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NONISOTHERMAL TRANSPORT PROPERTIES OF a-Ag,sS:
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Abstract—The ionic and electronic partial thermopowers and the Soret effect of a-Ag, . sS (low temperature
phase) have been studied as functions of temperature and deviation from stoichiometry § by means of a
nonisothermal galvanic cell. From a combination of these data with results from additional measurements of
the partial entropy of silver metal in a-Ag;,4S, the heat of transport of silver metal is determined. The
measured transport properties are discussed in respect to the defect structure and isothermal transport
properties of -Ag,, ;S and information on the individual heats of transport of the mobile point defects is
extracted. We observe a strong composition dependence of Q4. which can be explained within our formal
analysis. The electronic properties can be interpreted within the model ofa non-degenerate electron gas. The
scattering factor of electronic defects in the statistical description of thermopower is equivalent to the
electronic heat of transport in the phenomenological description
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1. INTRODUCTION

The coupling of heat and matter fluxes leads to several
important transport phenomena (e.g. thermal diffu-
sion and thermoelectricity). The phenomenological
description of these phenomena in the framework of
irreversible thermodynamics is straightforward [1, 2]
and leads to the definition of characteristic transport
coefficients, relating fluxes and conjugated thermody-
namic forces. An important concept in this respect is
the definition of so-called heats of transport, being
combinations of transport coefficients, which describe
the amount of heat that is transferred by a flux of
matter {1]. Despite their importance in the description
of nonisothermal transport processes, both the knowl-
edge and the understanding of the heats of transport is
relatively poor, particularly in the case of ionic charge
carriers in crystalline compounds. The understanding
of nonisothermal electronic transport properties is far
more developed, at least for the case of materials with
simple electronic structures, and electronic heats of
transport have been calculated for different scattering
mechanisms, see Section 2.4 and Refs [3, 4].

To improve the empirical basis for a better under-
standing of ionic heats of tramsport, we started to
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semiconductors,

D. transport properties, heat of transport,

investigate the nonisothermal transport properties of
mixed conducting ionic crystals with small deviations
from the ideal stoichiometry, aiming for the precise
experimental determination of the heats of transport
of mobile components [5-7]. In contrast to former
studies of thermal diffusion in metals [8] or thermo-
power of purely ionic conductors (see [1], p. 427 for a
short survey), the study of materials with a variable
range of stoichiometry provides a major advantage. By
small variations of the composition, generally both the
ionic and the electronic defect concentrations and the
resulting transport properties can be changed signifi-
cantly and if, as in the present case, the change in
composition can be controlled electrochemically and
very precisely by means of suitable galvanic cells, the
isothermal and non-isothermal {ransport properties can
be studied continuously as functions of the independent
thermodynamic variables. In effect, by appropriate
experimental arrangements, one can determine the
heat of transport of the mobile component (silver
metal in the present case) on purely experimental
grounds without any theoretical assumption. However,
the separation of this heat of transport into the con-
tribution of individual charge carriers can only be
performed on the basis of formal arguments [9].

With respect to our experimental approach, the
monoclinic low-temperature phase of silver sulfide,



a-Agy.S, is @ material with a favorable combination
of defect and transport properties [10-19]. Even at
relatively low temperatures, a-Ag,.sS shows high
conductivities for both electronic and ionic charge
carriers. Thus, in conjunction with an extremely
large thermodynamic factor, a-Ag,.;S has a
chemical diffusion coefficient (ﬁAg ~0.15cm?s™!
at #=168°C and §=0, see [17, 18]) which is
almost as high as the chemical diffusion coefficient
of the structurally disordered B-phase. The high
and composition independent ionic conductivity
(Gagr = 1.56-107>(Q-cm)™" at §=169°C [20, 10,
13]) is based on a pronounced Frenkel disorder of the
cation sublattice, whereas the electronic band gap is
large enough to allow for an extrinsic control of the
electronic conductivity by even small variations of the
metal content [13].

Since the phase field of a-Ag,. sS includes the
stoichiometric composition [10], one should be able
to observe both p- and n-type behaviour, depending
on the exact composition. However, the mobility u, of
the electrons is considerably higher than the mobility
u, of electron holes (Y, = up/u, = 10%, see [13]) and
thus the resulting conductivity minimum is shifted far
into the p-type region, i.e. close to that boundary of
the phase field which is defined by the equilibrium with
sulphur. The electronic thermopower has not been
measured as a function of composition and tempera-
ture to date. Data for the electronic thermopower
which have been reported by Junod [16] are only of
a limited value, due to the unknown composition of
his specimen. No data at all for the ionic thermo-
power, the partial entropy of silver, the Soret effect
and the heat of transport of silver are reported in the
literature.

2. FORMAL CONSIDERATIONS
2.1. The defect structure of a-Agr.sS

a-Ag,.sS shows Frenkel disorder in its cation sub-
lattice,

Agi,+ Vi = Agi+ Vi, Kr =exp(—AGE/RT)
(1)

with K in the order of 2.5- 1077 at 6 = 177°C[10], i.e.
with molar fractions of intrinsic cation defects in the
order of 107% (Kg = 9-107° and molar fractions of
interstitials x; = 3+ 107> at § = 150°C [15]). The elec-
tronic disorder,
0=¢+h K, =exp(—-AG./RT) (2)

is much less pronounced and, for example, leads
to molar fractions of intrinsic electronic defects of

Xp= x=24-107 with K, =58.10"" at
f = 160°C [10]. The pair formation enthalpy AH,
equals approximately 1eV [10, 13, 19]. A variation
of the metal content according to

Ag+ Vi =Ag +¢ K;=exp(—AGy/RT) (3)

introduces additional ionic and electronic defects, but
since the magnitude of metal deficiency or excess is
very small (|6] < 107°), only the electronic defect
concentrations are influenced significantly. The ionic
transport properties remain almost constant through-
out the whole range of composition.

The deviation § from the stoichiometric composi-
tion can be defined as § = x, —xp = (¢a — ¢} * Vi,
i.e. as the difference in the molar fractions of electrons
and electron holes (x,, x,: molar fractions; ¢;, ¢y
molar concentrations; Vi, molar volume) and
depends in a characteristic way on the chemical
potential of silver [10],

§=2K}.sinh [—% (U - U#)] @)
if one assumes ideal defect behaviour (see Appendix
A). In eqn (4), the chemical potential s, of silveris
already written in terms of the EMF U = —(uap—
4Rg)/F of a galvanic cell PtjAg|a-Agl|Agy,sS[Pt
which can be used for the electrochemical measure-
ment and control of ppg. At the EMF U* the con-
centrations of electrons and holes are equal, i.e. the
material is stoichiometric and contains only the intrin-
sic concentrations of electronic and ionic charge
carriers (in the following, the symbol # always denotes
quantities at the stoichiometric composition).

