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In the present paper, we report the observation of Meyer—Neldel rule for the non-isothermal
crystallization of glassy SeroTeso—Ag, alloys. We have observed a strong co-relation between
the pre-exponential factor Ky of rate constant K (7)) of crystallization and activation energy of
crystallization F. in the present case. This indicates the presence of compensation effect for the
non-isothermal crystallization process in the present glassy system.
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I. INTRODUCTION

The Meyer—Neldel rule or MN rule (also known as com-
pensation effect) is an empirical law known since 1937
[1]. This rule is observed in wide range of phenomena in
physics, chemistry, biology and electronics [2-8]. It ap-
pears to be a fundamental property of many families of
activated processes following an Arrhenius dependence
on temperature:

Y =Yyexp(—AE/EKT). (1)

Here Y is the absolute rate of a thermally activated pro-
cess, Yy the pre-exponential factor, AE the activation
enthalpy and k the Boltzmann constant. Commonly, by
the evaluation of experimental data, the activation en-
thalpy is determined from the slope (AE/k) of an Ar-
rhenius plot of InY vs 1/T. It is frequently found that,
when AFE is varied with a family of processes (for ex-
ample, related chemical reaction), then pre-exponential
factor Y, obeys the following empirical relation:

Yy = Yoo exp(AE/Enn), (2)

where Yo and Fy\n are positive constants. Fyy is known
as Meyer—Neldel energy for the process in question. Since
then, the origin of this relation is referred to as the
Meyer—Neldel relation or MN rule and the physical in-
terpretation of Yy and Fyn has been the subject of
speculations. The discussion of whether there is one uni-
versal explanation for the MN rule in different systems
is not yet settled. Various plausible models have been
proposed.

The hallmarks of the MN rule, linear behavior of the
Arrhenius plot and a characteristic temperature where
the compensation is exact, are often recognized. This rule
is generally observed in disordered materials. In the class
of amorphous semiconductors, the MN rule has been re-
ported in a-Si:H films in which AF is varied by doping,
by surface absorption, light soaking or by preparing films
under different conditions [9-11].

In case of chalcogenide glasses also, MN rule is ob-
served by the variation of activation energy AFE of d.c.

conduction on changing the composition of the glassy al-
loys [12-17] in a specific glassy system or by the variation
of intensity of light [18, 19]. In our laboratory also, differ-
ent glassy systems were prepared by quenching technique
and the observation of MN rule was reported in some of
these glassy systems in a series of papers [12-14].

Though evidence of MN rule has been reported for a
number of activated phenomena such as solid state dif-
fusion in crystals and polymers, dielectric relaxation and
conduction in polymers, thermally stimulated process-
es in polymers and electronic conduction in amorphous
semiconductors [2-8], a less effort has been done to ob-
serve MN rule in kinetic phenomena such as crystalliza-
tion phenomenon.

The crystallization phenomenon in chalcogenide glass-
es can be investigated using isothermal and non-
isothermal methods. In isothermal method, the sample is
brought near to crystallization temperature very quickly
and then any physical quantity which changes drastical-
ly is measured as a function of time. In non-isothermal
method, the sample is heated at a fixed rate and the
physical parameter is recorded as a function of tempera-
ture. Any physical parameter, which changes drastically,
can be taken as a measure of extent of crystallization
as a function of time. A disadvantage of the isothermal
method is the impossibility of reaching a test tempera-
ture instantaneously and during the time in which the
system needs to stabilize, no measurements are possi-
ble. However, non-isothermal methods based on constant
heating rate experiment do not have this drawback.

Recently, Ag based chalcogenide glasses have become
attractive materials for fundamental research of their
structure, properties and preparation [20-29]. They have
many current and potential applications in optics and
optoelectronics such as photo doping, optical imaging,
photo lithography and phase change optical recording
[2029]. The low free energy of crystallization of Ag
(48 kcal/mol.) was a further reason to consider the in-
troduction of Ag in chalcogenide glasses used for phase
change optical recording [28, 29]. This enabled one for
the attainment of the main requirements for good opti-
cal recording-high phase transformation rate.
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One other aspect of silver’s influence in Ag-containing
chalcogenide glasses is the effect on the electrical con-
ductivity of the glasses, which can be changed by sev-
eral orders of magnitude when Ag is introduced. There-
fore, investigations on the influence of Ag on the physical
properties of chalcogenide glasses are of relevance both
from the basic science and application point of view.

