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Amorphous chalcogenide semiconductors exhibit a variety of light-induced phenomena, such as darkening, fluidity, 

deformation, crystallization, and phase change, some of which appear anisotropically upon illumination of linearly-polarized 

light. For studying these phenomena, Se may be the most suitable, since its microscopic structure is simple, being composed 

with entangled chains consisting of only homopolar bonds. Hence, after briefly reviewing light-induced changes in Se, 

including the phase change, we explore relationships between photodarkening and photo-crystallization, using a 

configurational diagram. Roles of athermal and thermal effects are quantitatively discussed. Besides, a model for 

understanding unique features of the anisotropic deformations is proposed. 
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1. Introduction 

 

It is known that amorphous chalcogenide materials 

exhibit many kinds of photoinduced phenomena, for which 

mechanisms and applications have been studied over a half 

century [1-4]. Among such phenomena, the most 

successfully utilized is undoubtedly the optical phase 

change in Te-compound films, the mechanism being 

understood principally through opto-thermally induced 

processes. It is also known that S compounds such as As2S3 

undergo non-thermal, photoinduced atomic transformations, 

a representative being photodarkening. And, a-Se exhibits 

both thermal and non-thermal changes. Besides, the 

elemental structure consisting of entangled chains [5-7] 

possesses no compositional disorder, which could make Se 

the most appropriate material for exploring fundamental 

mechanisms of the light-induced phenomena.  

Hence, we briefly review known phenomena in Se [1-

4, 7], including optical phase changes [8]. We also 

characterize two scalar phenomena, photodarkening and 

photo-crystallization, which are efficiently induced by 

geminate and free carriers, using a configuration-coordinate 

diagram. Finally, it is proposed that vector changes arise 

from two-dimensional, disordered, segmental Se chains.  

 

2. Known light-induced phenomena 

 

Table 1 lists light-induced phenomena in a-Se films, 

which are prepared with evaporation on to substrates held 

at room temperature or ~50°C. Besides, some are 

observable also in bulk samples [9, 10]. Since the 

phenomena are diverse, the table classifies those into 

several groups, with (speculated) structural changes; 

local/defective, non-local/extended, crystallization, and 

phase change. In addition, some exhibit isotropic (scalar) 

and anisotropic (vector) changes, upon illumination of 

linearly-polarized light. However, the table excludes 

phenomena which affect photoluminescence and ESR 

properties at cryogenic temperatures [4, 11, 12]. It also 

excludes photoinduced changes appearing in red a-Se films, 

which could be prepared by deposition on to cooled 

substrates. The film may undergo photo-polymerization 

upon illumination at room temperature [13, 14]. The present 

work also excludes interesting phenomena appearing in 

liquid Se, for which comprehensive studies have been 

performed by Sakaguchi and Tamura [2, 15]. 

 

Table 1. Known light-induced changes in a-Se with related publications. 

 

 Isotropic (Scalar) Anisotropic (Vector) 

Local / defective Photodarkening [10, 16, 18, 19, 22-28]  Dichroism and birefringence [29-35] 

Non-local / extended Photo-fluidity [9, 20, 36-45]  

Photo-expansion [38, 46-48]  

Vector deformation [48, 57-62] 

Crystallization  Photo-crystallization [63-75, 78, 82]  Oriented crystallization [76-78]  

Phase change Phase change [8]  
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2.1. Local / defective 

 

Chang may be the first, who noticed a quasi-stable, 

scalar (polarization-independent) absorption increase in Se 

layers (a few mm thick) upon illumination of white light 

[10]. A successive study demonstrated, as shown in Fig. 1, 

that photodarkening (reversible redshifts ΔE of the optical 

absorption edge) with ΔE ≤ 60 meV appears in Se films at 

low (~80 K) temperatures [16]. Note that a similar change 

appears also in a-S films at ~80 K [17, 18]. Thus, these 

results manifest that the phenomenon occurs in elemental 

amorphous chalcogen having no compositional variations. 

The magnitude ΔE decreases with a temperature ratio Ti/Tg 

(= 0 ~ 1) and it becomes zero at Ti/Tg ≈ 1 [16, 17], where Ti 

is the temperature at which a sample is illuminated and Tg 

(~310 K in Se) is the glass-transition temperature. Such 

temperature dependence suggests that no thermal energy is 

required for inducing the photodarkening, while it can be 

thermally recovered with annealing at Tg. And, the 

darkening mechanism has been ascribed to enhanced 

structural disordering, which can broaden the valence band 

consisting of lone-pair electron states of chalcogen [7, 19] 

through, e.g., atomic bond twisting [7, 17, 18] and/or 

coordination changes [20, 21]. Pressure studies support 

such an idea [18, 22, 23]. Transient characteristics have 

been studied in [24-28]. 