A comment has to be made in respect to the quality
of a-Agy. ¢S specimens: compared to the -phase with
growth rates of several centimeters within a few days,
the parabolic rate constant for the growth of a-Ag..4S
from silver metal and liquid sulphur is very small, and
the growth of even small crystals takes several weeks.
Thus, the 8 — a-transition is unavoidable if one tries
to produce coarse crystalline a-Agy.sS from the ele-
ments quickly at high temperatures. However, as Reye
and Schmalzried [11] demonstrated, the phase width
of a-Ag; .S is changed significantly by the creation of
dislocations and grain boundaries during the phase
transition from the 8- to the a-phase at 178°C. This
observation is of far-reaching consequence, since most
experimental studies in the past were performed on
a-Agy.sS-crystals which were obtained simply from
a phase transformation of 8-Agy4sS. Thus, the often
controversial results [11, 12] for the deviation §
from stoichiometry in a-Agy,sS are simply due to
the different concentrations of non-equilibrium
defects. Even worse, with respect to a well-defined



composition of a-Ag, . S specimens, are the studies by
Junod [16] and Briiesch [19] who prepared their
materials from the reaction between the powdered
elements under high vacuum.

Consequently, to obtain repreducible results for the
a-phase, one has to use virgin a-Ag,, ;S crystals which
have definitely not been subjected to a phase transfor-
mation. For the present study we used only a-Ag,.sS
crystals which were grown from the elements at
8 = 170°C and which were never transformed to the
high temperature phase, !

2.2. Phenomenological description of the trans-
port processes )

Three flux equations, describing the measurable
fluxes in terms of cations Ag™ and excess electrons e~
as building units of the crystal and of heat Q, are
sufficient for the phenomenological description of all
nonisothermal transport processes in a-Ag,, S [9, 211:

. s Qg+
Jagr = _'LAg+ . [v"?Ag* =+ (SAg+ -+ ;g )VT] (5)

Je = "Le;‘ . I:V"'Ye‘ + (Se‘ + Qj—:) VT} (6)

jQ = Q:&g*‘ 'jAg“' -+ Q:' *Je- (VT = 0) (7)
The flux of anions S~ can be neglected due to the
low mobility of anions in their sub-lattice. In eqns (5)-
(7), n; denotes the electrochemical potential, S, repre-
sents the partial molar entropy and Q; denotes the
heat of transport of charge carrier j, respectively.

The derivation of eqns (5)~(7) from the formulation
of the entropy production (according to linear irrever-
sible thermodynamics) is straightforward [1] and the
heats of transport O are defined as ratios of the cross
coefficients L;, and the diagonal transport coefficients
Lj; (neglecting kinetic interactions between different
charge carriers, i.e. Ly; = 0). The ionic and electronic
fluxes contain contributions of all mobile structure
elements, thus in the present case ja,+ comprises the
fluxes of interstitials and vacancies, and j,- is a combi-
nation of the electron and electron hole fluxes [9].

If coupled diffusion of cations and electrons occurs
(Jag =Jagr =Je-), whether due to a gradient of the
chemical potential of one component (Vis,=
—1/2-Vg) or of the temperature, from the combi-
nation of eqns (5)-(7), only two flux equations are
independent:

. ' = . O
jag = —Lag [wAg + (SAg + z’fg) v:r] (8)

Jo=0hging (VT =0) )

with the definitions

SAg = S'Ag+ -+ Se‘ (10)

(11)

and the transport coefficient Lag = Lag+ Lo~ /(Lagr+
L,-} of silver metal. Regarding eqns (7) and (9), the
heats of transport Q} describe the relation between a
matter flux j; and a corresponding heat flux j, under
the condition of a vanishing temperature gradient:

Hag = Vnag+ -+ V-
Q‘:.g = Q.Zg* + Q:-

Jo=0i+ji (VT =0). (12)

Explicitly, the heat of transport Q}, of silver metal
defines the flux of heat which is driven by a unit flux of
silver metal, i.e. the coupled and equal fluxes of cations
and electrons, under isothermal conditions. It has to
be emphasized that Q4. is by no means a simple
quantity. It contains not only kinetic contributions
given by the individual heats of transport of the
mobile ionic and electronic defects (weighted by com-
binations of transport coefficients), but also contains
thermodynamic contributions from the reaction
enthalpies of local defect equilibria [9].

If a crystal with closed surfaces for matter and
charge exchange is exposed to a temperature gradient,
thermal diffusion takes place until the stationary state
(Jag = 0) is reached. This stationary state is charac-
terized by the relation

_ (& . Za
(Viiag)j=0 = — (SAg T 7 )VT (13)

between VT and the chemical potential gradient Vs,
(Soret effect), i.e.:

d,LLAg _ S QZg
() ™ =[5 5).

Since it is perhaps more suggestive to express the
effect of a temperature gradient in terms of the che-
mical composition of the inhomogeneous system, one
inserts the total differential Vyag = (Ouag/dcag)r
Veag — Sag VT into eqn (8) and obtains:

()= 7 (), m -5 (G22),
dT jAg=O Vm dTr Jag=0 T 6cAg T.
- (13)

Thus, in addition to eqn (12) and due to Onsager’s
reciprocity relations one obtains a second interpreta-
tion for the heat of transport: O}, defines the degree of
thermal diffusion and stationary demixing (Soret
effect) in terms of concentration gradients.

In accordance with eqn (14) one may also formulate
the stationary local differences of the electrochemical
potentials of both cations and electrons (setting Jagh =

(14)



Jo- = 0in eqns (5) and (6)) which are caused by a local
temperature difference and, thereby, defines the abso-
lute partial thermopowers ¢;:

dnag+ OuA )
F. = £ —==E
EAg-i- ( a7 )jAg+=0 ( aT 5

= _(SAg+ ~ 5%+ f}g ) (16)

_ (47 _ (s Q=
—F‘Ee- = (dT )je_z = (Se' + T ) (17)

In eqn (16), it is already taken into account that the
measurement of ionic thermovoltages can only be
performed by means of ionic probes of the type
Pt|Ag|Agl. Consequently, €5+ includes the partial
entropy of pure silver metal.

The influence of the Q] on transport processes in
general can best be visualized by eqn (15). The sign
and magnitude of @3, determine (besides the always
positive values for (Ouag/0ca,)r and T') the degree
and direction of the stationary thermal demixing, i.e.
the redistribution of dissolved excess silver. An
instructive example in this respect is reported by
Sugisaki et al. [22] for the case of hydrogen in certain
metals and its redistribution under the influence of a
temperature gradient.

2.3. Electrochemical measurements

The above defined phenomenological quantities
can be determined experimentally by the use of sui-
table galvanic cells. Thus, differences of 7,- within a
non-isothermal a-Ag,,sS crystal can be measured
directly by the use of inert metallic probes (Pt in the
present case) as the stationary electronic thermovol-
tage Uy,

_ Ane‘
F

_ B” (s + in) - e(Pt)] (AT

with e(Pt) representing the absolute thermopower of
platinum, cf. eqn (17).

Differences of 74,+ along a nonisothermal «-
Ag,.sS crystal, i.e. the ionic thermovoltage Uy, can
be measured correspondingly by the use of two ionic
probes of the type Pt|Ag|a-Agl (cf. eqn (16)):

Ug = = [e-(AgS) — €(P1)] - AT

(18)

1

Uion = F (AnAg+ - A,U.Xg)

1 , -
= [F (sgg — Spg —-Q;g ) - e(Pt)} ‘AT

= [eAg"' (Ag2S) - E(Pt)] <AT.

