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Abstract.  An analysis of the results of measurements by using the 
pump – probe method with a femtosecond resolution in time and 
computer simulation of the charge carrier kinetics have revealed 
two types of a nonlinear optical response in samples of chalcogenide 
glasses belonging to the As – S – Se system, irradiated by 50-fs laser 
pulses with a wavelength of 0.79 mm. The difference in the nonlinear 
dynamics is due to the difference in the photoexcitation character, 
because laser radiation can be absorbed either through bound states 
in the band gap or without their participation, depending on the 
ratio of the pump photon energy to the bandgap energy. 

Keywords: femtosecond laser pulses, photoinduced effects, optical 
nonlinearity, chalcogenide glasses, excitons.

1. Introduction 

Chalcogenide glasses (CGs), which are characterised by low 
optical  loss  in  the  wavelength  range  of  0.5 – 15  mm,  good 
chemical stability, and high third-order optical nonlinearity, 
are promising materials for mid-IR optical data systems used 
in  environmental monitoring, medical  diagnostics,  and  on-
line control of  technological processes  [1 – 3]. Since  spectro-
scopic mid-IR sensors call for both sensor elements and com-
pact broadband sources of coherent radiation, CG processing 
techniques should be developed. Femtosecond  laser modifi-
cation  (FLM)  technology  [4 – 6]  can be used  to  form wave-
guide  structures  on  the  surface  of  CGs  and  in  their  bulk. 
However,  the  chemical  and  physical  effects  leading  to  a 
change in the optical properties of CGs under high-intensity 
femtosecond  laser  pulses  have  been  scarcely  studied.  To 
develop FLM technology as applied to CGs, one needs fun-
damental  knowledge  about  the  photoinduced  processes 
occurring  in glasses of different compositions. The study of 
the nonlinear optical response in CG samples is important for 
the  following reason: FLM technology  is  in essence nonlin-
ear,  because  the  pulse  propagation  conditions  and  pulse 
energy absorption in a glass sample depend on the values of 

the Kerr constant and multiphoton absorption coefficient for 
this glass [7].

Currently, there is no rigorous theory describing the non-
linear optical response in topologically disordered structures, 
in particular, in glassy semiconductors, to which CGs belong. 
In some works, the nonlinear optical coefficients of CGs were 
estimated  using  the  predictions  of  the  theory  of  nonlinear 
optical response in crystalline semiconductors [8 – 10]. At the 
same  time,  systemised empirical  studies  revealed a  relation-
ship between the composition, structure, and nonlinear opti-
cal properties for some CG systems [2, 11 – 14]. These studies 
include both measurements of nonlinear optical coefficients 
(Kerr constant, multiphoton absorption coefficient, Raman-
amplification coefficient) and structural analysis of glasses by 
methods of Raman  scattering, Fourier  spectroscopy, X-ray 
spectroscopy,  X-ray  diffraction  analysis,  and  nuclear  mag-
netic  resonance  spectroscopy.  It was  established  that,  since 
the  interatomic  bonds  in  CGs  are  weaker  than  in  oxide 
glasses, the band gap in CGs is generally narrower than 3 eV, 
and the glass-transition temperature Tg < 200 °C. At the same 
time,  the  density  (3.2 – 5.0  g  cm–3)  and  refractive  index 
(2.3 – 3.4) of CGs are much higher than those for oxide glasses. 
The  Kerr  constant  for  CGs  is  2  to  3  orders  of  magnitude 
larger than the Kerr constant for quartz glass.

To optimise FLM technology,  it  is  important to investi-
gate  the  temporal  character  of  the  photoinduced  processes 
leading to changes in the refractive index of glass. Previously, 
we  studied  the  temporal  dynamics  of  nonlinear  optical 
response in glasses of the As – S – Se system by the pump – probe 
method [15] with a femtosecond resolution in time. The non-
linear optical coefficients of  refraction and absorption were 
determined  in  [10]  at  relatively  low  pump  pulse  intensities, 
when  the  density  of  photoinduced  charge  carriers  can  be 
neglected. The results of measurements at high pump intensi-
ties showed [16, 17] that the character of the nonlinear response 
(including  the  carrier  kinetics)  on  time  intervals  up  to  10  ps 
depends on the proximity of  the  laser pulse  frequency to  the 
fundamental absorption band edge of the CGs under study.