 

 

Fig. 1. Photodarkening (○, ●) in an a-Se film at 80 K, with  

no photoinduced effects (△) at 300 K [16] 

 

Se exhibits also the so-called ‘vector’ changes, as 

reviewed [29, 30]. After the discovery by Zhdanov and 

Malinovskii [31] of quasi-stable optical anisotropy 

(dichroism and birefringence) induced by linearly-polarized 

light in As2S3, similar changes were uncovered for a-Se [32, 

33]. The induced anisotropy in these materials is negative; 

e.g., n(//E) < n(E), where n(//E, E) denote refractive 

indices measured by probe light with an electric field 

parallel and perpendicular to that E of excitation light. It 

should also be underlined that, different from the 

photodarkening, the optical anisotropy in a-Se is efficiently 

induced at ~200 K [33]. Such an observation is consistent 

with Fritzsche’s phenomenological model for the 

photoinduced anisotropy [34, 35], which is discussed in 

Section 3.2, with atomic pictures of the anisotropic element. 

 

2.2. Non-local / extended  

 

About a century ago, Vonwiller noticed an anomalous 

photoinduced mechanical change [9]. Se samples exposed 

to light illumination became soft, which was later referred 

to as photoinduced stress-relaxation [20, 36, 37], fluidity 

(viscosity) [38-40], or photo-melting [41-43]. A similar 

phenomenon in As2S3 demonstrates that the fluidity occurs 

athermally [44], for which the author envisages a 

mechanism as domino-like, relaxational slippage of chain 

(layer) molecules through bond interchanges [26, 40, 45].  

Se exhibits volume expansion at room temperature, at 

which little photodarkening occurs as shown in Fig. 1 [16]. 

The expansion appears transitory during illumination [46, 

47], which may be retained in quasi-stable after its 

termination [38, 48-51]. It is plausible that the local 

structural change giving rise to the photodarkening is 

transformed through photoinduced fluidity to the 

macroscopic shape change [26], and accordingly, it remains 

quasi-stable at room temperature. We also know that the 

photo-expansion in As2S3 becomes greater at lower 

temperatures [51], which would suggest a similar 

temperature variation for Se. Theoretical studies 

demonstrate that the expansion is triggered with structural 

disordering induced by photo-generated electrons [52-54].  

On the other hand, at least three kinds of vector 

(anisotropic) deformations appear upon illumination of a 

linearly-polarized light beam [45, 55]. Regarding so-called 

M-shape deformation in thin films [56] and an opto-

mechanical effect in bilayer cantilevers [57], Se undergoes 

qualitatively the same behaviours to those in As2S3 [45, 48]. 

By contrast, photoinduced elongations in Se and As2S(Se)3 

samples on viscous substrates exhibit contrastive 

behaviours [45, 55, 58]. Upon illumination of linearly-

polarized light, As2S(Se)3 elongate ‘orthogonal’ to the 

electric filed [45, 55, 59, 60], which could be triggered by 

optical forces of scattered light [55, 61]. By contrast, as 

shown in Fig. 2, small (~10 μm) Se flakes laid on viscous 

grease elongate in the direction ‘parallel’ to the electric 

vector [55, 58, 60], with sample rotation, which may reflect 

optical torque [55]. It should be mentioned that exposures 

with holographic arrangements add much more varieties in 

appearance [38, 49, 50], the mechanisms being studied from 

different viewpoints [45, 62].  

 

 

Fig. 2. Deformation of Se flakes with a thickness of ~1.5 

μm on grease induced by illumination of semiconductor-

laser light (1.8 eV and 20 mW) with exposure times of 0, 

8, 27, 46 h (from left to right) [55]. The arrow indicates 

direction of the electric field, the length being 10 μm 

(color online) 
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2.3. Crystallization  

 

Light-induced crystallization in a-Se, comprehensively 

studied by Dresner and Stringfellow [63], is a known 

phenomenon. They observed using an optical microscope 

that a crystallization speed of a-Se films held at ~50°C can 

be enhanced up to an order with illumination of cw light 

emitted from a 200 W Hg arc. As known, the crystallization 

proceeds through nucleation and growth, and they 

uncovered that the growth of pre-existing nuclei is 

enhanced by photo-generated holes. It seems that the hole 

assists cooperative, extended chain alignment, which is 

consistent with theoretical analyses that suggest, not 

electrons, but holes are responsible for chain alignments 

[52-54].  