In this paper, we have reported, the observation of
MN rule for the crystallization of glassy SeroTesg_,Ag,
(x =0,2,4,6) system. A strong correlation between the
pre-exponential factor Ky and activation energy of crys-
tallization E. has been observed in the present study.

II. MATERIAL PREPARATION

Glassy alloys used in the present study were pre-
pared by quenching technique. The exact proportions
of high purity (99.999%) elements, in accordance with
their atomic percentages, were weighed using an elec-
tronic balance (LIBROR, AEG-120) with the least count
of 107 gm. The material was then sealed in evacuated
(~ 1075 Torr) quartz ampoules (length ~5 cm and inter-
nal diameter ~8 mm). The ampoules containing material
were heated to 1000°C and were held at that temperature
for 12 hours. The temperature of the furnace was raised
slowly at a rate of 3-4°C/min. During heating, the am-
poules were constantly rocked, by rotating a ceramic rod
to which the ampoules were tucked away in the furnace.
This was done to obtain homogeneous glassy alloys.

After rocking for about 12 hours, the obtained melts
were cooled rapidly by removing the ampoules from the
furnace and dropping to ice-cooled water rapidly. The

quenched samples were then taken out by breaking the
quartz ampoules. The glassy nature of the alloys was
ascertained by X-ray diffraction (XRD) technique. Ab-
sence of any sharp peak in XRD patterns of all the glassy
alloys confirms the glassy nature of these alloys.

IIT. EXPERIMENTAL

The glasses, thus prepared, were ground to make fine
powder for DSC studies. This technique is particularly
important due to the fact that: (1) it is easy to carry
out; (2) it requires little sample preparation; (3) it is
quite sensitive and (4) it is relatively independent of the
sample geometry.

The thermal behaviour was investigated using differen-
tial scanning calorimeter (Model-DSC plus, Rheometric
Scientific Company, UK). The temperature precision of
this equipment is £ 0.1 K with an average standard error
of about &+ 1 K in the measured values (glass transition
and crystallization temperatures).

10 to 20 mg of each sample was heated at a constant
heating rate and the changes in heat flow with respect
to an empty pan were measured. Four heating rates (5,
10, 15 and 20° C/min) were chosen in the present study.
Measurements were made under almost identical condi-
tions. DSC scans of glassy SergTezo—,Ag, (z =0,2,4,6)
system are shown in Fig. 1 at heating rate of 20 K/min. It
is clear from these scans that well defined endothermic
and exothermic peaks are observed at glass transition
temperature (Ty;) and crystallization temperatures (1)
respectively. Similar DSC scans were obtained at other
heating rates.
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Fig. 1. DSC scans plots for glassy SezoTeso—.Ag, alloys.
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IV. THEORETICAL BASIS

During the isothermal transformation, the extent of
crystallization («) of a certain material is represented by
the Avrami’s equation [30-32]

aft) =1 —exp(=Kt"), 3)

where K is rate constant and n is the order parameter
which depends upon the mechanism of crystal growth.

In general, crystallization rate constant K increases
exponentially with temperature indicating that the crys-
tallization is a thermally activated process. Mathemati-
cally, it can be expressed as:

K = Kyexp(—E./kT). (4)

Where E. is the activation energy of crystallization, K
the pre-exponential factor and k& the Boltzmann con-
stant. In equation (3), E. and K, are assumed to be
practically independent of the temperature (at least in
the temperature interval accessible in the calorimetric
measurements).

In non-isothermal crystallization, it is assumed that
there is a constant heating rate in the experiment. The
relation between the sample temperature T and the heat-
ing rate 8 can be written in the form:

T =T, + ft, (5)

where T; is the initial temperature. The crystallization
rate is obtained by taking the derivative of expression (3)

|

with respect to time, bearing in mind that the reaction
rate constant is a time function through its Arrhenius
temperature dependence, resulting in:

(da/dt) = n(Kt)" [K + (dK/d)](1 —a).  (6)

The derivative of K with respect to time can be ob-
tained from Eqgs. (4) and (5) as follows:

dEK/dt = (dK/dT)(dT/dt) = (BE./RT*)K. (7

Then Eq. (6) becomes:

(da/dt) = nK™t" 1 + at](1 — ), (8)
where a = (3E./RT?).