(19)

The chemical potential of silver in a-Agy., S can be

measured conveniently with a galvanic cell of the type
PtiAg|a-Aglia-Agy,sS|Pt. The EMF of this cell is
given as

F.Us = —(uag — /J'%g) =—RT-Inay, (20)
where F denotes Faraday’s number, a5g represents the
thermodynamic activity of silver in a-Ag.sS and p3,
is the chemical potential of pure silver, here used as the
reference potential. In addition, by drawing an electric
current across this type of cell, the silver excess of a-
Agy. S can be changed to all values within the stabi-
lity field of the material; the resulting EMF is a precise
measure of the metal excess.

From the temperature dependence of the EMF of a
single galvanic cell (VT = 0), one obtains the partial
molar entropy of silver, relative to the molar entropy
of pure silver:

oUs\ 3(#Ag "/"’g.g)] _ & 0
F (W)s— [ 8T 5 Sag = ke (21

Accordingly, the difference in the chemical poten-
tial of silver along a nonisothermal crystal in the
stationary state (Soret effect, cf. eqn (14)) can be
measured by the difference AUg between the EMF
of two galvanic cells at the ends of the crystal:

F. (%) - _ [d(lu'Ag - Ngg)]
AT ) =0 AT =0

Ohe

=§Ag_S%g+ T .

(22)

The sum of the thermodynamic entropy S; and
the ‘kinetic entropy’ Qj/T, which is contained in
the partial thermopower (eqns (16) and (17)) and the
Soret effect (eqn (22)), is often called ‘entropy of
transfer’.

Finally, the heat of transport of silver metal can be
determined as the difference between the entropy of
transfer, eqn (22), and the thermodynamic entropy,
eqn (21):

LG () (%)
F T ~\dT J;-0 \8T /s
As can be verified by a combination of eqns (16),
(17) and (22), the partial thermovoltages U;,, and U,

and the EMF difference Ug in the Soret state are not
independent (Us = Uy — Uyyy).

(23)

2.4, Ionic and electronic partial thermopower

The phenomenological description of thermopower
according to eqns (16) and (17) in the framework of
linear irreversible thermodynamics comprises two
contributions to the total thermopower: a thermo-
dynamic part which corresponds to the partial



entropy S; of the charge carriers and a kinetic part
which corresponds to the heat of transport of the
charge carriers (divided by the absolute temperature),
Q7 /T. For electronic charge carriers, both contribu-
tions can be identified by direct comparison with the
respective statistical expressions, at least in the case of
the most simple electron structure based on rigid
parabolic bands. ‘

Solving the Boltzmann transport equation for this
case [3, 4], the thermopower of pure n- or p-type
semiconductors (see also eqn (17)) result as

F\  RT 2
_ R{Er—-Ey 5
€; _ep—-i( RT +2+rp> (24)

with Egr denoting the Fermi energy level and with Eg
and Ey denoting the energies of the band edges,
respectively. The terms r, and rp Characterize the
energy-dependence of the relaxation time 7 of the
charge carriers according to a simple power law,
r=m-E" (25)
and are often named scattering factors. With ry = r,
= (), the charge carrier motion is characterized by a
constant (velocity independent) relaxation time and
thus the charge carriers behave like an ideal gas in
which disturbances of the distribution function relax
only by collisions of the mobile particles themselves.
In other words, setting r, = r, = 0, one neglects any
kinetic electron-lattice interaction.
Expressing the Fermi energy in eqn (24) in terms of
carrier densities N, and state densities N and Ny [3] of
a non-degenerate electron gas,

Ec — Eg N, 3, (2mmikT |
T ~In N—C 5111 (h—z +In2—-1In -Nn
| (26)
Er—Ey _ Ny _3, (2mmkT
T = lnm- -2-1 (——EZ—— -+ 1 - ln Np
' (27)

one finally obtains the following statistical expressions
for the partial thermopowers (7 and iy, denote the
effective masses of electrons and holes):

R {3 2amikT 5
en:—?[iln(—%z—> —'lnNn +1n2+§+rn}
(28)
R[3 2ams kT 5
6P=F[§ln(—zr—hg—> —lan+ln2+§+rp}.
(29)

These are essentially equivalent to equations for the
entropy of a non-degenerate electron (or hole) gas,
according to statistical theory (Sackur—Tetrode equa-
tion [23]),i.e. to
S, = RBm(Z”—’Z;f‘I) —~lnNn-+-In2+§] (30)
*

Sp = R[%In(hmh#) —InN,+1n2 +§} (31)
for electrons and holes respectively. Comparing eqn
(28) with eqn (30), two points are worth to note: the
constant term 5/2 in the above expressions is part of
the thermodynamic entropy and should not, as is
sometimes done [24], be included into a so-called
kinetic term. Rather, the only kinetic term which
modifies the thermopower from its value predicted
by the charge carrier entropy is given by the scattering
factors ry and rp. :

Thus, from a direct comparison of eqns (28) and
(29) with the respective equations from irreversible

thermodynamics,
AN o
€y = F(S + T“ & = S, +=2 p (32)

we obtain for the heats of transport:

Q =r, RT Qp =rp - RT. (33)

These relations offer a reliable quantitative argu-
ment for the discussion of separate electronic heats of
transport and entropies, since r; has been calculated
for various scattering mechanisms in simple electronic
structures. Furthermore, from a knowledge of the
electronic heat of transport and from a measurement
of the heat of transport of the metal component one
can now derive quantitative information on the ionic
heat of transport.

According to Ref. [3], the scattering term takese.g. a
value of r, = —1/2 (i.e. Q} = —1/2RT) for the case of
lattice scattering (phonon scattering) or a value of ¥, =
3/2 (i.e. On = 3/2RT) for scattering of electrons by
ionized impurities, i.e. Oy, is relatively small in any case.
Besides the absolute magnitude of the heat of transport,
an important conclusion concerns the temperature
dependence of the heat of transport. Depending on
the scattering process, the heat of transport exhibits a
more or less pronounced temperature dependence.
Thus, at least from the viewpoint of electron transport
theory, the assumption of temperature independent
heats of transport which is often used in the analysis
of ionic properties {25-27] seems to be not justified.

In the present case of a nearly intrinsic electronic
conductor, the total thermopower contains contribu-
tions from both electrons and holes. The coupling of
the partial electron and hole fluxes j; and j; leads to



the definition of the measurable flux j- of excess
electrons and the corresponding total thermopower
.- . The result,

1 [AH, + Oy + 05 1
€ = F[ 5T «tanh lnae+§ln¢e

+-3-R1n(m—':) —Rlne, +
4 iy

2T (34)

oh - Q;}
equals the sum of the partial thermopowers €, and ¢,

weighted by the respective transference numbers
19, 21},

€ =Int€y + I 6 (35)

In eqns (34) and (35), t, = on/(on +0p) and £, =
o,/ (0, + 0,) denote the partial transference numbers
of electrons and holes (o;: partial electrical conductiv-
ity), a, = x,(8)/x,(6 = 0} is a dimensionless concen-
tration variable and ¢, =u,/u, represents the
mobility ratio of electrons and holes.

