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Schottky-type specific heats in liquid Se-Te alloys
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The specific heats of liquid selenium-tellurium alloys have been measured as a function of temperature.
The observed values show a large temperature dependence, and they are expressed in terms of the
Schottky-type specific heats, in addition to the ordinal one which is known as the Dulong-Petit value.

The liquid Se-Te system is one of the most extensively
investigated alloys’? because of their anomalous tempera-
ture dependence on electronic properties, such as dc conduc-
tivity>* and magnetic susceptibility,*” and in thermodynam-
ic properties such as molar volume,® adiabatic compressibili-
ty,® and atomic structure.'®12

In explaining these anomalous temperature dependences,
it has been proposed by many workers that the gradual tran-
sition from the nonmetallic to metallic state occurs in the
liquid state, accompanying the structural change from chain-
like twofold coordination to pyramidal As-like threefold
coordination with increasing temperature.!>'* This change
is caused by a recombination of bonding; that is, one of the
lone pair electrons of an atom having twofold coordination
is set free to the conduction band, and the remainder forms
a new bond.’>!* Recent optical investigations, such as the
reflectivity,!*> Raman scattering,'® and optical conductivity!’
for liquid Se,Te;-, alloys, also suggest that the alloys have
a structural transition from a twofold to a threefold coordi-
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nation between x =0.2 and 0.3 above the melting point, and
these concentration scan effects can be in a sense repro-
duced by a temperature scan.!’

In this Brief Report we present an anomalous temperature
dependence in the specific heats of liquid Se-Te alloys. The
experiments have, so far, been performed for the alloys of
liquid SexTe;—-, (x=0.1 0.2, 0.3, 0.4, and 0.5) up to the
temperatures of about two-thirds of their boiling points.
The experimental setup has been described before.!?

The temperature dependences of the specific heats of the
alloys are shown in Figs. 1(a) and 1(b). As is seen in these
figures, there are several distinguished features: Large
values of the specific heats of liquid Te and the alloys
Seo.1Teg at its melting point tend to decrease gradually with
increasing temperature. There have been maxima in the
specific-heat curves for the liquid alloys Seg2Teqs, Seo.3Teo7,
and Sep4Teps. The specific heat of liquid Seg sTeq s gradually
increases, with increasing temperature, although its absolute
value is not so large in comparison with those of other al-

30

Pat T 1 !
! T ‘ T ] L ‘ !l \ |
. SR 3 20 at® Se
I || 1 pure Te ! | 4 30 ]
. i 2 10 at®% Se ] L1 ‘] \I 5 40
20 i 1 2o 11y 6 50 1
g | ,I ceees expt | 2 X ¥ i ‘ ‘ ceenn expt J
o ' — calc < b S
5 / 5 AR calc |
\C‘” i g‘ + I‘ ! ‘ :
B / 9 -
e s
a0 a10r
O o 1
(a) ()
300 200 500 600 760 g0 O %0 500 800 760
T (°C) T (*C)

FIG. 1. (a) The observed specific heat of pure Te and 10 at.% Se alloy as a function of temperature. Arrows indicate each melting tem-
perature. Solid curves: ca!culated specific heat curves based on our model. (b) The observed specific heat of liquid Se-Te alloys as a func-
tion of temperature. Solid curves: calculated specific heat curves based on our model.
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loys. The maximum of the specific heat moves toward
higher temperature, and this Lorentzian-type curve is
broadened, with increasing concentration of Se. These tem-
perature dependences may be related to the defect forma-
tion associating with either a network structural change'>
or an increasing of interchain disorder.!¢

The specific-heat measurment cannot specify what kind of
defect occurs in these alloys with increasing temperatrue;
however, it may be possible to consider the two extreme
cases as the alloy with zero defect and that with fully sat-
urated defects. Hereafter we will refer to the former as N
and the latter as M.

In the temperature range, where the present measure-
ments were carried out, the alloy is, in such a sense, in the
intermediate state of the above two extreme cases. This in-
termediate state in chemical equilibrium can be expressed as
follows:

(Se,,Tel-x)N= (SexTel_.x)M .

Therefore, the equilibrium condition should be determined
by the temperature and composition x. The atomic fraction
of N and M at a given equilibrium state are written as cy
and ¢y (=1-—cy), respectively. Based on the above idea
and law of mass action, we have

CN__ _ ob8/RT )
1- CN
(0) (0) (1)
g=Gy — Gy ,
where G,(O) means the molar Gibbs free energy of the above

extreme case i (=N or M). The atomic fraction cy is im-
mediately obtained from Eq. (1) and is expressed as follows:

oy =eB8/RT/ (] + 88/RT) o1 — 1/(1 + B8/RT) )

Equation (2) is equivalent to the case of defect formation in
the solid state. It is emphasized that Ag is a function of
temperature and varies its sign at the temperature 7., which
satisfies the condition cy=cy=1/2, since M is more
predominant than N in the temperature range 7 > T, and
vice versa. In this sense 7, is a kind of transition tempera-
ture. Therefore, Ag is, in the following form, expanded as a
function of T — T,

a(T—T)+BN(T—T)+yy(T—T.)® for T< T, ,
a(T—T)+Bu(T— T +yu(T—T.)} for T> T, ,
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where «, By, BMm, YN, and vy, are independent of the tem-
perature.