Augis and Bennett [33] developed a method based on
Eq. (8). They taking proper account of the temperature
dependence of the reaction rate, and their approach re-
sulted in a linear relation between In(T, — T;)/8 versus

1/T.. This can be deduced as follows, substituting u for
Kt into Eq. (8); the rate of reaction is expressed as:

(dee/dt) = n(du/dt)u™ V(1 - ), (9)
where
(du/dt) = u[(1/t) + a]. (10)

The second derivatives of Eqgs. (9) and (10) are given by:

(dPa/dt?) = [(du?/dt*)u — (du/dt)* (nu"™ —n+ 1)]nu™2(1 —a) =0, (11)

(du?/dt?) = (du/dt)[(1/t) + a] + u[(=1/t?) + (da/dt)]. (12)

Recalling that T' = T;+ 5t and substituting for (da/dt) =
—(28/T)a, Eq. (12) can be written as:

(du?/dt?) = u[a® + (2aT;/tT). (13)

The last term in the above equation was omitted in the
original derivation of Augis and Bennett [33] (T; < T)
and resulted in the simple form:

(du?/dt?) = a*u, (14)

Substitution of (du/dt) and (du?/dt?) from Egs. (10) and
(14), into Eq. (11) gives:

(nu™ —n+1) = [at/(1 + at)]?. (15)

For E/RT > 1, the right-hand bracket approaches its
maximum limit and consequently u(at the peak)= 1, or

U= (Kt)c = Ko eXp(_Ec/RTc)[(Tc - Tz)/ﬁ] ~ 1 (16)

In logarithm form, for T; < T, we have

n(3/T,) ~ (—E./RT,) + In Kq. (17)

The values of E. and K(T') can be evaluated by this
equation using the plots of In §/T. against 1/7T..

The above equation is derived by Augis and Bennett
[33] from the classical JMA model [30-32]. Eq. (17) has
been used by various workers [34-37]. Their results show
that F. values obtained by equation (17) are in good
agreement with the F. values obtained by well known
Kissinger’s relation [38] and relation of Matusita and
Sakka [39, 40]. We have therefore used the method of
Augis and Bennett [33, Eq. 17| to evaluate activation
energy of crystallization E.. This method has an extra
advantage that the intercept of In 8/T. vs 1/T. gives the
value of pre-exponential factor Ky of Arrhenius equa-
tion, which is in good agreement with the value that ob-
tained directly from Arrhenius equation (Eq. (3)) using
isothermal method [41, 42]. The values of T, for glassy
SezgTeso—rAg, (x = 0,2,4,6) system are given in Ta-
ble 1.
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Sample T.(K)

5 K/min[10 K/min[15 K/min|20 K/min
SezoTeso 392.5 | 4005 401.6 403.4
SeroTeagAgy| 386.8 | 390.0 395.2 396.5
SeroTeasAga| 388.8 | 394.0 397.5 401.1
SeroTeasAgs| 389.0 | 395.6 399.1 401.4

Table 1. Peak crystallization temperature T, of glassy SezoTeso—Ags (x =0,2,4,6) alloys at different heating rates.

Glassy system ‘ E, ‘ Ky ‘KO = Koo exp[Ec/kTo]‘
SeroTeso_Ag,| (eV) | (min)~? (min)~1

r=0 1.61 |5.33 x 10'8 8.86 x 10'®

r =2 1.46 [1.02 x 10'7 0.95 x 107

r =4 1.50 [3.62 x 10'7 3.20 x 107

z =6 1.68 [1.18 x 10%° 0.86 x 102Y

Table 2. Values of E. and Ko for glassy SeroTeso—»Ags (x = 0,2,4,6) alloys.

SezoTesAgy
2,5
R*=0.9312
ex=0 )
3 - ? ax=p RI=09530
2_
- ax=4 RZ_ 0.9899
= = 0.
£ 35 xx=6 R'=09978
= !
=
a -4
=
4,5
'5 T T T T T T 1
2,46 2,48 2,5 2,52 2,54 2,56 2,58 2,6

1000/ T, (K)™

Fig. 2. In(8/T.) vs 10®/T. plots for glassy SezoTeso—»Ag: alloys.

