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Structural studies of amorphous Se under pressure 

Keiji Tanaka 
Department of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan 

(Received 11 May 1990) 

X-ray-diffraction patterns, macroscopic compressibility, and crystallization in amorphous Se sub
ject to pressure have been investigated. The material exhibits pressure-induced structural 
modifications in the glassy state and a phase transformation to the hexagonal phase at 120±20 kbar. 
The observations are discussed on the basis of microscopic and thermodynamic models. 

I. INTRODUCTION 

How to obtain insight into the structure of amorphous 
materials is one of the fundamental problems studied ex
tensively for many years. Much work has been carried 
out using diffraction, extended x-ray-absorption fine 
structure (EXAFS), Raman scattering techniques, etc., 
while explicit disorder structures barely emerge from sin
gle experimental methods. Versatile studies seem to be 
needed to elucidate the amorphous structure. In addition 
to the structural measurements performed under fixed 
conditions, the investigations of structural modifications 
introduced by changes in temperature, pressure, and 
composition may serve as fruitful ideas or reinforce 
speculations proposed previously. 

Another characteristic inherent to amorphous materi
als is the quasistability, which appears as the glass transi
tion, the crystallization, and the dependence of properties 
on preparation methods and treatments. These phenom
ena have also been studied for a long time, while their na
ture remains to be considered more deeply. 

In the present paper, we will examine the pressure
induced structural change and the crystallization 
phenomenon in amorphous Se (a-Se), one of the elemen
tal amorphous materials, which may be suitable for dis
cussing essential features. Substantial work has been per
formed for structures of a-Se and liquid Se at 1 atm and 
also for pressure-induced effects in hexagonal Se,I 
whereas structural changes in a-Se under pressure have 
rarely been examined. It is known that pressurized a-Se 
undergoes an amorphous-to-crystalline transformation, 
while the results summarized by Gupta and Ruoff2 and 
Parthasarathy and Gopal3 remain controversial. 

At 1 atm and room temperature, Se has at least six 
crystalline allotropes and the amorphous form. 4,5 In all 
these polymorphs, the atoms are covalently bonded in 
twofold coordination, forming ring and/or chain mole
~ules. The covalent bond lengths and angles are 2.3-2.4 
A and 101·-106·. The microscopic structure of a-Se has 
been investigated extensively, and the recent studies by 
Andonov6 and Corb, Wei, and A verbach 7 argue that the 
main constituent is entangled chain molecules. In this 
respect, a-Se may bear some resemblance to the hexago
nal (trigonal) Se, consisting of helical chains, which is the 
stablest form at 1 atm and room temperature. Liquid Se 
is assumed to be similar in structure to a-Se at tempera-
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tures near the melting point. 1,7-10 

For hexagonal Se subjected to pressure, considerable 
experimental and theoretical work has been carried 

t 11-14 H d' . d . ou . y rostatlc compressIOn ramatlcally de-
creases the interchain distance, with the intrachain 
configuration being mostly intact. Parthasarathy and 
Holzapfel have examined the pressure-induced phase 
transition in hexagonal Se up to 500 kbar (=50 GPa), 
demonstrating that the hexagonal phase changes into a 
monoclinic phase at 140± 10 kbar accompanying a 
discontinuous volume change. I5 

II. EXPERIMENT 

Glassy Se films with 50-ILm thickness were obtained by 
vacuum evaporation onto room-temperature glass plates. 
The films were peeled off from the substrates, and were 
pressurized using the standard diamond-anvil-cell tech
nique. I6 The ethanol-methanol mixture, which was 
known to be fluid up to 104 kbar, was utilized as a pres
sure transmitting medium. The generated pressure was 
calibrated with the peak wavelength of the ruby lumines
cence I6 with an accuracy of ±3 kbar. 