In this study, based on analysis of the experimental results 
obtained at high pump  intensities, we developed  theoretical 
models of charge carrier kinetics  in glasses belonging to the 
As – S – Se system and performed computer simulation of the 
nonlinear response dynamics. Matching of the calculated and 
measured  dependences  made  it  possible  to  determine  the 
parameters  characterising  the  electronic  properties  of  the 
glasses  under  consideration.  We  also  briefly  described  the 
structural features of the glasses of this system and assigned 
the character of their charge carrier kinetics to possible pho-
toinduced changes in the glass molecular network.
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2. Chalcogenide glasses of the As – S – Se system

The  structure  of  glasses  of  stoichiometric  compositions, 
As40S60 – xSex, has been thoroughly  investigated using differ-
ent experimental techniques [1, 2, 11 – 14, 18 – 20]. The molec-
ular bonds in this system are mainly covalent. X-ray diffrac-
tion analysis showed that the glass structure is formed by cor-
rugated  layers;  the  degree  of  corrugation  increases  with 
increasing chalcogen atom size. Trigonal pyramids [AsS3] and 
[AsSе3] with an arsenic atom in the vertex, which are linked 
via  doubly  coordinated  chalcogen,  are  distinguished  in  the 
structure of As2S3 and As2Se3 glasses. A partial substitution, 
for example, of selenium for sulphur in As2S3 glass gives rise 
to mixed-type [As(S,  Se)3] pyramids. In particular, it was dem-
onstrated in [21] that [AsSSe2] and [AsS2Se] heteropyramids 
and  [AsS3]  and  [AsSe3]  homopyramids  may  coexist  in  the 
amorphous As40S60 – xSex system. Studies using nuclear mag-
netic resonance spectroscopy and Raman scattering showed 
[11] that S and Se atoms in this system are uniformly distrib-
uted throughout the glass volume when the concentration of 
Se atoms is equal to the sulfur concentration or exceeds it. At 
lower Se concentrations, chalcogens atoms form clusters.

Under  illumination,  the  electronic  polarisability  of  Se 
atom exceeds that of S atom, because the valence electrons 
in  the  heavier  Se  atom  are  more  weakly  bound  with  the 
nucleus.  Therefore,  a  partial  replacement  of  sulphur  with 
selenium  increases  the  electronic  susceptibility  of  the 
medium and its refractive index in the range of normal glass 
dispersion.  CGs  always  have  homopolar  bonds;  however, 
the concentration of these bonds is minimum in a stoichio-
metric  composition.  In  the  case  of  partial  replacement  of 
sulphur with  selenium,  the  formation  of mixed-type  pyra-
mids is accompanied by the occurrence of Se – Se and S – S 
bonds and violation of the glass structure lamination, which 
is  believed  to  be  another  factor  enhancing  the  nonlinear 
optical response [14].

Note that the values of glass optical parameters are deter-
mined  by  the  degree  of  connectivity  of  molecular  network 
sites, whereas the other macroscopic characteristics (density, 
glass-transition  temperature,  coefficient  of  thermal  expan-
sion)  are  controlled  by  the  connectivity  of  structural  units 
[As(Ch)3]; the dependence of these parameters on the Se con-
centration in As40S60 – xSex glasses is linear. The dependence of 
the optical band gap Eg on the Se concentration is also close 
to linear.

According to the Moss rule [2], far from the fundamental 
absorption edge, the refractive index of amorphous semicon-
ductors increases with a decrease in Eg. Correspondingly, the 
Kerr constant n2 increases as well. Concerning the CG system 
under consideration, this specificity of the electronic and opti-
cal properties is due to the weakening of interatomic bonds at 
partial replacement of sulfur with selenium and the change in 
the ratio of energies of all covalent bonds: As – S, As – Se, and 
S – Se.

