
Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 35 (2023) 264003 (7pp) https://doi.org/10.1088/1361-648X/acc8b0

Early crystallization of amorphous
selenium under high pressure studied
by synchrotron XRD method

Shuhua Yuan1,2, Luhong Wang3,4,∗, Fuyang Liu2, Jay D Bass4, Yingzhe Li4,
Paul A Ginsberg4, Dongzhou Zhang5,6, Vitali B Prakapenka6, Sergey Tkachev6

and Haozhe Liu2,∗

1 Yangtze Delta Research Institute (Huzhou), University of Electronic Science and Technology of China,
Huzhou, Zhejiang 313001, People’s Republic of China
2 Center for High Pressure Science & Technology Advanced Research, Haidian, Beijing 100094, People’s
Republic of China
3 SHARPS, Shanghai Advanced Research in Physical Sciences, Shanghai 201203, People’s Republic of
China
4 Department of Geology, University of Illinois at Urbana-Champaign, Urbana, IL 61801, United States
of America
5 PX∧2, Hawaii Institute of Geophysics and Planetology, University of Hawaii at Manoa, Honolulu, HI
96822, United States of America
6 Center for Advanced Radiations Sources, University of Chicago, Chicago, IL 60439, United States of
America

E-mail: lisaliu@illinois.edu and haozhe.liu@hpstar.ac.cn

Received 30 November 2022, revised 10 March 2023
Accepted for publication 29 March 2023
Published 11 April 2023

Abstract
The amorphous selenium (a-Se) was studied via x-ray diffraction (XRD) under pressures
ranging from ambient pressure up to 30 GPa at room temperature to study its high-pressure
behavior. Two compressional experiments on a-Se samples, with and without heat treatment,
respectively, were conducted. Contrary to the previous reports that a-Se crystallized abruptly at
around 12 GPa, in this work we report an early partially crystallized state at 4.9 GPa before
completing the crystallization at around 9.5 GPa based on in-situ high pressure XRD
measurements on the a-Se with 70 ◦C heat treatment. In comparison, crystallization pressure on
another a-Se sample without thermal treatment history was observed to be 12.7 GPa, consistent
with the previously reported crystallization pressure. Thus, it is proposed in this work that prior
heat treatment of a-Se can result in an earlier crystallization under high pressure, which helps to
understand the possible mechanism caused by the previous controversial reports on pressure
induced crystallization behavior in a-Se.
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1. Introduction

Since its discovery in 1817, amorphous selenium (a-Se) has
been one of the subjects studied extensively mainly due to its

∗
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unique atomic configurations and relevant properties [1, 2],
as well as the wide technological applications in diverse
industrial fields, including xerography, photovoltaics, and x-
ray detectors [3]. As one of the most thoroughly studied
chalcogens in the amorphous state, a-Se stands as a typ-
ical example of a monoatomic polymeric material [4, 5].
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Despite intensive studies in the past, there are still some con-
troversies over the structure of a-Se [6, 7], the mechanism
of crystallization [8, 9], the proportion of chain and ring
structures [5, 10] and its rich pressure-induced properties,
including its mechanical, electrical, optical and magnetic
properties [11]. Atomic structure is crucial in determining
macroscopic properties and ultimately the function of the
material. Crystallized Se exists in trigonal form comprised of
helical chains and monoclinic form composed of Se8 rings in
an ambient environment, and with increased temperature and
pressure, it shows rich phase transitions and complex phase
diagrams [12, 13]. The bulk a-Se is composed largely of uncor-
related Sen-chains with some fraction of Se8 rings [14], and
the calculation of fraction of these molecular structures coex-
isting in a-Se has been quite challenging. Solving the structure
in the amorphous state is more complicated than doing so for
the crystalline state. To understand the structure of a-Se, many
efforts have been made previously. Lucovsky et al [15] first
reported the coexistence of 8-member rings and spiral chains
via infra-red and Raman spectra, after which Nostrand repor-
ted in early 1974 that a-Se mainly consists of 8-member rings,
together with a few spiral chains [1]. However, Andonov [16]
and Wei [6] proposed that the tangled chains make up most of
a-Se while the ring structure is the minority. Later Misawa and
Suzuki [17] suggested that the structure of a-Se is not simply
described as a mixture of isolated rings and chains but con-
tains fragments characterized by both ring-like and chain-like
conformations, after which Popov [18] claimed the presence of
monomers in Se after performing accurate experimental meas-
urements of the monomer content (atoms in Se8 rings). More
recently, Dash et al [19] proposed that a-Se, aged at room tem-
perature, is comprised of Sen chains and Se8 rings.