X-ray-diffraction patterns were obtained using Mo Ka 
radiation emitted from a Rigaku RU-lOoo rotating anode 
set and a position-sensitive proportional counter in con
junction with a data-processing system. For details, see a 

t bl ' . 17 M . recen pu Ication. acroscoplC compression behavior 
of a-Se in the pressure cell was examined by direct mea
surements of sample dimensions using an optical micro
scope with an image processing system. 18 This technique 
is suitable for evaluating gross features of pressure (P)
length(L) relations up to -100 kbar with an accuracy of 
l:l.L / L "'" ±O. 5 %. The pressure dependence of the crys
tallization temperature was determined by inspecting the 
texture of a-Se loaded in the pressure cell, which was 
heated at a rate of - 10 ·C/min using an electrical heater. 
The technique was practical in a pressure range lower 
than - 30 kbar, in which the generated pressure could be 
held constant during the temperature increase. When a
Se crystallized, the optically flat surface became coarse 
grained. 

III. RESULTS 

Figure 1 shows diffraction patterns of a-Se subjected to 
selected levels of pressure. At 1 atm the pattern is similar 
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FIG. 1. X-ray-diffraction patterns in a-Se under compression. 
The pressure is changed successively from the upper plot to the 
lower one. The intensity scale of crystalline samples is reduced 
to one-half of the amorphous scale. Peak indices in the hexago
nal representation are given for the bottom pattern. 

to that reported previously;6 only a broad halo, the peak 
being located at 2 A -I, is observed in the investigated 
Q( =417" sine II..) region up to 3.5 A -I. With increasing 
pressure, the halo gradually shifts to higher wave num
bers with an increase in the peak height and a decrease in 
the width. These changes are comparable with those in 
liquid Se under pressure. 8 If the sample is released from 
pressures less than 100 kbar, a pattern almost the same as 
the initial one is obtained at 1 atm. Hysteresis effects ex
ist in depressurizing processes. 18 However, the sample 
released to I atm seems to be rapidly annealed, since the 
glass-transition temperature of a-Se is just above room 
temperature (310 K).4,6 

If we compress the sample higher than 100 kbar, it is 
transformed to the hexagonal phase. The precise transi
tion pressure could not be determined in the present ex
periment. It was between 97 and 140 kbar and micro
scope observations showed that it was abrupt. 19 Once the 
structure had been transformed into the crystalline state, 
the position and the intensity of diffraction peaks 
changed in a reversible way with pressure, the charac
teristic which was in agreement with the behaviors re
ported for the hexagonal Se. II ,13,15 

The present observations for the amorphous-to
crystalline transformation appear to be in conflict with 
some previous results in two respects. X-ray studies have 
been reported only by McCann and Cartz, II who found 
that the transformation from amorphous to crystalline 
states occurs gradually at pressures above 60 kbar. They 

have noticed further that the transformed state is an un
known crystal differing from the hexagonal form. The 
transformation into unresolved metallic structures has 
been implied by other workers on the basis of electrical 
measurements.2,3 However, we note that most of the ear
ly experiments are carried out employing Bridgman an
vils, which generate strongly nonhydrostatic stresses.20 

The gradual transformation may also be due to nonhy
drostatic pressure distribution, since McCann and 
Cartz ll utilize NaCI as a pressure transmitting material 
and shear forces are known to decrease the transforma
tion pressure. 2l ,22 

Figure 2 shows the pressure dependence of the atomic 
volume in a-Se up to 102 kbar. The result was calculated 
from the pressure (P)-volume( V) relation, which was ob
tained from the experimental P-L relation under an as
sumption of isotropic contraction and the density at I 
atm, 4.27 g/cm3• 23 The volume change can be fitted to 
the Murnagham equation 

P=(BoIB')[(VoIV)B'-I] , (1) 

where B 0 and B' represent the bulk modulus and its pres
sure derivative, and the subscript 0 means the value at 
P = O. A least-squares-fitting procedure gives B 0 = 94 
kbar and B'=5. These results may be compared with 
previous data,3,24 B=67.8-92.9 kbar and B'=3.2-8.5 
kbar, which have been obtained in pressure regions lower 
than 50 kbar. In Fig. 2, the result for hexagonal Se, 
which is calculated from x-ray-diffraction data (the densi
ty at 1 atm, 4.82 g/cm3),13,15 is also plotted for compar
ison. 