Ag =
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The infinitesimal enthalpy of the system, 8 H, between the
temperature T and 7 + 87T is written in the following form:

aCM

_ )
SH = L‘MC 8T + 5T

] HsT
P

aCM

+CNCP(N)8T oT

] H"VsT . )
P

The specific heat at constant pressure C, is then given by

BcM
BT,

[ ] =enCM + ey, + An| 2L

Q)

Ah=H - HY” ,

where H,»(O) is the molar enthalpy of the pure state i (=M
or N). Using the thermodynamic relation

0
aT

Ah T2 Ag

and Eq. (3), A4 at the temperature around 7 is equal to
Ah = —'aTc_BN orM(Tz_ Tcz)
—YNamQT +TI(T-T.)? . 6)

Differentiating Eq. (6) with temperature, we have

aaA]fl_C’(M) C(N)=—2ﬁNorMT 6yn o T(T—T.) .

)

Since the quantity C,,(M) - C,,(N) should be continuous at the
temperature 7., By is equal to By. Hereafter we will write
it as . '

Using Eq. (7), Eq. (5) is converted to

Co=C™ +2eNBT +6yN e mcnT(T = T¢)

AhZ eAg/RT

RT? (1+e%/RT)2 *

(®)

where yny orpr means yy for T < T, and yp for T > T..
The last term is a kind of Schottky-type specific heat.

At higher temperatures beyond T,, the values of the last
three terms in Eq. (8) tend to be smaller, and C, M) s ob-
tained from the saturated value of the experlmental specific
heat at high temperature. As is seen in Figs. 1(a) and 1(b),

" the observed C,’s of the alloys, except for SegsTeqs, tend to

be saturated. In the case of alloys of 10 and 20 at.% Se
concentrations, the saturated values of C,’s may be close to
about 7.5 cal/g-at. K (31.5 J/g-at.K) as seen in Fig. 1(a).

TABLE 1. Several estimated values of «, B8, ¥y, Yu, and T, by fitting the observed specific heat.
T, « B YN YM —aT [=An(T,)]
(K) (cal K™1) (1073 calK=2) (1075 calK™3) (107% calK™3) (10% cal)
Pure Te 620 —6.8 0.5 -1.0 4.22
Sep1Tegg 675 —6.8 1.3 cee -7.0 4.59
Seg,Tegg 740 -6.7 1.5 1.7 —-5.5 4.96
Seg3Tegs 790 —6.7 1.7 1.6 -3.5 5.29
Seg4Tege 885 -6.7 1.7 1.0 -0.1 5.93
SepsTegs 960 —4.5 1.6 0.6 <. 4.32
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FIG. 2. Concentration dependences of the transition tempera-
ture, T,, estimated from various measurements. O, estimated from
the specific heat measurements. @, estimated from the adiabatic
compressibility measurements (Ref. 9). X, extimated from the
temperature coefficient of the magnetic susceptibility (Ref. 6).
—-—-, liquidus temperature.

Hereafter we will assume that the saturated values of C,’s
of other Se-Te alloys lie around 7.5 cal/g-at.K for the sim-
plicity.

Comparing the experimental results of C, to equations
described above, the temperature 7,.’s and all parameters as
a 3, ¥n, and yy are obtained as listed in Table I, and 7.’s
are plotted as a function of Se concentration in Fig. 2. The
curves of T, are nearly located at the center of the transition
area from nonmetallic to metallic states suggested by
Endo.!* Using these parameters, the reproduction of C,’s
are satisfactorily indicated as the solid curves in Figs. 1(a)
and 1(b). The enthalpies at the temperature 7, are equal to
Ah(T,) (= —aT,), and these are also plotted as a function
of Se concentration in Fig. 3. It is remarkable that
Ah(T,.)’s are approximately indicated by a quadratic func-
tion and deviate at the composition of SegsTegs. These
facts suggest that the mechanism of the transition from
nonmetallic to metallic phases may, at least, be similar from
pure Te to Sep4Teos and that of Se-rich alloys including
SegsTeqs seem to be different.

According to Magaiia and Lannin,'® the Raman peaks of
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FIG. 3. The concentration dependences of the enthalpies at the
temperature 7.

liquid Se.Te;-x alloys have a drastic change in the concen-
tration range 0.2 < x < 0.3 near the melting points. They
concluded that there exists a threshold of transition from
three- to twofold bonding in that region and consequently
indicates an increasing interchain disorder for the alloys at
x = 0.3. Other optical results by Fainchtein and Thomp-
son! suggest that there is a nonmetal to metal transition
between x =0.3 and 0.4 at 500°C. Since the concentration
range of the metal to nonmetal transition is considered to
move to higher concentration of Se with increasing tempera-
ture, the transition temperatures, 7., up to the concentra-
tion of x =< 0.4 obtained by the present experiment, agree
well with these optical results in view of the metal to non-
metal transition.

In conclusion the specific heats of liquid Se,Te;—, alloys
exhibit a Shottky-type temperature dependence in relating to
a formation of defects with increasing temperature.
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