To  study  the  photoinduced  processes  in  noncrystalline 
semiconductors, it is necessary to take into account the exci-
ton energy bands (formed by bound states in the band gap), 
which are due to the absence of long-range order in the glass 
molecular network. The bound states in CGs correspond to 
such  structural  features  as  homopolar  and  dangling  bonds 
and lone pairs of p electrons on the outer shell of chalcogen 
atoms [1, 2]. Since the electron – phonon interaction is strong 
in  CGs  [18],  these  bound  states  can  be  attributed  to  self-
trapped excitons. Due to the presence of exciton bands, the 

fundamental absorption edge of CGs has a  region of expo-
nential decrease in the absorption coefficient a (Urbach tail), 
which passes to a weak absorption tail (a < 1 cm–1). 

The weak connectivity of glass network and the existence 
of lone pair electrons, whose energy states lie in the top of the 
valence band, determine the specificity of photoinduced pro-
cesses  in  CGs,  in  particular  the  photodarkening  effect  [2], 
where  changes  in  the  molecular  glass  network  narrow  the 
band gap and change the refractive index in the illuminated 
region.

3. Measurement technique and results

The nonlinear optical response  in CG compositions was 
investigated using a Ti:sapphire laser, generating pulses with 
FWHM t = 50 fs and peak wavelength l0 = 0.79 mm, as a light 
source. An  optical  scheme  of  the  setup  [10]  is  presented  in 
Fig.  1.

The compositions of the glass samples of the As40S60 – xSex 
system were chosen so as to make the pump centre frequency 
n0 fall in the weak absorption tail (x = 0, 15, 20, 30) or Urbach 
tail (x = 40, 45, 60). The corresponding values R = hn0 /Eg are 
listed in Table 1. Glass samples in the form of thin disks of 
different thicknesses (d = 0.5 – 1.2 mm) were prepared accord-
ing to the standard technique by melting raw materials  in a 
quartz glass ampoule. The samples were polished from both 
sides  to  surface  finish  of  0.25  mm  (the  sample  preparation 
technology was described in detail in [10, 22]).

The  pump  pulse  energy  in  the  experiments  was  varied 
within 0.2 – 12 mJ. To exclude the cumulative effect, samples 
were moved during the experiment so as to expose each point 
of the sample surface to only one pump pulse. 

Numerical values of  the phase shift Dj and probe pulse 
absorptance  were  recorded  in  the  form  of  a  matrix  in  the 
entire range of probe pulse time delays Dt with respect to the 
pump pulse, with a specified time interval, and at the ‘points’ 
of probe beam cross section, whose sizes (3.6 mm) are deter-
mined by the pixel size in the CCD camera. The phase shift 
and absorptance values, averaged over the beam cross section 
in the entire range of Dt, were recorded in a separate file.

An analysis of the nonlinear response in the samples under 
study revealed two different types of temporal dynamics. For 
the glass compositions with x = 0, 15, and 20, the intersection 
points of the curves Dj(Dt) with the abscissa axis are deter-
mined by the pump pulse energy. The dynamics of this type is 
shown  in Fig.  2a by an  example of  the As40S60  sample,  for 
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Figure 1. Optical scheme of the setup for studying the nonlinear optical 
response by three-pulse pump – probe interferometry.
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which  the  pump  photon  energy  hn0  corresponds  to  the  red 
edge of weak absorption tail (R = 0.66; Table 1), a0 = 0.1 cm–1. 
For  each  of  the  compositions with x  =  30,  40,  and  45,  the 
curves  Dj(Dt)  intersect  the  abscissa  axis  at  the  same  time 
delay, independent of the pump pulse energy E, as shown for 
the As40S30Se30 sample in Fig. 2b. The energy hn0 for this sam-
ple lies  in the weak absorption tail near the Urbach tail red 
edge (R = 0.78; Table 1), a0 = 0.4 cm–1.