Figure 3 shows the pressure dependence of the crystal
lization temperature Te. together with the dependences 
of the melting temperature T m' 8 and the glass-transition 
temperature Tg •25,26 As is well known, the 
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FIG. 2. Pressure dependences of the atomic volume in a-Se 
(open circles with solid line) and hexagonal Se (dashed line). 
The error bars attached to the I03-kbar point apply to other ex
perimental points. The hexagonal form undergoes a phase tran
sition to a monoclinic form with an atomic volume of 16 ;V at 
140 kbar. 
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FIG. 3. The pressure dependence of the melting temperature 
Tin (dashed line), the crystallization temperature Tc (open cir
cles), and the glass-transition temperature Tg (solid line). An er
ror bar is attached for the Tc datum at 120 kbar. For references 
of Tin and Tg , see the text. 

crystallization and glass-transition temperatures may 
vary about ± 10 DC, depending upon experimental condi
tions such as heating rate, and thus we remark upon only 
the gross features. In a low-pressure region, the crystalli
zation temperature appears to change nearly in parallel 
with the glass-transition temperature, but the crystalliza
tion induced by compression of 120 kbar at room temper
ature seems to occur below the glass-transition tempera
ture. 

IV. DISCUSSION 

In the following, we will examine two problems: (i) the 
structure and its change in a-Se under compression and 
(ii) why the pressure-induced transformation from the 
amorphous to the hexagonal phase occurs at room tem
perature. 

Several structural models have been proposed to inter
pret physical properties in a-Se, 1,6,7,27 and in order to dis
cuss an essential feature of the pressure-induced structur
al change we adopt a microcrystalline model illustrated 
in Fig. 4. That is, we assume tentatively that the local 

FIG. 4. A local structure of hexagonal Se. R 1 and R2 pairs 
(Table I) with the central atom are connected by dashed and 
dotted lines, and a and c crystalline axes are indicated. 

structure of a-Se resembles the hexagonal Se structure, 
with three reasons: (i) almost all structural and electronic 
data indicate that the main constituent of a-Se is the 
chain molecule, though ring molecules may be contained 
in the minority/ (ii) consideration of the intermolecular 
distance is necessary to interpret the present result, and 
for this purpose the hexagonal structure is adequate, and 
(iii) substantial pressure data are reported for the crystal
line form. The relevant structure parameters of hexago
nal Se at 1 atm and 100 kbar are listed in Table I. 13 

The microcrystalline model is consistent with the x-ray 
patterns. Figure 1 implies that the halo at ~ 2 A -I can 
be regarded as a convolution of 100, 101, and 110 hexag
onal peaks. 28 The pressure-induced changes in the amor
phous halo and the crystalline peaks bear a remarkable 
resemblance to each other in intensity and position. The 
overall feature of the halo patterns can be reproduced by 
convolution of these peaks which are broadened as 
Gaussian functions. The crystalline size t estimated from 
the reproduction using the Scherrer equation, which is 
applicable to chain molecules,29 

(2) 

is about 20 A. Here A is the x-ray wavelength, B is the 
full width at half maximum, and eB is the Bragg angle. 
Similar magnitudes are inferred from radial-distribution
function (RDF) analyses for a-Se at 1 atm.7 This scale, 
which is greater than the unit-cell dimension of hexago
nal Se (Table I), may provide justification for adapting 
the micro hexagonal structure as a guiding model of a-Se. 

To get insight into the amorphous structure, we may 
follow the Debye scattering equation for the diffracted x
ray intensity I(Q): 

(3) 
m,n 

where f is the atomic scattering factor and r is the sepa
ration between a pair of atoms identified by the subscripts 
m and n. Since the scattering factor undergoes a smooth 
modification with the scattering angle and the present 
patterns shown in Fig. 1 are limited to a small Q region, f 

TABLE I. Atomic distances, unit-cell dimensions (in units of 
A), atomic volumes at I atm and 100 kbar, and the coordination 
number Z in hexagonal Se. Note that R2 is equal to the (100) 
plane distance. 