The value of the heat of transport QF- of excess
electrons is not immediately obvious from eqn (34).
Subtracting the partial entropy S,- of excess electrons
[21] (see eqns (30) and (31)),

Se- =yn"§n'_yp'gp
AH, 3 i,
=37 -tanh(ln o) + ZRln—* —Rlng, (36)

My

from the total entropy of transfer in eqn (34) finally
leads to the expression

Q.- =zn‘Q;_Ip'Q*p+(yp !

for the electronic heat of transport of a material
containing both electrons and holes (with dimension-
less concentration variables y, = x,/(x, +x,) and
¥p = Xp/(xn + xp)). In terms of the mobility ratio ¥,
and the concentration ratio «,, eqn (37) can be
rewritten as:

1)+ AH, (37)

¥ O‘ewe 1 .OF
A ey STy 25, %
Oée(lbe - 1) 'AHE. (38)

(e + oz 1)1 + e3¢e)

Different from what one would expect naively, Q-
consists not only of the weighted contributions of Qp
and Q}, rather it also contains an additional contribu-
tion from the reaction enthalpy of the local electron—
hole equilibrium [9]. This contribution can attain an
appreciable magnitude depending on the actual band
gap and the mobility ratio of electrons and holes. In
Fig. 1a, calculated values (see eqn (37)) for Q- are
depicted for AH,=100kJ/mol, which equals
approximately the pair formation enthalpy of a-
Ag,,sS and different values of %,. In Fig. 1b,
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Fig. 1. (a) Electronic heat of transport according to eqn (38);

parameters used: ¥, =0.01, 0.1, 10, 100; AH, =

100kJ-mol™!, 0} = Qp = 1.5+ RT, 9 = 160°C; (b) electro-

nic heat of transport electromc entropy and entropy of

transfer according to eqns (38) and (36); parameters used:

¥, = 100; AH, =100 kJ -mol™, Qn Qp = 1.5-RT,
my = ny, 0 = 160°C

calculated values for the electronic entropy, the elec-
tronic entropy of transfer and the heat of transport are
shown for a single set of parameters (according to eqns
(36) and (38)).

In conclusion, the electronic heat of transport Q;- is
small and given only by the scattering terms (i.e. the
heats of transport of the defects) if n- or p-type con-
ductivity prevails significantly, ie. in the extrinsic
regions. Once both charge carriers are present, the
heat of transport shows in general a pronounced extre-
mum inits shape, depending on the actual band gap and
the mobility ratio. Only for the very special case of
electrons and holes with equal mobility, does the reac-
tion term cancel. With a mobility ratio v, = u,/ u, > 1,
does the heat of transport shows an maximum, while a
mobility ratio ¥, < 1 leads to a minimum of Q;-.

The subsequent experimental results for a-Agy S
exemplify these formal predictions for the composi-
tion dependence of the heat of transport in the vicinity
of the stoichiometric composition. To our knowledge,
such an experimental example has not been reported
in the literature to date (results for UO,,, [28], see
discussion).



3. EXPERIMENTAL
3.1. Materials

Coarse crystalline specimens of a-Agy,sS were
grown from the elements (99.995% pure silver supplied
by Herasus GmbH, Germany; 99.999% pure sulphur
supplied by Fluka Chemie AG, Switzerland) at 170°C.
Since the parabolic rate constant for the growth of a-
Agy. ¢S is very small, we modified the conventional
technique of growth into a glass capillary [25]. A piece
of silver metal was exposed to liquid sulphur such that
sulphide growth could take place on an area of approxi-
mately 20 x 5mm. After 2 months a 4 mm thick layer
of a-Agy.sS had been grown, resulting in a
22 x2.6x140mm’ stick of sulphide, which was
separated from the metal by careful cutting,

3.2. The galvanic cell

Figure 2a depicts the nonisothermal galvanic cell
which was used for the transport experiments, The
specimen is fitted at its ends with silver iodide (99.5%
Agl supplied by Riedel de Haén AG, Germany) and
silver pellets as ionic electrodes for the purpose of
coulometric titration and is contacted with two
further and very small ionic probes at the surface
near its ends. Thin platinum tubes (0.6 mm diameter)
- which were brought in contact with the crystal were
used both as electronic probes and as containers for
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Fig. 2. (a) Nonisothermal galvanic cell for the study of the
Soret effect and partial thermopowers; (b) electric circuitry of

the nonisothermal galvaniccell: (1) (3) (4) ionic electrodes, (2)

(5) electronic (Pt) electrodes, (7) a-Ag,. 8 crystal,

the thermocouples (NiCr/Ni thermocouples in an
electrically isolating alumina and steel jacket, 0.35
mm diameter, Philips GmbH, Germany). The whole
cell arrangement was fitted in a PTFE container and
covered air tight with a temperature resistant silicone
rubber after assembling, to avoid loss of sulphur by
evaporation from the specimen.

The complete cell arrangement was placed in a glass
tube and fixed in position with glass rods. By the use of
springs, slight mechanical pressure was given to the
cell. The experiments were performed in a furnace
with two separate heating coils and temperature con-
trols. Thus, the temperature on the two sides of the
crystal could be controlled independently.

During all experiments, the thermopower signal of
the thermocouples was stable within 42 1V, i.e. the
temperature stability of the galvanic cells was better
than +0.05 K. A temperature dependent offset of both
thermocouples was observed, being always smaller
than 1K and not affecting the evaluation of the
results.

3.3. Circuitry

Thermovoltages and EMFs were measured with a
digital voltmeter (Keithley 2001), which was con-
nected to a personal computer. The change of metal
excess § in the crystal was achieved by a coulometric
titration with a potentiostat (Jaissle 5000-TB), see
Fig. 2b. '

3.4. Coulometric titrations

Before the transport experiments, coulometric titra-
tions were performed in order to determine the range
of homogeneity of the specimeﬁ and to obtain the
relation between the chemical potential of silver in
a-Agy.sS and the composition of the crystal. The
coulometric measurements were performed with an
auxiliary galvanic cell (a-AgysS specimen: diameter
5.0 mm, length 4.3 mm).

3.5. Measurements of the partial entropy
(S4g — Stg) of silver metal

Precise values for the partial molar entropy are
required for the evaluation of @}, from the entropy
of transfer, see eqn (23), but have not yet been
reported in the literature. For the measurement of
the partial entropy, the temperature of an auxiliary
galvanic cell was changed in steps of 1 K. The resulting
changes of the EMF U were always measured twice
with both increasing and decreasing temperature, i.e.
in complete temperature cycles. To reduce drifts of the
EMF, either due to evaporation of sulphur or due to
an electronic leakage of «-Agl, we used as large
samples as possible. As a result, we observed virtually



no drifts at low EMFs. At high EMFs we observed
small drifts of the EMF which could easily be sub-
tracted from the EMF changes caused by temperature
changes.

3.6. Measurement of the entropy of transfer
(Sag — S+ Qlg/T) of silver metal

To perform a Soret experiment, a temperature
difference (T, — 7)) was established between the
ends of the crystal by using both heating coils of the
furnace. The corresponding changes of the EMFs Uy
and Us, (i.e. the changes of the chemical potential at
the ends of the crystal) due to the redistribution of the
silver component were recorded vs. the temperature
difference. Due to the large chemical diffusion coefii-
cient, stationary states were generally attained within
a few minutes.

. Measurements were performed for various mean
compositions in the temperature range between 1350
and 170°C. It has to be noted that a strict evaluation of
Qg from a demixing experiment requires the integra-
tion of eqn (14). However, the actual temperature
differences which have been applied (AT <2K)
were always small enough to allow the use of arith-
metic averages instead. The experimental error is less
than +£5%.

3.7. Measurement of partial thermopowers

Simultaneously with the measurement of the
entropy of transfer we measured the partial ionic
and electronic thermovoltages Uj,, and U,. Since
these three experimental quantities are not indepen-
dent, the measurement of all three quantities provides
a check on the experimental precision. The uncer-
tainty of both thermopowers is less than £5%.