The E values in Fig. 2 correspond to the following pump 
peak intensities I0 on the front surface of the As40S60 sample: 
450 GW cm–2 (E = 4.1 mJ) and 1 TW  cm–2 (E = 9.2 mJ); for the 
As40Se30S30  sample,  the  peak  intensities  are  125  GW  cm–2 
(E = 1.7 mJ), 190 GW cm–2 (E = 2.6 mJ), and 380 GW cm–2 
(E = 5.1 mJ). The pump pulse intensity was determined from 
the formula I0 = Ein /(tS), where Ein is the pump pulse energy 
with allowance for the Fresnel reflection from the sample sur-
face and S = pw2. The pump beam radius w was found from 

the profile of the probe beam phase shift in the pump beam 
cross section at small E values.

As can be seen in Fig. 2, a characteristic peak arises in the 
curves in the vicinity of Dt » 0 due to the cross-phase modula-
tion of the probe pulse when the latter is overlapped with the 
pump pulse. The transition of Dj(Dt) to the domain of nega-
tive values is indicative of an increase in the electron density 
in  the  conduction  band.  Then Dj  decreases  in modulus  to 
zero due to charge carrier recombination. The time delay at 
which Dj = 0 characterises the transition time Dt0 of charge 
carriers to bound states in the band gap. For the As40S60 com-
position, the Dt0 value depends on E. A similar dynamics was 
observed in a crystalline NaCl sample in [15]; it was explained 
by the occurrence of hole self-trapping immediately after the 
charge separation. A free electron could move in the sample 
during some time until  it  formed a bound state with a hole 
(self-trapped exciton). Excitons are formed more rapidly with 
an increase in E because of the higher density of electron – hole 
pairs.

In contrast, the Dt0 value for the As40Se30S30 samples was 
found to be independent of E. A similar temporal dynamics 
of  nonlinear  response  was  observed  in  [15]  for  crystalline 
quartz; it was explained by the direct transition of charge car-
riers to exciton states after photoexcitation.

Here, we used the data on the charge carrier kinetics from 
[15]  to  analyse  the  photoinduced  processes  in CG  samples. 
The type of a photoinduced process (single- or multiphoton) 
can be determined by plotting a dependence of the phase shift 
Djmin(I0) in the minimum of curve Dj(Dt). This dependence 
(Fig. 3, circles) is approximated well by a quadratic function 
for both samples, a circumstance suggesting a dominant role 
of  two-photon  processes  in  carrier  photoexcitation.  The 
change in the character of the dependence at large I0 values 
corresponds to the functional dependence of radiation inten-
sity  in  the  case  of  two-photon  absorption:  I(I0)  =  I0 /(1  + 
I0 b2z).

Let us now consider  the dependence of  the phase  shift 
Djc on I0 at long delay times (Dt > 100 ps), when the Djc  value 
is  independent  of  Dt.  For  the  As40S60  sample,  the  depen-
dence Djc(I0) at pump pulse intensities ranging from 350 to 
700 GW cm–2  is also quadratic, whereas  for  the As40S30Se30 
sample  this dependence  is  close  to  linear  (Fig.  3,  triangles). 
Note that, at I0 < 300 GW cm–2, the transition of Dj to the 
domain of positive values is not observed for the As40S60 sam-
ple up to Dt » 1 ns; this fact indicates that either there is an 
intensity threshold for the observed photoinduced changes or 
these  changes  occur  very  slowly.  The  linear  dependence 
Djc(I0) for the As40S30Se30 sample indicates that excitons arise 
as  a  result  of  single-photon  process,  because  two-photon 
absorption may occur via energy levels in the band gap; i.e., it 
is a two-step process.

An analysis of the time dependences of absorptance [17] 
indicates that there is residual absorption in a sample at long 
probe delay times.

Table 1. Main characteristics of glasses of the As40S60 – xSex system.