First-nearest intrachain 
bond length, 'I 

Second-nearest intrachain 
bond length, '2 

First-nearest interchain 
distance, R 1 

Second-nearest interchain 
distance, R2 

Unit-cell dimension a 
Unit-cell dimension c 
Atomic volume (A3 ) 

I atm 

2.38 

3.71 

3.44 

4.37 

4.37 
4.96 

81.9 

100 kbar 

2.40 

3.81 

2.97 

3.75 

3.75 
5.12 

62.2 

Z 

2 

2 

4 

6 
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can be assumed to be a constant. Then, Eq. (3) predicts 
that the atomic pairs separated at r give the most intense 
peak at QI =7. 72lr. Thus, we may argue that the halo 
extending 1.5-2.5 A -I at 1 atm is a convolution of the 
pairs separated at r2' R I , and R2 listed in Table I. 

Figure 5 shows the calculated patterns at 1 atm and 
100 kbar using the expression 

I(Q)= l: Z(r; )sin(Qr; )/(Qr;) , (4) 

where Z is the coordination number, and the summation 
is taken over the r 2 , R I' and R 2 pairs, in which the inter
chain distances are expanded from the crystalline values 
according to the relation 

(5) 

where va is the atomic volume, and the superscripts a and 
c denote amorphous and crystalline. (This notation ap
plies throughout the text.) Note that the power + is due 
to the relation va 0:. R 2, which may be applicable to one
dimensional molecules.3D,31 For numerical values of con
cern, the data in Table I and Fig. 2 have been employed. 

We see in Fig. 5 that the overall features are in agree
ment with the x-ray patterns shown in Fig. 1. The halo 
peak shifts with pressure, and the difference of the peak 
positions at 1 atm and 100 kbar is 0.35 A-I, comparable 
with the experimental result. This peak shift is caused by 
a dramatic decrease in the interchain distances, which is 
known to govern the pressure dependence of electronic 
properties.3,25,32,33 It is emphasized that inclusion of the 
pairs separated at R 2 is important for the numerical 
analysis. As is seen from the interference patterns of 
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FIG. 5. Calculated diffraction patterns (top curves) and the 
components (Table I) at 0 and 100 kbar. 

each component (Fig. 5), if we neglect the R 2 pairs, the 
halo becomes broader with pressure since r2 hardly 
changes and R 1 decreases substantially. The inclusion 
contributes to narrowing the width, resulting in a qualita
tive agreement with the experimental patterns. 

However, in the model calculation, the peak positions 
are located at values of Q that are 0.2-0.3 A -I lower 
than the experimental data, and the intensity increasing 
and the peak narrowing may not be reproduced satisfac
torily. A possible way to improve the agreement is to 
modify the coordination numbers Z for the pairs at R 1 

and R 2• In hexagonal Se, these are 4 and 6. If we in
crease Z(R 1 ) and decrease Z(R 2 ), which may result 
from disordering the intermolecular configuration, the 
agreement will become better. Such chain structures may 
be envisaged, since a-Se is considered to be substantially 
disordered with respect to the interchain correlation. 
More refined analyses will need realistic structural mod
els which include the structural randomness and its 
changes by compression, such as the fracture of covalent 
bonds and the cross linking between chain molecules.9,33 

Regarding the structural change from the amorphous 
to the hexagonal phase, we first consider the variation of 
the atomic volume shown in Fig. 2. Although the present 
result for the volume change in a-Se is limited to pres
sures of less than 102 kbar, it seems that the phase trans
formation from the glassy to the hexagonal form, existing 
at 120±20 kbar (Fig. 1),19 accompanies no appreciable 
volume change. The amorphous and crystalline phases 
may have nearly the same density at the critical pressure. 
In addition, the atomic volume of the amorphous sample 
appears to approach asymptotically the crystalline value, 
i.e., ilk =kQ-kc=O, where k is the compressibility. 

