Obviously
such deformation should favor the change of a nanoparti-
cle shape.

There is no variation in the position of the diffuse peaks
from a silica matrix. It means that the thermal expansion
of the glass matrix is negligible in comparison with the
thermal expansion of the embedded Se. Moreover, it is
worth to remind that Se confined within nanopores crys-
tallizes in the adjacent pores in the form of agglomerates
rather than isotropic nanoparticles. As a result, the defor-
mation of the nanoparticles “locked” in the silica matrix
cavities causes the inner stresses.

Obviously due to the “locking” of the embedded Se
within the matrix cavities the interaction with the cavity
walls leads to a significant modification of the atomic mo-
tion in the confined nanoparticles. Therefore we attribute
the observed “freezing” of the thermal vibration in the
confined nanoparticles to this specific effect.

4 Conclusion

Neutron diffraction experiments demonstrated the pres-
ence of nanostructured Se confined within a porous glass
matrix in a crystalline as well as in an amorphous state.
The spontaneous partial crystallization of the crystalline
Se from the confined amorphous phase was observed,
which undergoes a maximum at about 150 ◦C before the
melting.

The temperature dependence of the Debye-Waller pa-
rameters of the bulk Se can be well described by the
Einstein formula for independent vibrations. The root-
mean-square of the atomic motions are found essentially
different in a base plane and in the perpendicular direc-
tion along the hexagonal axis in the bulk as well as in
confinement due to strong crystal anisotropy.

The atomic motions in the confined Se differ from the
atomic motions in the bulk at low temperatures, that
reflects the fundamental difference in the spectra of the
atomic vibrations in confinement and in the bulk.

The atomic motions in the confinement shows an un-
usual “freezing” along the chains, while the motion in the
perpendicular plane still keeps. This “freezing” is accom-
panied by the deformation of the confined nanoparticles
and the appearing the inner stresses. The last effect we
attribute to the interaction of the confined nanoparticles
with the cavity walls, which modifies the atomic motions.
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