Glass  
composition Density/g cm–3 Refractive index n0

( l0 = 0.79 mm)
Glass-transition 
temperature Tg /°C

Optical band  
gap Eg /eV

R = hn0/Eg

As40S60 3.20 2.52 215 2.35 0.66

As40S45Se15 3.56 2.65 207 2.20 0.71

As40S30Se30 3.92 2.80 202 2.0 0.78

As40S15Se45 4.27 2.95 196 1.90 0.82

As40Se60 4.59 3.02 191 1.75 0.90
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Figure 2. Dependences of the probe pulse phase shift, averaged over the 
transverse beam profile, on the probe pulse time delay with respect to 
the pump pulse for the (a) As40S60 and (b) As40Se30S30 samples at differ-
ent pump pulse energies E (circles are measured values, solid lines are 
calculation results).
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4. Computer simulation of the nonlinear optical 
response dynamics 

The  change  (averaged  over  the  beam  cross  section)  in  the 
phase j2 of a probe pulse propagating  in a  sample  in  the z 
direction is determined from the equation

¶
¶ ( , )

( , )
z
t z

k n t z2
0

j D= ,  (1)

where k0 = 2p/l0. The following expression was obtained for 
the photoinduced change in the refractive index in [15] in the 
plane-wave approximation:

Dn » 
( )

pn I
n
e

m
N f

m
N f

2 *
e CB

tr

te tr
2 1

0 0

2

2 2 2e w w w
+ - +

-
= G.  (2)

Here, the coefficient p is 1 or 2 if the planes of polarisation of 
the  pump  and  probe  pulses  are  perpendicular  or  parallel, 
respectively;  n2  is  the  Kerr  constant;  I1  is  the  pump  pulse 
intensity; n0  is  the  refractive  index of  the material; e0  is  the 
permittivity of free space; e, m, and m* are, respectively, the 
charge, electron mass, and electron effective mass in the con-
duction band; fCB and ftr are the oscillator strengths for the 
transitions from the valence band to the conduction and exci-
ton  bands,  respectively; w  is  the  laser  frequency; wtr  is  the 
exciton  transition  frequency; Ne  is  the  free-electron density; 
and Nte is the exciton density.

Expression (2) was derived in [15] on the assumption that 
the contribution of holes to Dn can be neglected and the den-
sity of excited electrons is low in comparison with the electron 
density in the valence band. The first term in the right-hand 
side of (2) corresponds to the effect of probe pulse cross-phase 
modulation. The  two  terms  in  square brackets  describe  the 
change  in the refractive  index due to the charge separation: 
the first, proportional  to the conduction electron density,  is 
always negative, while the second, proportional to the exciton 
density, is positive if wtr > w.

The decrease in the pump beam intensity in the sample is 
mainly  due  to  the  one-  and  two-photon  absorption  in  the 
glass and to the Joule  loss (beam energy absorption by free 
electrons):

¶
¶ ( , )

[ ( , ) ( , )] ( , )
z

I t z
I t z n t z I t ze e

1
1 2 1 1a b g=- + + ,  (3)

where a1  and  b2  are  the  one-  and  two-photon  absorption 
coefficients,  respectively; ge = w2 tсol m*/{2cm[1 +  (w tсol)2]} 
(tсol  is  the  time  interval  between  electron  collisions);  and 
ne(t, z) = Ne(t, z)/Ncr (Ncr = w2e0 m*/e2 is the critical free-elec-
tron density).

The  pump  pulse  envelope  was  approximated  by  a 
Gaussian in the numerical model. The dispersive pulse broad-
ening was estimated approximately [10].

For convenience of comparing calculated and measured 
(at p = 1) dependences, expression (2) was written in the form
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*
tr

tr
2 2w w

=
-

;  (5)

ne and nte are, respectively, the densities of free electrons and 
excitons, normalised to Ncr.