The photo-crystallization appears promising to some 

applications such as image memories [64, 65]. The 

crystallization occurs also upon excitation of fs-pulses at 

room temperature [66, 67], which may be utilized in nano-

fabrications. The fs-pulse crystallization could also be 

applied to the phase change (see, Section 2.4). 

However, the crystallization is problematic in 

photoconductive applications, which motivates 

considerable investigations. Besides, the crystallization rate 

has now been inspected using Raman-scattering 

spectroscopy with higher sensitivity [68, 69]. Such studies 

revealed an unexpected feature, as shown by the dotted lines 

in Fig. 3 [70 - 72]; in contrast to the observation of the light-

induced crystallization above Tg (~ 310 K) [63], the 

crystallization under intense (~17 W/cm2) He-Ne laser (ħω 

≈ Eg) illumination emerges at the temperature range of 260 

– 340 K; except at around Tg, which is ascribable to 

structural relaxation that suppresses nuclei growth. Besides, 

Lindberg et al. confirmed that in Se films on soft substrates 

the crystallization tends to be suppressed [72], which 

suggests that local strain affects the photo-crystallization 

[70, 71]. Nonetheless, it remains unclear whether the effect 

is directly structural [73] and/or it just enhances electronic 

excitation efficiency through reducing local optical gap 

energy [40, 54]. Recent studies also manifest unknown 

aspects of the crystallization [74, 75]. 

 

 
Fig. 3. Temperature variations of photoinduced birefringence 

[33, 76] (dashed and solid lines with the left-hand side axis) and 

photo-crystallization rate (the inverse of crystallization onset 

time) [70-72] (dotted lines with the right-hand side axis) (color 

online) 

 

Se also exhibits a vector crystallization phenomenon. 

As shown in Fig. 3, illumination with linearly-polarized 

light at ~350 K gives rise to birefringence of ~0.1 [76, 77], 

which is greater by an order than that [33] induced in 

amorphous states. X-ray, Raman-scattering and microscope 

inspections unambiguously demonstrate oriented 

crystallization of Se chains [76-78], which manifests that 

the photoinduced crystallization could become 

macroscopically anisotropic upon illumination of linearly-

polarized light. Note that, at higher temperatures than ~360 

K, thermal crystallization prevails.  

 

2.4. Phase change 

 

As demonstrated by Hamanaka [8], Se undergoes the 

so-called optical phase change. He prepared 0.1 μm-thick a-

Se films through evaporation on to collodion films, and 

illuminated a-Se with focussed light emitted from a He-Ne 

laser (λ = 633 nm). The sample probably has small heat 

capacity, which could be easily heated by illumination.  

The irradiation effect is shown in Fig. 4a. We see that 

amorphous-to-crystalline transformation occurs upon an 

exposure with intensity of 0.5 mW/(5 μm)2 (≈ 2 kW/cm2) 

for 0.3 s, which corresponds to a dose of 600 J/cm2. On the 

other hand, a crystalline-to-amorphous change occurs at 

 

 

Fig. 4. Irradiation characteristics in (a) Se [8] and  

(b) GeSb2Te4 [79] (color online) 
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0.8 mW/(2 μm)2 (= 20 kW/cm2) for 1 ms, which gives 20 

J/cm2. (The light-spot sizes are estimated from printed 

photographs in [8].) Neglecting thermal dissipation, we 

may suppose ΔT = Q/c with a typical absorbed dose of Q = 

102 J/cm2 ×104 /cm = 106 J/cm3 (with an absorption 

coefficient of 104 /cm) and the heat capacity of c = 1.4 J/ 

cm3K for Se [4], which leads to ΔT = 105 K, being sufficient 

for the phase change. Note that electrical phase-changes in 

Se films have also been demonstrated [7]. 