Research work on a-Se under high pressure has also attrac-
ted lots of attention, a majority of which has been focused
on pressure-induced phase transitions, including crystalliza-
tion. Most of the existing literature has reported the pressure-
induced crystallization from a-Se to trigonal Se where the
critical pressure lies in the range of 9.7 GPa to 14 GPa [20–
24]. However, more interesting observations have been repor-
ted by researchers. Liu et al [24] and Katayama et al [22]
observed an unusual pressure-induced volume expansion dur-
ing the crystallization. In the work of Liu et al, the a-Se first
crystallized to a monoclinic phase which then gradually con-
verted to the trigonal phase, and Katayama et al attributed
this expansion to the increase of covalent bond length of a-
Se under pressure. It is also worth noticing that Bridgman’s
experiments in 1940 displayed an anomalous phase transition
of a-Se around 2.5 GPa [25–27]. Later it was proposed by Soga
et al [28] and Singh et al [29] that possible inaccurate values
were used in Bridgman’s studies, and they reported a structural
change in the glass phase at pressures around 5 GPa. Bandy-
opadhyay and Ming [23] have reported crystallization of a-
Se from 10 GPa to 11.7 GPa according to the x-ray diffrac-
tion (XRD)measurement, which is consistent with the work of
Yang et al [30], yet the Raman spectra indicated that the a-Se
sample underwent crystallization even at the starting pressure,
0.5 GPa, which they ascribed to the laser used in the measure-
ments. They also emphasized the possibility that the Raman

peak may be from the crystalline phase rather than from the
amorphous phase, which may be due to the existence of micro-
crystallization at pressures less than 10 GPa. In a more recent
report by He et al [31], an anomalous amorphous-amorphous
transition of selenium in the 2.0–2.5 GPa range was pro-
posed based on ultrasonic and Raman spectroscopy meas-
urements. They suggested that the anomalous compression
behavior can be attributed to pressure-induced local atomic
reconfiguration.

To address these controversial reports on the high pressure
behavior of a-Se, an investigation of the compression beha-
vior of two a-Se samples with different thermal histories was
conducted, and the discussion about high pressure behavior of
a-Se at the pressure range up to around 12 GPa is discussed in
this work.

2. Methods

Two bulk samples of amorphous Se (99.999% pure) were used
in this work. Sample A was heated to 70 ◦C before being
cooled to room temperature, while sample B had been pre-
served at room temperature. The same in-situ high pressure
experiments were conducted on sample A and sample B, sep-
arately. Samples were divided gently into several pieces after
which a piece with dimensions around 20 × 20 × 30 µm
was picked for compression. To form a high-pressure cham-
ber, two well-aligned diamonds’ culets with 300 µm dia-
meter and a piece of stainless-steel gasket with 3 mm thick-
ness were prepared. The gasket was indented to the thickness
of 40 µm with these two aligned diamonds, after which a
hole with 100 µm diameter was drilled by laser. Together
with a thin gold foil with of size around 5 µm diameter, the
chosen piece of sample was loaded into the hole that was
placed between two diamond culets, then the whole chamber
was loaded with helium as pressure medium and sealed with
the two diamond culets. The compression of DAC with a-Se
sample loaded inside was driven by the membrane gas con-
trol system. Powder XRD data were collected simultaneously
while the sample was being compressed. All the powder
XRD data were collected at 13BM-C, GSECARS, Advanced
Photon Source, Argonne National Laboratory. Focused mono-
chromatic beams of 0.4340 Å wavelength were used. Two-
dimensional XRD patterns from both the sample and gold foil
were collected and then integrated into one-dimensional pat-
terns using the Dioptas program [32]. The XRD patterns from
the gold foil were refined and thus the pressure of the chamber
was calculated based on its EoS fitting.