Let us assume that the charge carrier kinetics  in As40S60 
glass involves the same processes as the kinetics in NaCl [15]: 
after the charge separation due to the two-photon absorption, 
hole self-trapping occurs with subsequent capture of holes by 
electrons and formation of self-trapped excitons. The corre-
sponding system of kinetic equations can be written as
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where nh  and nth  are,  respectively,  the  densities  of  free  and 
captured holes, normalised to Ncr; th is the hole self-trapping 
time; s2 = b2/(2hnNcr); and scr = scapnNcr (scap is the hole cap-
ture cross section by conduction electrons and n is the average 
velocity of conduction electrons).
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Figure 3. Dependences of the absolute value of probe pulse phase shift 
on  the  pump  peak  intensity  ( )  in  the  minimum  of  the  dependence 
Dj(Dt)  and  ( )  in  the  range Dt >  100  ps  for  the  (a) As40S60  and  (b) 
As40S30Se30 samples.
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The  system of  equations  (3),  (6) was  solved numerically 
with the following initial conditions: nh = nth = ne = nte = 0. 
Nonlinear coefficients n2 and b2 were obtained in [10]. The th, 
scap, and F values were chosen when analysing the numerical 
solution results and comparing the phase shift derived from 
(1) [with (4) substituted] with the curves in Fig. 2a. Since the 
m* value for As40S60 is known [23] and the frequency wtr dif-
fers only slightly from the frequency 2pEg /h, the F value can 
be used to determine ftr. The values of the parameter at which 
the calculated curves  in Fig. 2a are  in good agreement with 
the measurement  results  for Dt  in  the  range  of  0 – 4  ps  are 
given below.

Since the n value is unknown for a given glass, the param-
eter scapn was set in the calculations. The obtained scapn value 
was found to depend on ne (i.e., on energy E ): scapn = 2.2 ´ 
10–6 and 5.8 ´ 10–6 cm3 s–1 for E = 4.1 and 9.2 mJ, respectively.

Note that the radiation energy is transferred to a sample 
mainly  via  two-photon  absorption.  For  example,  at  E  = 
9.2 mJ, the parameter b2I0 » 2000 cm–1, while at E = 4.1 mJ 
b2I0 »  900  cm–1. Because of  the  rapid decrease  in  intensity 
during pulse propagation through a sample, the probe beam 
phase changes (under soft-focusing conditions for the pump 
beam) on the front sample surface (in a surface layer with a 
thickness of several tens of micrometers). Since the maximum 
ne  value  for E  =  9.2 mJ  does  not  exceed  0.1Ncr  (Ncr  =  9 ´ 
1020  cm–1),  the  contribution of  the  Joule  loss  at  this  energy 
leads to a small (about 1 % – 2 %) variation in the phase shift 
in the minimum of the dependence Dj(Dt). Destruction of the 
sample surface was observed at E » 16 mJ (I0 » 1.6 TW cm–2).

Since  the  character  of  nonlinear  response  dynamics  in 
As40S30Se30 glass is the same as in the quartz sample analysed 
in [15], the corresponding system of kinetic equations can be 
written as 
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Here, s1 = a0/(hnNcr); sb = sex /(hn), where sex is the one-pho-
ton absorption cross section of a self-trapped exciton; and te 
is the transition time of conduction electrons to exciton states. 
In  this  glass,  in  contrast  to  As40S60,  photoexcitation  may 
occur via exciton band levels by means of two-step transitions 
at nonlinear absorption. Model (7) also takes into account the 

one-photon  transitions  to  the  exciton  band  and  the  transi-
tions from the exciton band to the conduction band. However, 
their  contributions  are  small,  and  the  radiation  energy  is 
transferred to the sample mainly through two-photon (two-
step) absorption. In particular, at E = 5.1, 2.6, and 1.7 mJ, the 
parameter b2I0 » 1000, 500, and 300 cm–1, respectively (the n2 
and b2 values were obtained in [10]). The maximum ne value 
for E = 5.1 mJ does not exceed 0.06Ncr; therefore, the influ-
ence of Joule loss is weak. Destruction of the sample surface 
was observed at E » 10 mJ (I0 » 720 GW cm–2).

Below we report the calculated parameters for As40S30Se30 
glass at which the curves in Fig. 2b show good agreement with 
the measurement results (Dt = 0 – 4 ps).

5. Discussion

Two types of nonlinear response dynamics were revealed  in 
glasses of  the As40S60 – хSeх  system after  their  exposure  to  a 
50-fs laser pulse with a wavelength of 0.79 mm. In the case of 
partial replacement of sulphur with selenium, the R value var-
ied from 0.66 (x = 0) to 0.82 (x = 45).