Comparing the locations of the optical phase-change 

regions in Se [8] and GeSb2Te4 [79] in Fig. 4(a, b), we see 

marked differences. In GeSb2Te4 that is exposed to pulsed 

light (λ = 850 nm) with a power of I = 10 mW, 

crystallization occurs at ~50 ns, amorphization at ~100 ns, 

and melt-crystallization at ≥ 200 ns. In contrast, in a-Se, the 

‘crystallization’ appears at higher doses than those for the 

amorphization. Since the crystalline-to-amorphous 

transformation needs the melting [4], the observed 

crystallization in a-Se appears to occur through melting, or 

it must be melt-crystallization, as observed in (b). No direct 

crystallization seems to be detected in Hamanaka’s 

experiments. However, the photo-crystallization in a-Se 

under cw and pulsed excitations is a known phenomenon 

(Section 2.3), and accordingly, we speculate that Raman-

scattering inspection could detect the phenomenon in the 

‘no-change region’ in his result, which will be worthwhile 

exploring. On the other hand, in the two materials, the 

positional relationships between the amorphization and the 

melt-crystallization are qualitatively the same, with a 

conspicuous difference of the boundaries at the exposure 

time of 102 ms (a) and 102 ns (b), being different by six 

orders of magnitude. Such contrastive time-scales may 

reflect the scale of atomic motions for the melt-

crystallizations in pure Se and the Te-compound.   

 

 

3. Mechanisms 

 

3.1. Photodarkening and crystallization  

 

Having overviewed the photoinduced phenomena in a-

Se, we consider the two, fundamental scalar phenomena; 

photodarkening and photo-crystallization. As known the 

photodarkening appears universally in covalent 

chalcogenide glasses and it is athermal, while the photo-

crystallization is more-or-less unique to a-Se and thermally-

activated [1-4].  

The two phenomena can be grasped using an energy-

configuration diagram, shown in Fig. 5. The configuration 

space consists of two axes q1 and q2, which represent intra- 

and inter-chain structures, and the energy in the vertical axis 

denotes the sum of electronic and lattice systems at 0 K. 

Needlessly, the intra- and inter-chain atomic motions are 

likely to couple, while we simply represent those with the 

two coordinates. The q1-energy relation follows the single-

and-double wells model previously proposed for As2S3 [17, 

18, 80].  

 

Fig. 5. Energy-configuration diagram for photodarkening  

(X-Y) and photo/thermal crystallization (X-O) (color online) 

 

The diagram contains three ground states, O, X and Y. 

The origin O with a normalized energy denotes the lowest-

energy, crystalline (trigonal) state. The point X assigns the 

quasi-stable amorphous state, in which Se chains are 

segmented and entangled with randomized dihedral angles 

[5-7], which makes inter-chain distances disordered. The 

energy Ex of the X state, which can be related with the 

residual entropy of 3.6 J/K•mol of a-Se [81], is estimated to 

be ~20 meV, which probably varies with Se chain lengths. 

And, the point Y represents the photo-darkened state, and 

accordingly, the energy difference EXY may be comparable 

to the photodarkening magnitude of ~50 meV (Fig. 1) [16]. 

The three ground states are separated by energy barriers 

with heights EB, which could be estimated as τ = 

Ω−1exp(EB/kBT). Here, τ is a response time of 102 − 103 s, Ω 

a typical vibrational frequency ~1012 /s, and T a related 

temperature. Regarding the barrier from X to O, the height 

EXO corresponds to the crystallization temperature Tc. The 

barrier EXY between X and Y could be estimated from 

annealing characteristics of the photodarkening just below 

Tg [16, 27]. Or, in terms of the bond-twisting model, the 

value is related with strained, bond-angular energy [18]. 

Besides, there could exist a barrier with a height EYO (not 

shown), which may be comparable with Ec. However, since 

Tg < Tc, it seems difficult to estimate EYO from thermal 

crystallization behaviours of photo-darkened samples. 

Regarding the excitation energy, it is known that the 

photodarkening and the photo-crystallization are 

contrastive [4, 16, 27]. The photodarkening is maximally 

excited by Urbach-edge light of ~2.0 eV, the photon energy 

being located in the non-photoconducting gap, where 

localized, geminate electron-hole pairs are generated [4, 40]. 

By contrast, the photo-crystallization is efficiently induced 

by bandgap light of ħω ≥ 3.0 eV [82], which is consistent 

with the observation [63] and predictions [52-54] that free 

holes contribute to the phenomenon. This spectral feature 

suggests that the photo-crystallization and the 

photoconduction, both being excited by bandgap 
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illumination, have one-to-one correspondence. Taking these 

observations into account, we locate two excited states X’ 

and X’’ above X, in which EXX’ ≈ 2.3 eV and EXX’’ ≈ 3.0 eV 

(at 80 K), the values being likely to considerably (~ ±0.5 

eV) scatter from site-to-site [40]. It is plausible that the 

transitions from X to X’ and X’’ are competitive, which may 

account for Roys’ observation on suppression of the photo-

crystallization by sub-gap illumination [83].  