4. RESULTS

4.1. Coulometric titrations

Typical experimental titration curves are depicted in
Fig. 3a. The thermodynamic factor (81nasg/01ncag),
calculated from the experimental results in Fig. 3a, is
shown in Fig. 3b.

From a fit of eqn (4) to our experimental data we
obtain values for X, and U¥ which are given in
Table 1. The inflection point shifts to higher EMFs
with increasing temperature, thus, the partial entropy
of silver in a-Ag, S at the stoichiometric composi-
tion is higher than the entropy of pure silver (eqn (54)
in Appendix A). As already observed by Reye and
Schmalzried [11], the titration curves are not perfectly
symmetric with reference to the inflection point, i.e.
deviations from the theoretical curves (eqn (4)) occur
at high EMFs. One possible experimental cause for
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Fig. 3. (a) Results from the coulometric titration of o-

Ag.sS: typical titration curves at three different

ternperatures; (b) results from the coulometric titration of

o-Agy,sS: the thermodynamic factor at three different
temperatures.

this deviation might be (electronic) leakage fluxes
through the silver iodide which increase considerably
at higher sulphur activities. Another reason could be
copper impurities which become oxidized at higher
sulphur activities.

A slight difference has been observed between titra-
tions starting from 0mV (aa, = 1) and reversed titra-
tions starting from 200mV (as, = 0.005). The
maximum error of K, due to this effect is less than
10%, leading to an uncertainty for U# of approxi-
mately 3%. In Figs 3a and b only the results of
coulometric titrations with ascending EMFs are
shown. All titration curves and the respective ranges
of stoichiometry are in good agreement with pub-
lished data [10, 13].

In conclusion, changes of the metal excess § could
be resolved to values better than |Aé| ~ 1078, In terms

Table !. Numerical results of coulometric titrations on

a-Agy,sS at three different temperatures (X,: Electronic

equilibrium constant, U#*; EMF at the stoichiometric com-

position, Omi, < 6 < 6max: range of homogeneity). AH,
results as 97.6 kJ/mol)

6/°C K, U#/mV

152 1.0.1074 118
159 1.5.1074 128
169 3.0.107* 135

5min <é< 6max

—1.10%<§<2.7.107¢
-1.10% <6< 3.8.107°
—1.10% <6< 6.1.10°°




Table 2. Numerical results of entropy measurements on a- #gz’fﬁs at three different
temperatures ( U#: EMF at the inflection point; (Sag — Sig) : partial entropy at the
inflection point; AH : pair formation enthalpy)

8/°C U* jmV (Sag — S /(Fmol K1) AH?/(kImol™)
152 139 90.8 90.5
159 143 86.4 94.7
169 - 148 84.3 100.8

of the electron concentration, this means that changes
in the order of [Ny « An,/| & 10" em™ could still be
adjusted precisely.

4.2. Partial molar entropy of silver

In Fig. (4) the experimental results for the partial
molar entropy of silver, relative to the entropy of
pure silver, are shown as a function of the EMF. A
second abscissa in terms of the logarithmic concen-
tration ratio Inc, at ' = 159°C is depicted, in order

to allow a better comparison of the results with

predictions from eqn (36). The experimental error
depends . on the EMF but never exceeds
+10Tmol~! K~!. The curves in Fig. (4) are three-
parameter fits according to eqn (53), see Table 2 for
the numerical results.

The temperature variation of the entropy in the
investigated temperature range is negligible. As it is
already obvious from the small differences between
the titration curves at high EMFs (see Fig. 3a), the
partial entropy becomes almost identical to the molar
entropy of pure silver in the sulphur-rich phase region.
At 8 = 159°C an inflection point is found at an EMF
of approximately 143mV with an entropy of
(Sag — S%) ~ 867 (Kmol)™'. This inflection point
shifts to higher EMFs with increasing temperature.
According to eqn (53), the inflection point should be
situated at the stoichiometric composition. In slight
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Fig. 4. Measured values for the relative partial molar entropy

of silver metal in w-Agy.sS as a function of EMF and

temperature, A second abscissa denotes the concentration
ratio a,.

contrast to this, the EMF value at the entropy inflec-
tion point is always by 10% higher than the EMF at
the inflection point of the coulometric titration curves.
The slope of the partial entropy vs the EMF should
take a constant value of /T for small EMFs (a, > 1)
if the excess silver is completely ionized, according to
eqn (53) in Appendix A. As indicated in Fig. 4, the
experimental data fit perfectly to this slope.

The entropy Si, of pure silver metal in the inves-
tigated temperature range runs from 51.7 to 52.7
T+ (Kmol)~™! [29], thus the partial entropy Sag of o-
Ag, . ¢S at & = 0 takes values between 137.0 and 142.5
J.(Kmol)™! in the investigated temperature range.
§Ag equals the sum of the partial entropies of ions and
electrons, i.e. Sy = Sag+ + S,-. Corresponding to the
high intrinsic disorder of the cation sublattice, the
ionic entropy is virtually composition independent
and from Sy, = S,- + const. we obtain

dS_Ag =~ dS—e-

(T = const.) (39)

i.e. the composition dependence of S’Ag 1s exclusively
determined by the electronic entropy. However, since
neither the constant ionic contribution nor the elec-
tronic contribution to the partial entropy of silver
metal is accessible by experimental means, one cannot
separate the partial entropies.

4.3. The entropy of transfer (S, —S%+
Qle/T)

In Fig. 5, measured values for the (relative) entropy
of transfer (Sa; — S3; + Qhg/T) of silver metal are
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Fig. 5. Measured values for the entropy of transfer of silver

metal (dpa,/dT);,, =0 as a function of EMF and temperature.



shown for three different temperatures as a function of
the EMF. The experimental resolution is quite high,
all data are perfectly reproducible and the experimen-
tal error is less than +3%. In contrast to the purely
thermodynamic entropy data in Fig. 4, the entropy of
transfer shows a distinct temperature dependence, i.e.
it decreases with increasing temperature. Since data
are only available for three temperatures, this depen-
dence will not be further discussed. Compared to
(Sag — S3g), the entropy of transfer shows a comple-
tely different composition dependence which reflects
directly the influence of the heat of transport of silver
metal (see below).

4.4. The partial ionic thermopower

In Fig. 6, the measured ionic thermopower is
depicted. It is virtually independent of both tempera-
ture and composition. The experimental error
amounts to approximately +3%. A slight tendency
for a decrease in e + With increasing temperature is
observed, but is too small to be resclved. The same
is true for the compositional dependence. A slight
decrease of the ionic thermopower seems to take place
in both directions of metal deficit and excess, thus
suggesting a maximum around the stoichiometric
composition. Again, this effect is too small to be
analyzed.

The redistribution of the silver excess in a tempera-
ture gradient leads to a change of the partial thermo-
powers. Since the stationary state was always reached
very quickly we were not able to detect the time
variation of the thermopowers reliably, i.e. the mea-
sured data represent the thermopower in the station-
ary state. A direct observation of the metal
redistribution via a time-resolved measurement of
the ionic thermopower, however, is possible for a-
Ag,.sSe [30] which possesses a much smaller chemical
diffusion coefficient.