In the As40S60 sample (R = 0.66), charge carriers are sepa-
rated as a result of two-photon transitions from the valence 
band to the conduction band, and relaxation occurs through 
successive carrier capture with the formation of self-trapped 
excitons;  the  exciton  formation  time  depends  on  the  initial 
density  of  photoinduced  electron – hole  pairs  (i.e.,  on  the 
pump energy). Before the transition to the bound state, con-
duction  electrons  can  move  over  the  molecular  network. 
Dynamics of the same type was observed in samples of com-
positions with x = 15 and 20; here, at the same pump pulse 
energy, excitons were formed more rapidly than in the As40S60 
sample, and the delay Dt0 was shorter at  larger x values. In 
particular, at E = 6 mJ, the transition time of conduction elec-
trons to the exciton state in the As40S60 and As40S45Se15 sam-
ples was, respectively, 2.3 and 0.5 ps. At E = 3 mJ, this transi-
tion was not observed in the As40S60 sample on time intervals 
up to 100 ps, whereas in the As40S45Se15 and As40S40Se20 sam-
ples the transition of electrons to the exciton state occurred 
for 1.3 and 0.5 ps, respectively.

In the As40S30Se30 sample (R = 0.78), one-photon transi-
tions to the exciton band under the bottom of the conduction 
band  become  possible;  correspondingly,  the  two-photon 
absorption may be a  two-step process. Since  the  top of  the 
valence band is filled with energy levels of lone pair electrons, 
in the case of absorption  in the Urbach tail  (or near  its red 

Kerr constant n2/cm2 W–1.  .  .  .  .  .  .  .  .  .  .  .  .  .  0.8 ´ 10–14

Two-photon absorption 

    coefficient b2/cm W–1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .2 ´ 10–9

One-photon absorption 

    coefficient a0 /cm–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  0.1

Self-trapping time th /fs  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .85
Electron effective mass in the 

    conduction band, m*  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .0.46m

Oscillator strength for the transition 

    to the conduction band, fCB   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1

Oscillator strength for the transition 

    to the exciton band,  ftr .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .0.02

Frequency of transitions to the exciton 

    band, wtr /rad s–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .3 ´ 1015

Kerr constant n2/cm2 W–1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  0.4 ´ 10–14

Two-photon (two-step) absorption 

    coefficient b2/cm W–1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .2.7 ´ 10–9

Linear absorption 

    coefficient a0 /cm–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  0.4

Linear absorption cross  

    section for exciton, sex/cm2.  .  .  .  .  .  .  .  .  .  .  .  2.5 ´ 10–30

Electron trapping time te/fs.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 400
Electron effective mass 

    in the conduction band, m* .  .  .  .  .  .  .  .  .  .  .  .  .  .  0.46m

Oscillator strength for the transition 

    to the conduction band, fCB   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1

Oscillator strength for the transition 

     to the exciton band,  tr   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  0.7

Frequency of transitions to the excition 

      band, wtr /rad s–1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .2.7 ´ 1015



233Investigation of the dynamics of a nonlinear optical response in glassy

edge),  an  electron  from a  lone pair  can pass,  jointly with a 
hole, to a bound state in the exciton band. The exciton forma-
tion time is independent of E. The electron can absorb another 
photon and pass for some time to the conduction band and 
then return to the bound state at the same site of the molecu-
lar network. Dynamics of the same type was observed in sam-
ples of compositions with x = 40 and 45. In the sample with x 
= 40, electrons pass to the bound state for 0.5 ps, independent 
of E. For the sample with x = 45, the curves Dj(Dt) did not 
enter the domain of negative values [17]. At all E values in the 
range of 0.4 – 6.1 mJ, only positive Dj values were obtained for 
this sample at different Dt; this fact may indicate the absence 
of conduction electrons. At the same time, the Kerr peak in 
the  dependence  Dj(Dt)  is  asymmetric;  this  asymmetry 
increases with an increase in E, which may be related to the 
contribution  of  conduction  electrons  and  their  ultrafast 
recombination. At even higher Se content in the glass compo-
sition (x = 60), the probability of one-photon transition from 
the valence band to the conduction band  increases, and the 
character  of  the  nonlinear  response  becomes more  compli-
cated. For example, for the As40Se60 composition, instead of 
the Kerr peak in the dependence Dj(Dt) in the vicinity of Dt » 
0, one can observe oscillations; Dj may take both positive and 
negative values [16].