The temperature variations under illumination are also 

contrastive. The photo-crystallization characteristics [70, 

71] suggest that the barrier energy EX’’O, which may be 

governed by crystallite growth, is higher than the energy 

corresponding to Tg. On the other hand, since the 

photodarkening becomes greater at lower temperatures [16], 

no energy barrier seems to exist in the geminate-pair state, 

which smoothly changes from X’ to a polaronic state Y’. 

This structural transformation is assumed to be local, such 

as bond twisting [17, 18] and/or coordination exchange [11, 

20, 21, 28], so that Y’ is shifted from X’ mainly along the 

intra-chain axis q1. And, the polaronic geminate pair will 

recombine (non-)radiatively, relaxing to the quasi-stable 

state Y, giving rise to the photodarkening.  

Table 2 lists calculated barrier heights. We see that all 

barrier heights are around ~1 eV, in accordance with other 

estimations [70, 71]; the result being ascribable to the fact 

that Tc is not very different from Tg. The energy is roughly 

a half of the bond energy of Se-Se of ~2 eV [4], which 

implies that thermal crystallization and glass transition 

occur through, not direct bond scission, but chain slippage 

and/or bond twisting [17, 18, 80].  

   

Table 2. Energy barriers in Fig. 5, with Tg and Tc [5, 7] 

 

Phenomenon, related 

barrier 

Related 

temperature 

Estimated 

barrier height 

Thermal 

crystallization, EXO 

Tc ~ 390 K ~1.0  

Photo-crystallization, 

EX’’O 

Tg ≥ 310 K ≥ 0.9 eV 

Photodarkening, EXY Tg < 310 K < 0.9 eV,  

 

3.2. Vector changes 

 

Table 1 shows that the vector effect could be divided 

into three levels; defective, extended, and oriented 

crystallization. And, for the first, Fritzsche proposed a 

phenomenological model [29, 34, 35], which can well 

explain the negative, photoinduced optical anisotropy. He 

assumes that linearly-polarized light selectively excites 

anisotropic elements having characteristic axes nearly 

parallel to the electric field, which will then thermally relax 

to varied directions, henceforth decreasing the optical 

activity parallel to the field. This idea can also explain the 

birefringence in As2S3 which is induced by illumination of 

unpolarized light that is incident upon sample sidewalls [29, 

84]. A remaining problem is then the structural entity of the 

anisotropic element.  

However, structural studies have confronted 

difficulties in determining the atomic structure. Comparing 

the scalar and vector photoinduced optical changes in As2S3, 

we estimate that the density of defective sites responsible 

for the optical anisotropy could be only ~0.1 at.% [4, 26], 

which is too few to be detected through structural studies 

[42, 43]. Besides, in a-Se, r2 ≈ R ≤ r3 (Table 3), where r2 and 

r3 are the second- and third-nearest intra-chain distance and 

R approximates the inter-chain distance. Accordingly, it is 

more-or-less difficult to detect chain alignments [60]. (Note 

that we are able to detect chain alignment in stretched 

polyethylene films [86, 87].) 

 

Table 3. Comparisons of Se [4-7, 89] and polyethylene -(CH2)- 

[81, 86, 87] in the intra-chain distances r1, r2, and r3 with a 

typical interchain distance R [Å], the glass-transition 

temperature Tg [K], and the crystallization temperature Tc [K] 

 

 r1 r2 r3 R Tg Tc 

Se 2.35 ~3.7 3.5 ~ 

5.8 

~3.5 310 ~390 

polyethylene  ~1.5 ~2.5 3 ~ 4 ~5 250 ~410 

 

On the other hand, several atomic pictures have been 

proposed for the anisotropic element [29, 30]. For instance, 

some researchers propose that the photoinduced anisotropy 

can be ascribed to orientational changes of valence-

alternation pairs VAPs or intimate-VAPs [35, 88]. However, 

it seems difficult using the idea to interpret quantitative 

correspondences of the photoinduced birefringence and the 

natural birefringence in relevant crystals including Se and 

As2S(Se)3 [33]; the photoinduced birefringence in 

amorphous states is ~1/100 of the crystals; e.g. ~0.007 and 

~0.8 in Se. Such an observation implies some resemblance 

of the photoinduced structure to the crystalline.  