1000 ey
3 a'A92+SS E g
E o 189°C E P
800F O 159°C 180
& E o 1520 € - Epy 3 0.
> E ] 2%
z E deo 2.5
e E R
o5 » E u“_’ )
o F 1 £ &
- 3 440 2
400 E - (Eag = %p) j @
i 1 -
_ m =3
200 B ot 1 dap @f
0 50 100 150 200

EMF U,/ mV

Fig. 6. Measured values for the electronic and ionic thermo-
power (electronic and ionic entropy of transfer) as functions
of EMF and temperature.

4.5. The partial electronic thermopower

In Fig. 6, the partial electronic thermopower which
shows exactly the same composition and temperature
dependence as the entropy of transfer, is shown too.
One has to conclude that, besides a constant ionic
contribution, the electronic properties dominate the
entropy of transfer.

As already stated, the hole mobility , is consider-
ably smaller than the electron mobility u, and thus
only the electronic part of the characteristic S-shaped
thermopower curve can be observed within the stabi-
lity field of a-Ag,.sS. As expected, the slopes of the
linear parts equal R/F if ¢, is plotted vs —Ine,. In
Fig. 6, the average EMF (Us = —RT/F - Inay,) of
the cell is chosen as the abscissa. Thus, the corre-
sponding slopes of the n-branches equal 1/T (see
marks in Fig. 6).

4.6. The heat of transport of silver metal

Subtracting the thermodynamic entropy data,
(Sag — SRg), from the data for the entropy of transfer,
(Sag — S3g + Qag/T), we obtain the heat of trans-
port of silver metal, see Fig. 7. It shows a strong
dependence on the metal content, i.e. on the dominant
type of electronic defect. In the silver excess region
(low EMF), which shows predominant n-type con-
ductivity, the heat of transport takes a constant value
of approximately —37kJ - mol~". On passing the stoi-
chiometric composition (between 120 and 140mV,
depending on the temperature), the heat of transport
increases appreciably, crosses zero and again reaches a
plateau at approximately +45kJ - mol~!. Thus, within
the narrow composition range from § ~ —1+ 107 to
§~6.10"% the measured heat of transport varies
drastically, changing by approximately 82kJ . mol ™!
and even showing a sign reversal.
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Fig. 7. Measured values for the heat of transport of silver
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Qg is determined as the difference of two measured
quantities and its experimental error equals approxi-
mately £5kJ/mol, increasing slightly in the direction
of higher EMFs. In Fig. 8, all experimental data at
# = 159°C are depicted together.

5. ANALYSIS AND DISCUSSION

In the following we try to advance a coherent
interpretation for the observed transport properties
and to give an explanation for the strong composition
dependence of the heat of transport of silver metal.
The underlying formal analysis is mainly based on two
assumptions: (1) the electronic defect structure of -
Agy.sS can be described in terms of free and non-
degenerate charge carriers in rigid parabolic bands; (2)
ionic transport properties do not change as a function
of the defect concentration. In view of our experi-
mental results, both assumptions are well founded.

5.1. Electronic properties

From an analysis of the titration curves we obtain
the equilibrium constants K, at three different tem-
peratures and evaluate the electron-hole formation
enthalpy AH, ~ 97.6 kJ/mol for the average tempera-
ture (see Table 1). Both the values for X, and the value
for AH, are in good agreement with values reported
by Schmalzried [10] and Reye [11]. The values of
Bonnecaze [13] for K, are smaller than our values
by one order of magnitude. The enthalpy value of
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AH, =97.6kJ/mol coincides with those values which
we determine from the analysis of entropy measure-
ments (see Table 2).

Data for the electronic band gap from optical
measurements are reported by Briiesch and Wull-
schleger [19]. They give the relation AEp=
[1.35-1.5 x 1073 (T/k)]eV for the band gap which
results in values of AEz =0.713eV (0.702 and
0.687eV) at § = 152°C (159 and 169°C). Thus, the
optical band gap is considerably smaller (70%) than
the thermodynamic electron—hole formation
enthalpy. Even more interesting is the different tem-
perature dependence of AEy and AH,: whereas the
band gap decreases with increasing temperature, the
pair formation enthalpy increases with increasing
temperature.

Since AH, is in the order of leV, the intrinsic
concentration of electronic charge carriers is quite
small and one may infer non-degeneracy inspite of
the different effective masses of electrons and holes. As
a simple criterion of degeneracy, the distances of the
band edges to the Fermi level have to be sufficiently
large ((Ec — Er)/kT > 2 and (Eg — Ev)/ kT >2)
[4]. Assuming simple spherical energy surfaces, the
densities of states Nz and Ny (for electrons or holes
with an effective mass m* = m0 ) equal 4.34- 10"° cm ™
at 160°C. According to the results of the coulometric
titration, the concentrations of electrons or holes
at this temperature does not exceed 107 cm™
(6=6.0x107° if gy, =1 at 169°C). And thus,
using the relations (Ec — Eg)/kT = In(N¢c/N,) and
(Er — Ev)/kT = In(Ny/N,) in eqns (26} and (27}, the
above given criteria for non-degeneracy are fulfilled
for the whole range of composition.

The mobility ratio v, of electrons and holes is not
known very precisely and considerable disagreement
exists in the literature. Bonnecaze er af. [13] deter-
mined the electronic partial conductivity as a function
of temperature and composition indirectly by subtrac-
tion of the measured ionic de-conductivity from the
measured total ac-conductivity. They found that the
minimum of the electronic conductivity is shifted
considerably into the p-region. At high temperatures
the minimum was not found within the phase field.
Without denoting the corresponding temperature,
Bonnecaze reports a value of %, = 109 with u, = 60
cm? (Vs)™! and u, = 0.55 em? (Vs)™!. In view of
inconsistencies in the experimental conductivity
data, we will disregard this analysis. Junod [16] reports
a value ¥, = 3.34 for the mobility ratio of 100°C
(y = 63.5em* (Vs)™!, u, = 19em® (Vs)~!). Agree-
ment thus exists for the electronic mobility, but the
hole mobilities differ by a factor of 30. For the analysis
of the heat of transport it is at this point sufficient to
know that the mobility ratio is larger than 1.



5.2. Ionic properties

The concentrations of intrinsic ionic defects (inter-
stitials and vacancies) are much higher than possible
concentrations of additional extrinsic defects. Thus,
as expected, the ionic partial conductivity aag+ [20]
and thermopower ea,+ (see Fig. 6) are independent of
the metal excess 6. As a consequence, we can safely
assume that the partial ionic entropy S Ag+ and heat of
transport Qh s are constant at all compositions. A
separation of the ionic thermopower into its two parts
Sag+ and Qj,+ is not possible, and thus, we cannot
extract any reliable quantitative information on the
absolute magnitude of Q}3,+ at this point. From tem-
perature dependent (four point) measurements of the
ionic conductivity, we determine the activation energy
of the cations interstitials as E,; = 5.2kJ - mol~.

5.3. Heats of transport

Taking the above considerations into account, the
interpretation of the heat of transport data as a
function of the metal excess is straightforward. Since
the ionic contribution Q7 .+ is assumed to be constant,
the composition dependence has to be explained by
the electronic contribution Q;-. Referring to eqn (37)
and the magnitude of the scattering terms, one can
assume that the electronic heat of transport is small in
the extrinsic regions (for lattice scattering: Oy = —1/2
RT ~ —1.8kJ -mol~}, for ionized impurity scattering:
05 = 3/2RT = 5.4kJ -mol™"). Regarding the plateau
of Qf- at low EMFs, i.e. the n-type region, this leads to
the conclusion that Qh.: ~ Qh; = —37 KJ «mol ™},
independent of the actual scattering mechanism.