SezgTesp.Agy

47 R>=0.9871
46 b
45 -

44 -

AEc (eV)

42 4
41 4
40
39 4

38 T T T T 1
1,45 1,5 1,55 1,6 1,65 1,7
In K,

Fig. 3. Plot of In Ko vs E. for glassy Se7oTeso—.Ags alloys.
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V. RESULTS AND DISCUSSION

According to Eq. (17), the plot of In(3/T.) vs 103/T.
leads to a straight line. This has been verified for glassy
SeroTesg—rAg, (x = 0,2,4,6) system in Fig. 2. The ac-
tivation energy of crystallization E. and pre-exponential
factor Ky of the glassy alloys have been calculated from
the slopes and intercepts of the plots of In(8/T.) vs
103/T.,. The values of E, and In K for the present glassy
system obtained from Eq. (17) are given in Table 2.

It is clear from this table that F. and K, are compo-
sition dependent and Ky is not a constant but depends
on F.. Fig. 3 shows the plot of In Ky vs E. for glassy
SeroTego—rAg, (z = 0,2,4,6) system. Curve fitting is
done by least square method and the square of coeffi-
cient of correlation (R?) of In K vs E. plot is indicated
in the figure. It is clear from the figure that In Ky vs E.
plot is a straight line of good correlation coeflicient in-
dicating that Ky varies exponentially with E. following

the relation:
IHKO :anoo +Ec/k'To (18)

From the slope and intercept of the line, we have calcu-
lated the values of (kTo)_1 and Kyg. Using these values,
the expected In Ky values have been calculated for glassy
SergTego_rAg, (x = 0,2,4,6) system and compared
with the reported values (see Table 2). An overall good
agreement between these two values confirms the valid-
ity of MN rule in glassy SezgTezo—_,Ag, (x = 0,2,4,6)
system.

Koga and Sestak [43] have shown that the kinetic com-
pensation effect mathematically results from the expo-

nential form of the rate constant. A change of activa-
tion energy is thus compensated by the same change in
temperature or in the logarithm of the pre-exponential
factor. In the present study also, the increase in E. is
compensated by the increase in the pre-exponential fac-
tor K. However, it should be noted that the above ob-
servation is highly qualitative and it is difficult to get
any quantitative information from such observation. Fu-
ture experiments in this direction could reveal the exact
origin for the observation of MN rule for non-isothermal
crystallization of amorphous semiconductors such as we
have observed for glassy SeroTeso—,Ag, (x = 0,2,4,6)
system in the present study.

VI. CONCLUSIONS

Glassy SergTeso—Ag, (x =0,2,4,6) alloys have been
prepared by quenching technique. Temperature depen-
dence of crystallization rate constant K(T') has been
studied for various glassy alloys. We have find that K (7'
is thermally activated. The activation energy, however,
depends on the composition.

The activation energy and pre-exponential factor sat-
isfies the MN rule for present glassy system. This shows
that the MN rule, which is generally observed for solid
state diffusion in crystals and polymers, dielectric relax-
ation and conduction in polymers, thermally stimulated
processes in polymers and electronic conduction in amor-
phous semiconductors; is also observed for the crystal-
lization in chalcogenide glasses.
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CIIOCTEPEXKEHHS ITPABUJIA MAEPA-HEJIBIEJIA AJISI HEI3OTEPMIYHOI
KPUCTAJII3AILIII CKJIOIIOAIBHUX CILJIABIB SergTes . Ag.

H. Merta', A. Kymap?
! Texnonozivnuti inemumym im. I1. Cins'wa, disuwnut daxyavmem, Kannyp—208 002, Indis
2 Texnonozivnut incmumym im. I Bamaepa, @isuwnut daxyavmem, Kannyp-208 002, Indis

Y crarTi onucaHo criocTepeskeHHs npasuia Maepa—Henbaens s HeizoTepMidHOT KpUCTasi3alil CKI0Momi0-

Hux cruiaBiB SeroTeso—» Agy. Busasieno cuiibHy KOpessiio MixK NepeieKCIIOHEHTHUM MHOXKHUKOM K () KOHCTaHTH

kpucrasmizanil K (7)) it enepriero kpucramizanii E. y npomy Bunazxy. lle 3acBiadye iCHyBaHHs KOMIIEHCAIIHHOIO
edekTy y mporieci Hei30TepMivHOI KpHUCTaIi3aIlil JOCTiI2KYBaHOI CKJIONO/II0HOI CUCTEMU.
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