Under such circumstances, the photoinduced oriented 

crystallization that is demonstrated using x-ray diffraction 

and Raman-scattering spectroscopy unambiguously 

manifests that helical Se chains are responsible for the 

anisotropy [76-78]. Accordingly, it seems reasonable to 

assume that the optical anisotropy and the anisotropic 

deformation in amorphous states occur as pre-stages of the 

alignment of segmental chains; i.e., the optical anisotropy 

arises from local atomic orientation, which may be 

produced by photoinduced bond twisting [17, 18] and/or 

interchange [11, 20, 21, 28], and the anisotropic 

deformation seems to reflect two-dimensionally oriented 

chains (Fig. 6b), which are produced through extended-

scale, domino-like chain alignments [45]. 

The latter idea is consistent with the parallel-to-E 

elongation [55, 58, 60] shown in Fig. 2. Neglecting bond 

angular effects and detailed interchain configurations, we 

approximate the atomic volume v in a-Se as ~rR2, where r 

(= r1) and R represent the covalent length and the nearest-

neighbour interchain distance (Table 3). Then, suppose that 

an amorphous sample consisting of N atoms and having a 
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cubic external shape with a side length of (NrR2)1/3, 

illustrated in Fig. 6a, is exposed to light having a vertical E. 

The Frizsche’s idea suggests, taking dielectric anisotropy of 

Se chains into account [7, 33] and the photoinduced fluidity 

(Section 2.2), that in an ideal case the field rotates all 

segmental chains to horizontal directions, as in Fig. 6b, 

which will modify the sample shape to a rectangular 

parallelepiped with the bottom and vertical lengths of 

N1/3(rR)1/2 and N1/3R. Then, such a configurational change 

of segments increases the E-parallel sample length with a 

ratio of (R/r)1/3 ≈ 1.14, which is in quantitative agreement 

with the observed elongation of ~10% [58].  

 

 

Fig. 6. Chain conformations in Se: (a) a three-dimensional 

disordered helix in a-Se before illumination, (b) and (c) 

are after illumination with a vertical E; (b) a two-

dimensionally disordered helix and (c) a poly-crystalline 

structure with horizontal chain axes (photoinduced 

oriented crystallization). Note that the macroscopically 

cubic shape in (a) elongates in parallel to the E axis 

(vertical) in (b) and (c), under a fixed volume (color  

                   online) 
 

Other anisotropic deformations could be understood as 

follows: the E-parallel M-shaped pattern in a-Se [48, 60], 

which appears upon illumination of focused (with diameters 

of ~10 μm) linearly-polarized light, is ascribable to the 

parallel elongation (Fig. 6) under Gaussian light-intensity 

distribution. The opto-mechanical effect, appearing also in 

a-Se [48] upon altering E direction, may be affected by the 

segmental alignment, in addition to optical forces [45]. On 

the other hand, the sample rotation shown in Fig. 2 could be 

triggered by optical torque [55]. 

 

 

4. Summaries 

 

Amorphous Se is known to exhibit unique optical 

properties, i.e., efficient photoconductivity and many kinds 

of light-induced phenomena. The present work has 

comprehensively reviewed the latter topic, with a 

characteristic classification. A comparison of the phase 

change in Se with that in GeSb2Te4 is presented.  

We also consider thermal crystallization, thermally-

assisted photo-crystallization, and athermal photodarkening 

using a configuration-energy diagram. It contains some 

energy-minimal states and related barriers, the heights 

being estimated at ~1 eV, which reflects a rough 

relationship Tg ≈ Tc; a characteristic probably being 

governed by the two-fold coordinated chain structure. 

Thermal structural relaxations could be connected with 

inter-chain conformation changes through chain slippage. 

Bond breakage could occur only under electronically-

excited states, in which geminate and free carriers exert 

different effects.  

Finally, a model for the photoinduced vector 

deformation has been proposed. The oriented crystallization 

manifests that the entity of anisotropic elements is 

segmental Se chains, so that it is straightforward to assume 

that other phenomena occurring in amorphous states could 

arise as pre-stages of chain orientation. The optical 

anisotropy is ascribable to defective bond alignment, and 

the vector deformation arises from two-dimensionally 

oriented fragments, which are produced through domino-

like fluidic motions. However, the detection of anisotropic 

structures in amorphous states is challenging, since r2 ≈ R. 
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