According to eqn (38), Q.+ is composed of three
parts: two including the heats of transport Qf and g5
of interstitials and vacancies and one reaction term
including the Frenkel enthalpy AHg. A value for
AHp =138 kJ-mol~! has been determined by Jost
[31] from measurements of the heat capacity. With a
value of the mobility ratio of interstitials and vacancies
which can be taken from an experimental study by
Weiss [15] (¢4 = u;/u, ~ 4), the reaction term of the
ionic heat of transport can be approximated as 0.3
AHp = 41.4kJ -mol™! (¢; = 1). Thus, we obtain the
following result for the heats of transport of inter-
stitials and vacancies:

LeOf—t,0r =080 —02-0; ~ —78.4kJ/mol.
(40)
Recalling the relation Qf = Uy — H; between the

heat of transport and the energy of transport [20], we
obtain from eqn (40):

0.8-Uf —0.2.:U; ~ —78.4kJ/mol

+0.5-AHp = -94kJ/mol  (41)

if we assume that H; ~ H, ~ 0.5 AH. This assump-
tion is a very rough estimate and thus eqn (41) is less
reliable than eqn (40).

A more or less close relation between the heat of
transport and the activation energy for the thermally
activated defect jumps has been assumed by several
authors [32]. Often, the relations Qf < E,; and
Q% < —E,, were discussed, i.e. one assumes that the
activation energies of ions (either in the interstitial or
the regular cation sublattice) are identical to their heats
of transport. Bonnecaze et al. [13] obtain values for the
activation energy of interstitial jumps, E,; = 13.0kJ/
mol and of vacancy jumps,* E,, = 33.8 kJ/mol, from
conductivity measurements on a-Agp,sS. Own con-
ductivity measurements do not confirm the interstitial
activation energy by Bonnecaze. Rather we determine a
smaller activation energy of E,; = 5.2KkJ - mol™! [20].

Assuming that Of = E,; and Q; = E,,, the sum
0.8+ 0 —0.2- Q; ineqn (40) equals a value of 17.2kJ/
mol (using the data by Bonnecaze) which is obviously
in complete disagreement with our experiments. We,
therefore, conclude that our experimental results do
not support the idea of an identity between the heat of
transport of point defects and their activation energy.
Assuming U{ = E,; and Uy = —E,, i.e. identifying
the energies of transport with the activation energies,
the sum 0.8 - U — 0.2+ Uy in eqn (41) equals also 17.2
kJ/mol (using Bonnecaze’s data). Thus, there is also
no agreement with our experimental result.

However, we find a rough agreement between our
experimental results and the assumptions U] = —E,;
and Uy = E, . Inserting our own value for the inter-
stitial activation energy and using the vacancy activa-
tion energy of Bonnecaze, the sum 0.8 Uf — 0.2 Uy
equals —10.9kJ - mol~! which is not too different from
the experimental result in eqn (41). This agreement
may be a mere coincidence and, therefore, we will not
stress it. Especially as there are now theoretical rea-
sons to doubt the existence of any direct connection
between O* and E;".

The strong increase of the heat of transport with
increasing EMF is due to the term [, (1, — 1)/((c+
(1 + o4,))] - AH, in the expression for Q-, see

*In [13], Bonnecaze et al. evaluate a wrong activation
energy for the vacancy migration. They observe two linear
regions with different slope in their Arrhenius plot of the
(logarithmic) ionic conductivity vs 1/T". They assign intrinsic
(interstitial-type) conductivity to the high temperature region
and identify the corresponding slope correctly as Eg;+
AHg /2, Extrinsic (vacancy-type) conductivity is assigned
to the low temperature region and the corresponding slope
is erroneously identified with a term E, , + AHF/2, resulting
in a negative value for E,,. Correctly, the slope of the
extrinsic branch has to be identified directly with the vacancy
activation energy and thus the vacancy activation energy
equals £,y = 33.8kJ/mol.



eqn (38). At the exact stoichiometric composition this
term becomes (3, — 1)/(w, + 1)+ AH, /2. Since AH, is
known much better than +/,, one can in principle use this
relation for the determination of ¢, from the measured
heat of transport. However, the evaluation of ¥, is very
sensitive to even small errors of AH, and the heat of

“transport at the stoichiometric composition [9]. Thus,
we cannot extract a precise value for 1,, but estimate
that it lies within the range 100 < %, < 200 which can
also be seen from the fit curves in Fig. 7.

The height of the maximum of Q4, equals approxi-
mately 82kJ/mol which is a value close to the
enthalpy AH,. According to Ref. [9], the maximum
is to be found approximately at &, max = ¥ Y4 with
an amplitude of (¥, — 1)/(1 + %) AH,. If we
assume the maximum to be situated at o, oy = 0.25
(corresponding to the EMF Ug = 195mV) in Fig. 7,
we find 1), ~ 256. Inserting this value and taking
AH, = 94.7kJ/mol we find an amplitude of 83.2kJ/
mol. This value coincides with the measured height of
the maximum (82 kJ/mol). Thus, we conclude that the
mobility ratio 1, is indeed relatively high and in the
order of 10°.

5.4. Comparison with the literature

Only a few investigations of the Soret effect in non-
stoichiometric compounds are reported in the litera-
ture. So far, the study of the Soret effect in mixed
conducting materials has been restricted to the sys-
tems G-Agy.sS [33,35,6,7], B-Agy.sSe [34], CeO,_,
[36], (Pu,U)Os4, (e.g. [28]). The study of partial
thermopowers was mainly focussed on the electronic
properties, in order to determine the sign and concen-
tration of the charge carriers. However, we are not
aware of experimental studies in which, besides the
partial thermopower, independent information has
been obtained for the electronic entropy, as in the
present study. In effect, the number of systems to
-which such an approach can be applied is probably
~ very small. Partial entropies of charged particles
cannot be measured, thus only the entropies of neutral
components (e.g. the metal as a combination of ions
and electrons) are accessible from experiments. To
obtain information on the composition dependence of
the partial entropy of electrons (ions), the ionic (elec-
tfonic) partial entropy has to be independent of the
concentration of the neutral component (i.e. the metal
excess or deficit). However, the partial entropy of
either electrons or ions can only be composition
independent if the concentration of extrinsic defects
is small in comparison to the concentration of intrinsic
defects and, thus, one is restricted to almost stoichio-
metric systems in the case of simple binary com-
pounds.

Honders er al. [37, 38] report measurements of the
partial ionic and electronic thermopower for the
intercalation compound Ag,TiS,, aiming for the
determination of the ionic heat of transport. They
evaluate the temperature dependence of their galvanic
cell of the type Pt|Ag|Agl|Ag, TiS,|Pt incorrectly as
F(8Us/8T)s = Spgr — S3,. Consequently, from
the subtraction of the ionic thermopower F:epge =
Sagt — Sig+ Oag+/T and the presumed partial
entropy, Honders er al. determine ionic heats of
transport Qj,+. Correctly, the temperature depen-
dence of the EMF is determined by the metal entropy
Sag — Sag and, thus, it is in principle impossible to
determine ionic heats of transports exclusively from
experiments.