Based on the known concepts about photoinduced chemi-
cal and structural changes in CGs [1, 2, 24 – 28], one can con-
clude  that  the  two-photon  absorption  in  As40Se60  leads  to 
break of covalent interatomic bonds and formation of posi-
tively  and  negatively  charged  regions  near  dangling  bonds 
(the so-called charged defects) [25 – 27]. As a result, the spatial 
orientation of  covalent bonds  changes, and charged defects 
are displaced, which changes the topology of the entire molec-
ular network. At a high density of photoinduced conduction 
electrons,  these  changes  occur more  rapidly, which may be 
caused by stronger heating of the glass. Excitons are formed 
during bond rearrangement. Since partial replacement of sul-
phur with selenium reduces the connectivity of network sites, 
these photoinduced processes occur more rapidly in samples 
of As40S60 – хSeх compositions with larger x (for x < 30).

In the case of illumination of samples with x = 30, 40, and 
45,  carrier  self-trapping  occurs  even  when  one  photon  is 
absorbed; the second photon is absorbed by the self-trapped 
exciton. The exciton formation has no threshold with respect 
to the pump pulse energy, in contrast to the samples with x = 
0, 15, and 20. An excitation of an electron from a lone pair is 
accompanied by a change in the interatomic potentials, which 
leads to the rotation of chalcogen atom and twisting of linked 
structural units  ([As(Ch)3 pyramids])  [26]. According  to  the 
model  of  valence-alternation pairs,  the  formation of  a  self-
trapped exciton is accompanied by the occurrence of a neigh-
bouring lone pair electrons [27, 28]. These structural changes 
in  a molecular  network  site  occur  in  a  limited  region, with 
sizes of the same order as the interatomic distances. Since the 
density of bound states in the band gap depends on the degree 
of glass purity and glass formation conditions, no significant 
correlation between the glass compositions with x = 30, 40, 
and  45  and  the  exciton  formation  time was  experimentally 
observed.

6. Conclusions

Nonlinear  response dynamics of  two different  types  can be 
observed  in  glasses  of  the  As40S60 – хSeх  system  exposed  to 

femtosecond laser pulses. The reason is that the charge carrier 
photoexcitation  in  these  glasses  may  occur  through  bound 
states  in  the band gap or without  their participation.  If  the 
laser pulse frequency lies far from the Urbach tail (the ratio of 
the pump photon energy to the bandgap energy R < 0.78), the 
carrier  photoexcitation  is  the  result  of  two-photon  absorp-
tion;  self-trapped  excitons  are  formed  by  conduction  elec-
trons  and  self-trapped  holes.  In  this  case,  the  structural 
changes, which have a threshold with respect to the laser pulse 
energy, can be described within the model of charged-defect 
motion within the molecular glass network. If the laser pulse 
frequency is close to the red edge of the Urbach tail (0.78 < R 
£ 0.9), self-trapped excitons are formed as a result of direct 
one-photon  transitions  of  charge  carriers  to  bound  states. 
The structural changes, which have no threshold with respect 
to the laser pulse energy in this case, occur according to the 
valence-alternation pair type and are localised.

These conclusions are based on good agreement between 
the experimental data and results of computer simulation of 
the charge carrier kinetics and on the analysis of the known 
concepts  about  photoinduced  effects  in CGs. To  refine  the 
theoretical model, it is necessary to take into account the non-
linear effects leading to possible frequency conversion of laser 
radiation (in particular, Raman scattering).

The results of this study can be directly used to optimise 
the technology of waveguide structure fabrication in the bulk 
and on the surface of glass by the method of laser modifica-
tions.
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