Thermal measurements on a-Se sample from the same
batch (99.999% pure) as samples A and B were carried out
with a NETZSCH 404F3 thermal analyzer. To account for pos-
sible non-uniformity caused by aging or other factors, the a-Se
bead was divided into several fragments, each of which weighs
around 15 mg. Based on their distributions in terms of the cen-
ter of the sample bead, these sample fragments were numbered
#1 to #3, #1 being the outermost fragment of the sample bead,
#3 the central part of the bead, and #2 being the part in between
the center and outer part of the sample bead. These fragments
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were heated to the temperature around 100 ◦C and 110 ◦Cwith
a heating rate of 10 ◦C min−1 and 30 ◦C min−1.

3. Results and discussion

Figure 1 reports theDSC curves of the a-Se samplewith a heat-
ing rate of 10 ◦C min−1 and 30 ◦C min−1. The sample frag-
ments from different parts of the a-Se sample bead were used.
No obvious difference in thermal performance was observed
among these different fragments from the a-Se sample, which
means the amorphous state is quite uniformly distributed.
However, with different heating rates, the crystallization tem-
perature varies. When the heating rate is 10 ◦C min−1, the
crystallization temperature is around 95 ◦C, while with a
30 ◦Cmin−1 heating rate, a higher crystallization temperature
at around 102 ◦C is observed. Explanations in line with our
observation have been given by previous works [33, 34]. This
observation, to some extent, supported the fact that the heat
treatment helps the transition to a crystal state from amorphous
state, even when the temperature in the heat treatment is much
lower than the crystallizing temperature, for example, room
temperature. This has been discussed as the ‘aging effect’ in
other works [1, 7, 19]. In our present experiment where a-Se
was heated to a temperature slightly higher than the ambient
for a longer time (lower heating rate), the aging effect was
more obvious, which led to a lower crystallization temperat-
ure than that with a shorter heating time (higher heating rate).
Besides the large exothermic peak at around 95 ◦C and 102 ◦C
indicating crystallization, we found an endothermic peak at
around 50 ◦C and 55 ◦C which is the glass transition temper-
ature. Using DSC with a heating rate of 40 ◦C min−1, in the
work of Pang et al [34], the thermal properties of glassy selen-
ium quenched with various cooling rates was studies. In their
work, the same endothermic peak indicating glass transition
temperature was discovered at around 50 ◦C for samples that
were quenched with cooling rates within 40 ◦C min−1.

Before in-situ high pressure XRD measurement, an a-Se
bulk sample (referred to sample A) was heated to 70 ◦C with a
heating rate of 30 ◦C min−1 using NETZSCH 404F3 thermal
analyzer then cooled to room temperature. Another identical
sample, referred to as sample B, had been preserved at ambi-
ent temperature, as described experimental section above. Res-
ults from XRD measurements of both sample A and sample
B under pressure from ambient to over 30 GPa were shown
in figures 2(a) and (b), respectively. Sample A of a-Se was
heated to 70 ◦C before being cooled to room temperature, and
exhibits an early crystallization at pressure of 4.9 GPa, which
is much lower than the reported pressure for a-Se to crystal-
lize at ambient temperature, as shown in figure 2(a). At the
pressure that is lower than 4.9 GPa, XRD results of sample A
do not show any obvious diffraction peaks, which means a-Se
remains non-crystalline at the pressure below 4.9 GPa. Once
the pressure increases to 4.9 GPa, a fewmain diffraction peaks
of trigonal selenium start to appear, namely (101), (2–10), (2–
12), (202), together with some minor diffraction peaks from
monoclinic selenium structure such as (014), (231). However,

Figure 1. DSC scan of a-Se sample fragments with different heating
rates.