The above peculiar feature may be consistent with the 
pressure dependence of the crystallization temperature 
Tc shown in Fig. 3. Applying the Ehrenfest equation, 
which is based on a continuity of volume at a transition, 
to the amorphous-to-crystalline transformation we obtain 

(6) 

where ilf3( =~-f3C) is the thermal-expansion difference. 
As mentioned above, ilk "'" 0 and in contrast !:.{3 > 0 may 
be retained under pressure.34 Then dP 1 dTc = 00, which 
means that the pressure dependence of Tc is very weak. 35 

This result appears to be in harmony with the low
pressure data of Tc shown in Fig. 3. The weak depen
dence implies that the critical pressure of the transforma
tion may change substantially depending upon experi
mental details; the implication may be partly responsible 
for the scattered transformation pressures, 60-140 kbar 
at room temperature.2,3 

Crystallization phenomena of amorphous materials un
der pressure may be treated in two ways. The first is the 
thermodynamic transition model from an equilibrium to 
another equilibrium phase. 36 Although the amorphous 
phase is in quasiequilibrium, the concept can be applied 
to the pressure-induced crystallization of a-Ge to the {3-
Sn phase, since the f3-Sn phase has a higher equilibrium 
energy than that of the amorphous phase. 37 The energy 
needed for the transition is supplied with compressive 
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forces. The second treatment refers to the crystal growth 
which occurs in nonequilibrium states such as in super
cooled liquids. This phenomenon is a kind of relaxational 
transformation to lower energy states.3 

The crystallization of a-Se cannot be understood in 
light of the thermodynamic phase-transition model, since 
as shown in Fig. 6 the Gibbs free energy of a-Se may be 
greater than that of the hexagonal phase at pressures of 
interest.38 This result is obtained as follows. The pres
sure dependence of the Gibbs free energy G is given as 

G(P)= fPV(P)dP . (7) 
o 

Combining this equation with Eq. (1), G (P) in crystalline 
Se can be evaluated under a reference G (0) = 0. The 
amorphous material is not an equilibrium system and 
rigorous thermodynamic arguments cannot be applied, 
whereas its free energy is a useful thermodynamic quanti
ty if the fictive temperature, which may be equated to Tg 
in the present case, is introduced.39 Hence, at I atm the 
difference of the free energies in the amorphous and the 
crystalline phases may be written as 

(8) 

where H is the enthalpy of crystallization, 47-52 meV,4,6 
and Sc is the configurational entropy 0.43kB ,40 which 
give !1G =40 meV. The pressure dependence of the en
tropy term cannot be evaluated at present, and we tenta
tively neglect it. Then, using Eq. (7), we can estimate 
G (P) for the amorphous phase. The accuracy deter
mined by the modulus uncertainty !1Bo "'" ±4 kbar and 
!1B' "",0. 5 is better than ±5 meV. However, upon em
ploying Eq. (7), we have assumed implicitly that the V(P) 
characteristic for a-Se shown in Fig. 2 is elastic, which is 
not satisfied in the present case. 18.37 Accordingly, the nu
merical evaluation is risky, although it may be conceiv-
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FIG. 6. The pressure dependence of the Gibbs free energies 
in amorphous (solid line) and hexagonal (dashed line) Se. 

able that !1G(P) ~ ° at pressures of interest. We therefore 
follow the crystal-growth model. 

It should be pointed out, however, that the observed 
crystallization temperature seems exceptionally low, and 
the theoretical treatments known to date may not work 
out straightforwardly. Most of the crystallization pro
cesses in amorphous materials are induced at tempera
tures between Tg and T m' For instance, previous 
pressure-enhanced crystallization experiments for ox
ides21 ,41 and chalcogenide42 glasses have been carried out 
at this temperature range, and thus conventional crystal
growth models for supercooled liquids may be applied. 
Photo- and thermal crystallizations in a-Se have been ex
tensively studied, and also become appreciable at temper
atures higher than Tg •43 In contrast, as shown in Fig. 3, 
the crystallization at -120 kbar appears to proceed at a 
temperature below Tg , through a direct conversion of the 
noncrystalline solid into the crystalline state. This fact 
may imply that in a-Se under high pressure, the glass
transition does not occur as in a-Te at I atm.44 