In view of the results of the present study, the low-
temperature phase of silver selenide, a-Ag,.sSe is
another interesting candidate for an experimental
study of the nonisothermal transport properties. The
situation is reversed with respect to the electronic and
ionic defect structure. In contrast to the sulphide,
Ag,.sSe has a smaller band gap and, thus, by changing
the silver excess the electronic transport properties
remain nearly constant while now the ionic defect
concentration can be changed significantly. Experi-
mental work on this system is in progress.

Another mixed conducting binary compound
which can be prepared either hypo- or hyperstoichio-
metric is uranium dioxide, UO,, .. Due to its techno-
logical relevance, various studies of thermal diffusion
in this material have been performed, particularly in
the 1960s and 1970s [28]. Though the experimental
results in terms of the heat of transport of the oxygen
component, 0p, are not always convincing, the exist-
ing results indicate a strong minimum of the heat of
transport near the stoichiometric composition. To
date, no explanation for this observation has been
given. In the light of the present study this minimum
not only appears reasonable, rather one has to con-
clude that it is a necessary consequence of the electro-
nic and ionic defect structures.

6. CONCLUSIONS

From measurements of the partial entropy and the
entropy of transport of silver in a-Ag,. S, the heat of
transport Qj, of silvér metal has been determined for
the whole range of composition at three different
temperatures. In addition, the partial electronic and
ionic thermopower has been measured, in order to
demonstrate the separate contributions of both charge
carriers to the transport properties of the metal com-
ponent. As expected, the ionic thermopower remains
constant throughout the whole range of composition,



whereas the electronic thermopower shows a strong
composition dependence. This dependence can be
interpreted within the model of a non-degenerate
semiconductor, The measured entropy of transport
of the silver metal shows the same composition beha-
viour as the electronic thermopewer, as one would
expect for a system with composition-independent
ionic transport properties.

A strong increase of the heat of transport of the
electronic charge carriers is observed in the vicinity of
the stoichiometric composition. This increase reflects a
maximum of the electronic heat of transport @3- in the
region of intrinsic defect concentrations which is due to
the influence of the local electronic defect equilibrium
(¢ + k" =0). The shape and amplitude of this max-
imum is determined by the electron-hole formation
enthalpy AH, and the mobility ratio 1J,.

In accord with previous considerations [9] it is
difficult to obtain reliable quantitative information
on the absolute heats of transport of mobile defects.
The heats of transport of ions and electrons are
complicated combinations of several independent
defect quantities. Thus, in addition to the non-
isothermal transport properties, isothermal transport
properties like mobility ratios and the defect concen-
trations have to be known precisely. In the present
case, we have to assume values for the heat of
transport Oy, of the electronic defects (i.e. their kinetic
energy terms), according to the most probable
scattering mechanism, to obtain the ionic heat of
transport.

Analysing the different contributions to Q3.+, we
obtain the sum of the heats of transport of interstitials
and vacancies as 0.8.Q7 — 0.2 Q7 = —78.4kJ/mol.
This result gives no evidence for a close relation
between the heats of transport of ionic defects and
their activation energy (E,; = 5.2kJ ~mol™, E,,=
33.8kJ-mol™!). A different conclusion can be drawn
with respect to the energies of transport Uj: if we
assume the relations U = —E,; and U; = E,, we
find an agreement between the measured heat of trans-
port and the activation energies of interstitials and
vacancies. However, in the present state of knowledge,
this result may be a mere coincidence without any
physical meaning and should not be taken too seriously.

Finally, it seems desirable to investigate a compar-
able system with composition-independent electronic
properties, but variable ionic transport properties. In
this case, an extremum for the heat of transport of the
mobile component, being due to an ionic defect
equilibrium, should be observed.
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APPENDIX

Coulometric titration of a-Ag,S

The original derivation of the formal relation
between the composition of Ag,. sS and the silver
activity, i.e. the EMF of a coulometric titration cell,
has been given by Wagner [40]. Further details can be
found e.g. in Refs {41, 42]. Only a short summary is
given here for the sake of completeness and since we
need information on the temperature dependence of
the EMF at the stoichiometric composition. In accord
with eqns (1) and (2) we can write (under the assump-
tion of an ideal solution of point defects)

K =xx, K, =x,x, (A1)

with x denoting molar fractions x; = ¢; « V,,. With

6=x, — X (A2)

and the definitions

o, = x,/x% ol = xp/xff (A3)

one obtains
§= /K (a, - 7).

To obtain x; and x, as a function of §, eqn (A1) has to
be written as:

Ko=xy-x,=(E+6-x)x%-x) (A4)
with x denoting the molar fraction of holes and
electrons which will disappear or appear by recombi-
nation or formation of electrons and holes. Solving
this equation for x and reinsertion yields the desired
expressions:

X, é

In=% = arsinh (—) =Ina, A3
5 VK “hee W)
x 8

In—£ = arsinh (~ ) =Inal. A6
* R, (A9)

The EMF of the cell Pt/Ag/a-Agl/Ag,S/Pt is deter-
mined by the difference of the chemical potentials of
silver in the sulphide and the pure silver electrode:

—FU = Hag — /..ng = RTIn qag: (A7)

The chemical potential of the silver component in the
sulphide equals the sum of the chemical potentials of
the respective building units:

Hag = HAg+ + - =+ iy = _'(,LLV +I~Lp) (AS)

(A9)

aAg =4ty = XXy,

Assuming that the Frenkel equilibrium is not disturbed

by changes of § in the whole range of composition,

x| R X, R xi# = x¥, the relation
F(U - U")

—————==Inea,

— (A10)

follows from a combination of eqns (A3), (A7) and
(A9) with —FU" = RTIn xi# x7. Combining eqns
(AS) and (A10), one ends with

RT . §
= —Tarsmh (5\/—?_:) (All)

with U* denoting the EMF at the stoichiometric
composition. Differentiating eqn (All) by d7 and
taking the temperature dependence of K, and U*
into account, it follows an expression for the (relative)
partial molar entropy of silver:

aUu AH?
F(a_T>5 = R [W tanh (In ae) —In ae]

_ oU*
_+F(WBT)
é
o [O(ag —3Ae)] _ & 0
:F[ o7 gL:SAg_SAg‘

I
#*

U-U

(A12)

A comparison of this expression with the partial
entropy of electrons (eqn (36)) finally leads to the
relation

*
mﬂ

au* - 0. 3
F(W)é:()— (SAg+ —'SAg) +ZRlnm* .

(Al13)
P

Thus, U* is temperature dependent. From a measure-
ment of this dependence, one can determine either the
effective mass ratio my /my or the partial ionic entropy
Sag+» once the other quantity is known,

According to eqn (A12) and (A13), the partial molar
entropy attains a limiting slope of —R at small or large
values for a, if Sag —S&, is plotted vs Ina,. The
entropy curve has an inflection point at the stoichio-
metric composition § = 0 (xI = xff and In ¢, =0) with
the slope AH,/2T — R. The entropy difference
A(Sag — Sig)max between the both extrema equals

- AH?
A(SAg - SOAg)max = Rl:( RTe - 2)

' AH? o
—ln( =T 1)] ~AH,;/T (Al4)

and can be
AHZ/RT > 1,

approximated as AHJ/T if