it is worth noticing that though the diffraction peaks are obvi-
ous enough to be observed, they are not as sharp as usual.
When the pressure was further increased, the diffraction peaks
become sharper. The XRD patterns from sample A and sample
B reveal the crystallization in a-Se sample with heat treatment,
which starts from 4.9 GPa and gradually completes at 9.5 GPa,
is not only gradual and slow, but also occurs unusually early
under pressure. Once the pressure is increased above 9.5 GPa,
a set of new diffraction peaks shows up, and more complete
diffraction peaks from structures of both trigonal selenium and
monoclinic selenium appear. The diffraction peaks surviving
throughout the whole pressure range have been observed to
shift towards the direction of a larger 2θ value, indicating the
lattice of the crystallized part of the sample being compressed
to a denser structure under elevated pressure.

The gradual crystallization process with a-Se were
observed in earlier works done by McCann and Cartz [35] in
1972, and Gupta and Ruoff [36] in 1978, McCann and Cartz
reported a slow crystallization occurred in a-Se under pres-
sure over 6 GPa. Gupta and Ruoff observed a slow and earlier
crystallization under pressure, by heating and compressing
the sample simultaneously. However, Tanaka [21] showed the
crystallization should be an abrupt process, and explained that
the gradual crystallization in the work done by McCann and
Cartz was due to the non-hydrostatic stresses in the sample
chamber, which was caused by the solid pressure medium
NaCl. However, in this work, where a gradual crystallization
was observed starting at 4.9 GPa and completing at 9.5 GPa,
the gaseous pressure medium of helium was used, which is
generally considered as hydrostatic pressure medium below
12 GPa [37]. Thus, in this work, there is no evidence show-
ing the slow crystallization in a-Se is due to non-hydrostatic
environment caused by pressure medium. Instead, the abrupt
crystallization observed in sample B (without heat treatment)
demonstrates it is the heat treatment that result in the unusual
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Figure 2. Typical powder x-ray diffraction data for a-Se (a) sample A with heat treatment; (b) sample B without heat treatment at increasing
pressure, (c) development of selected diffraction peaks from monoclinic selenium and trigonal selenium with increasing pressure in (b). The
diffraction peaks of monoclinic selenium and trigonal selenium at ambient pressure and temperature are referred from Burbank [40], Marsh
et al [41], and Avilov and Imamov [42].

gradual crystallization in sample A (with heat treatment). The
same applies to explaining the surprisingly early crystalliza-
tion observed on the a-Se sample with prior heat treatment.

As a covalent solid with two-fold coordinate, and con-
strained by bond-stretching forces between nearest neighbors
and bond-bending-forces between next-nearest neighbors, Se
has two constraints/atom [38], and the uncorrelated Sen chains
composed a flexible network. By using modulated differen-
tial scanning colorimetry examination on a-Se samples, Dash
et al [19] obtained evidence for the existence of a growth in
inter-chain structural correlations of the long super-flexible
Sen chains as a part of the aging process in a-Se. Their find-
ing illustrates aging in a-Se sample makes chain segments in
a-Se reconstruct locally to nucleate into a trigonal Se nano-
crystal, and promote the growth of locally ordered Sen chains.
Se nanocrystals serve as nucleation seed sites of the trigonal

Se phase inside a-Se. For a better discussion here, we denote
the state of a fresh a-Se sample as a-Se I state while the state of
heat-treated a-Se sample as a-Se II state. In our present work,
because a-Se (sample A) was heated to 70 ◦C, and the heat
treatment shows a similar effect as ‘accelerated’ aging on a-
Se, thus sample A evolves from a-Se I state to a-Se II state,
in which the bulk sample is spatially embedded with trigonal
Se nanocrystals but maintains the overall amorphous state.
When the pressure is applied on sample A, which is in the
state of a-Se II, the crystalline state could be easily achieved by
increasing less pressure due to the nanocrystal grains through-
out the bulk sample. This explains the early crystallization of
a-Se under high pressure for sample A. To have more in-depth
understanding with the novel crystallization process observed
in a-Se with prior heat treatment, schematics of Se atomic con-
figurations of selenium in various states and the development
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Figure 3. Schematics of Se atomic configurations in various states.

from a-Se I to a-Se II are illustrated and shown in figure 3(a)
helical Sen chains in a-Se I, a-Se II and trigonal Se, (b) α-and
β-monoclinic Se with Se8 rings.