The configuration-energy diagram for the crystalliza
tion process at 1 atm can be illustrated as shown in Fig. 
7. The energy difference between the amorphous and the 
hexagonal phase may be weakly dependent upon pressure 
as shown in Fig. 6. In contrast, we can assume that the 
barrier height, which is about I eV at 1 atm,43 decreases 
dramatically with pressure, and hence the crystallization 
rate at room temperature is enhanced. The problem is 
therefore reduced to find the mechanism of the height 
reduction. 

Microscopic structural models have been proposed for 
the pressure-induced crystallization in Se. It is known 
that hexagonal Se exhibits a phase transition to a mono
clinic structure at 140± 10 kbar, which corresponds to 
R I (P)/R I (O)=0.85,tS In the hexagonal crystal, the in
trachain bonding charges are assumed to be transferred 
to the interchain regions with increasing pressure. Mar
tin, Fjeldly, and Richter have pointed out that the non
bonding p-electron orbitals overlap with anti bonding 
states at neighboring chains, which weakens the intra
chain bond and strengthens the interchain bond, leading 
to the hexagonal-to-monoclinic phase transition. 12 The 
redistribution of the electron charges is demonstrated 

{; 
a: 
w 
z w 

crystalline 

CONFIGURATION 

FIG. 7. Configuration diagram of hexagonal and amorphous 
Se at I atm. 



11 250 KEIJI TANAKA 42 

theoretically by Starkloff and Joanopoulos.14 Following 
this idea, Litov and Anderson24 have assumed that the in
terchain potential E (R) in a-Se can be approximated as 

E (R ) = A ! R 12 - B ! R 6 - Cexp( - aR ) , (9) 

where A, B, C, and a are constants. The last term 
represents the attractive interaction resulting from the 
charge redistribution. Using some experimental values, 
and a criterion for the bulk modulus of the phase transi
tion, i.e., B (Pc )=0, they have predicted that the trans
formation in a-Se occurs when R I (P)!R I (0)=0.86. As 
demonstrated in Fig. 2, however, the transformation 
occurs when the bulk moduli of amorphous and hexago
nal Se are nearly the same. 

Although the theoretical treatment by Litov and An
derson24 deviates from the present experimental observa
tions, we may follow the essence of their argument. As 
shown in the analysis of the x-ray results, the dramatic 
contraction of the interchain distance is induced by pres
surizing. The interchain distance in a-Se must fluctuate 
spatially reflecting random structures, and then, at some 
local regions where the interchain distance is shorter than 
the average, the critical condition R I (P)! R I (0) = 0.86 
may be fulfilled. A bond interchange occurs, which is re
sponsible for crystalline nucleation, and as a conse
quence, the peripheral parts will successively be convert
ed into the crystalline phase. In this crystal-growth pro
cess, no macroscopic atomic diffusion is needed, since the 
densities of the amorphous and the hexagonal phases are 
nearly the same as shown in Fig. 2. However, to make 
this speculation quantitative, we need detailed insight 
into the degree of the interchain-distance fluctuation as a 
function of pressure. 
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The crystallization processes in organic chain mole
cules have been extensively studied, and accordingly it 
may be valuable to compare the present speculation with 
these studies. Crystallization of organic molecules such 
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V. SUMMARY 

Structure in a-Se under pressure up to 140 kbar has 
been studied. The pressure-induced change in the x-ray
diffraction patterns can be accounted for using a micro
crystalline model, which assumes a dramatic contraction 
between the interchain distances. It is suggested that, be
sides the first-nearest interchain atomic pairs, the 
second-nearest pairs give an important contribution to 
the observed change in the diffraction halo at 2 A -I. 

The disordered phase transforms into the hexagonal 
crystalline structure at 120±20 kbar without showing ap
preciable volume and compressibility discontinuities. 
The crystallization phenomenon is discussed on the basis 
of thermodynamic and atomic models. 
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