As the counterpart of sample A, the XRD results of sample
B (without heat treatment) under high pressure is presented
in figure 2(b). As it is shown, the amorphous state is well
maintained when the compression is less than 12.7 GPa, no
sharp peaks are observed until the pressure goes to 12.7 GPa,
where the crystallization happens immediately. No early crys-
tallization is observed. Similar to the situation with sample
A, for sample B, once the glassy state transforms to a crys-
talline state, diffraction peaks from more than one structure
are observed, including trigonal selenium structure and mono-
clinic selenium structure, and these peaks have been coexist-
ing throughout the investigated pressure range. With the pres-
sure increasing from 12.7 GPa to 33.5 GPa, the diffraction
peaks are not only moving towards the direction of larger 2θ
value constantly, but their intensities are also varying. Many
diffraction peaks have some extent overlap, and we select two
typical independent diffraction peaks from trigonal and mono-
clinic phases which are shown in figure 2(c). With increasing
pressure, the diffraction peak (2–10) from the trigonal struc-
ture gets more intensive, while the diffraction peak (221)
from the monoclinic structure becomes broader and weaker.
This phenomenon indicates various phases are crystalizing and
growing to compete in the limited space under increasing high

pressure. Aside from the crystallization at 12.7 GPa in sample
B, two other phase transitions were observed at 16.7 GPa and
25.7 GPa, respectively. This agrees with previous reports of
phase transition sequences [21, 30, 39]. However, instead of
crystallizing to a single trigonal phase, here we found a mix-
ture of trigonal andmonoclinic phases after the crystallization.
Yang et al [30] proposed a direct transition from hexagonal Se
I to triclinic Se III at around 19 GPa, which corresponds to
phase transition at 16.7 GPa in our present work. An unknown
high-pressure phase appears at 25.7 GPa, and exists together
with monoclinic Se throughout the pressure range investigated
in this work.

As it is mentioned in the introduction section that He
et al [31] reported an abnormal compression behavior of a-
Se in the 2.0–2.5 GPa range, and proposed a pressure-induced
local atomic reconfiguration, which implies an amorphous-
amorphous transition of a-Se. Although without in situ
XRD measurement as proof, they proposed that it was an
amorphous-amorphous transition induced by purely pressure,
and it was ‘the third kind of transition’ described by Bridgman
[25]. Combining the results from our present work here, it
is noticed that more than one amorphous state could exist
within a-Se. However, it is worth mentioning that none of
the above studies discussed about the thermal history of the
a-Se samples, or excluded the heating effect produced by
laser.
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4. Conclusions

In this work, in-situ high pressure XRD measurements on
bulk a-Se samples reveal an early pressure-driven crystalliz-
ation on a-Se at pressure of 4.9 GPa after a prior heat treat-
ment of 70 ◦C. This unusual early crystallization is not fully
completed until the pressure reaches 9.5 GPa. In comparison,
for the sample without such a heat treatment, a-Se exhib-
its an immediate and full crystallization at high pressure of
12.7 GPa, consistent with a majority of previous reports. With
increasing pressure, different pressure-induced phase trans-
ition sequences have been observed on a-Se with and without
prior heat treatment. The heat treatment on a-Se has signi-
ficantly changed the microstructure of a-Se, despite the lack
of XRD evidence before it is compressed to 4.9 GPa. Given
that temperatures near room temperature, e.g. 70 ◦C, could
affect a-Se’s microstructures, the thermal history of environ-
mental temperature fluctuations should be considered with a-
Se samples, which could explain the inconsistency among pre-
vious reports on the high pressure behavior of a-Se. This work
also indicates that pressure-induced crystallization behavior
could be very sensitive to possible different starting states of
amorphous materials, and it is of great significance to put fur-
ther effort into relevant investigations.
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