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On the Interpretation of the Heat of Transport of Substitutional
Impurities in Noble Metals *
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The heats of transport of several substitutional impurities (such as Sb, Sn, In, Ag, Ni and Co)
in copper and silver are discussed in terms of atomic quantities. They are considered as consisting
of essentially two parts. The first one, the so-called intrinsic heat of transport, can be derived
from the electrostatic potential generated by the impurity at the site of a normal lattice atom in
excess over the potential of the host lattice. This interpretation is compatible with the thermo-
dynamic definition of the heat of transport. The calculations were carried out for fcc lattices but,
in principle, may be easily extended to other alloy structures. The second part, calculated by
Gerl, is due to the electronic scattering potential of the impurities. From comparison of theore-
tical and observed data of heats of transport one finds the agreement to be very good. This is
taken to be an indication of the validity of the theoretical models used and of the vacancy mech-
anism as the dominating mass transport mechanism in these systems, not only in a uniform
temperature field but also in a temperature gradient.

1. Introduction

Thermotransport is generally understood to be
the transport of matter in a temperature gradient.
This effect has not yet been sufficiently investigated
in condensed phases to obtain a final picture of its
mechanism. The sign and magnitude of thermo-
transport depends on the heat of transport. Com-
prehension of the phenomena of thermotransport is,
therefore, based on an atomistic interpretation of
this quantity.

From an atomistic point of view, thermotransport
arises from asymmetric jump frequencies in a tem-
perature gradient. Among the forces responsible for
these asymmetries arel.?

a) the “intrinsic” forces in a solid; i.e., locally vari-
able energy content including the different chem-
ical nature of atoms in solutions and

b) the “extrinsic’ forces; i.e., interactions of mov-
ing ions with heat carriers (electrons and pho-
nons) and extrinsic fields.

All forces superpose to give additive contributions
to the heat of transportl.

Most kinetic models to interpret thermotransport
in condensed phases known from literature3-8 con-
sider only intrinsic forces and explain the anisotropy

* This paper is published both in Z. Naturforsch. and in
the Proceedings of the Marstrand Conference on Atomic
Transport in Solids and Liquids, Verlag der Zeitschrift
fur Naturforschung, Tibingen 1971.

1 H. B. Hu~NtINGTON, J. Phys. Chem. Solids 29, 1641
[1968].

2 M. GERrL, J. Phys. Chem. Sol. 28, 725 [1967].

of jump frequencies in terms of different tempera-
tures attributed to neighboring lattice sites between
which atoms may jump back and forth. The thresh-
old energy for such a jump can be more easily pro-
vided at sites of higher temperature than at lower
temperature resulting in different jump probabil-
ities in and against the temperature gradient. The
diffusing particle collects energy at a certain tem-
perature from its environment and releases the
energy at the new site after the jump at a different
temperature.

The energy carried along by the moving particle
generally does not equal the threshold energy, Hp,
as originally assumed 45 (this would mean, in con-
trast to the experimental results, the heat of trans-
port of interstitials to be always positive). Accord-
ing to Wirtz’ model3 it is a positive or negative
fraction of Hp depending on the local distribution
of the activation energy of motion prior to and after
the particle jump; i.e., on the way it is picked up
and dissipated. Wirtz considers this energy distri-
bution by formally dividing the activation energy
of motion into three parts: an energy, Hm;, which
must be given to the jumping atoms on the original
plane, that one, which must be given to them in
the intermediate plane of the jump to surpass the

K. WirTz, Phys. Z. 44, 221 [1943].

A. D. L CrAIRE, Phys. Rev. 93, 344 [1954].

J. A. BRINKMANN, Phys. Rev. 93, 345 [1954].

. W. KEvEs, Phys. Rev. 94, 1389 [1954].

. R. ALLNATT, and S. A. RicE, J. Chem. Phys. 83, 573
960].

L. A. GirrraLco, Phys. Rev. 128, 2630 [1962].
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saddle point and, eventually, an energy, Hms, re-
quired to prepare the final place for the jumping
atom. The last part of the energy opens up an re-
laxed vacancy site or an interstitial site depending
upon the diffusion mechanism. In this model, the
heat of transport has the form for an interstitial
mechanism :

Q*=Hm1 — Hmz = ﬂHm with ﬁ = HmlH_Iing
(1)

and for a vacancy mechanism:

Q**:Hml—Hms—Hvl:ﬂHm'—va- (2)

The term Hyg, the vacancy formation enthalpy per
mole, enters because, in case of a vacancy mech-
anism, the mass flux is always accompanied by an
oppositely directed vacancy flux. In this case, Hpy3
as defined above is relatively small compared to
Hupa.

GIRIFALCOS arrives at a similar result by defining
a critical distribution function of the activation
energy of motion along the jump axis of two lattice
sites allowing a jump to take place. The shape of
this distribution function is determined by the
quantity 5. WEVER? extended the treatment to the
whole concentration range of a binary alloy. The
heats of transport of both components derived by
him confirm Egs. (1) and (2) but contain free en-
ergies instead of total energies.

The Wirtz model has been frequently used to
interpret the heat of transport in solids, partially
successfully but also revealing some discrepancies
between theory and experiment. These deviations
at least in part arise from the fact that the model,
in principle, considers only the intrinsic part of the
heat of transport and does not take into account
interactions of the moving particle with electrons.
On the other hand, they may also indicate weak-
nesses inherent to the model10.

An important requirement to be fulfilled by any
theoretical interpretation of the heat of transport
is its compatibility with the definition as given by
the thermodynamics of irreversible processes. This
has recently been emphasized by Or1aN110. The heat
of transport, phenomenologically introduced as a
proportional factor between mass flux and temper-

9 H. WEVER, Z. Naturforsch. 18, 1215 [1963].
10 R. A. Or1aNTt, J. Phys. Chem. Solids 30, 339 [1969].
11 G. ScHOTTKY, Phys. Stat. Sol. 8, 357 [1965].

ature gradient can be shown thermodynamically to
be the ratio of the reduced heat flux, I, and the
mass flux, Iy, under isothermal conditions:

In a model to describe thermotransport * the problem
of introducing the notion of a temperature gradient
on an atomic scale may become irrelevant. Previ-
ously, several authors? 11 have point ed out that it
may be difficult to ascribe different temperatures
to neighboring lattice sites as is done in the Wirtz
model.

It is the objective of this article to quantitatively
estimate the heat of transport in accordance with
the above stated thermodynamic requirement. In
a first section, the intrinsic part of the heat of
transport in dilute fee alloys will be deduced from
atomic quantities following a procedure similar to
that used by DENBIGH for liquids12. For the evalua-
tion of the extrinsic part, reference is made to the
results of F1ks13,14, GerRL2 and HuxNTIiNgTON L. In
a second section, the calculated values of the total
heat of transport comprising both the intrinsic and
extrinsic part are to be compared with experimental
data in various dilute alloys of noble metals.
Some conclusions as to how thermotransport pro-
ceeds in these systems may then be drawn.

2. The Heat of Transport in Dilute Binary
Substitutional Alloys

It has already been pointed out that an atomistic
understanding of the heat of transport requires the
knowledge of a critical distribution function of the
activation energy allowing an atom to jump and
of the way the energy dissipates after the jump. As
a first approach to this problem, an energy balance
of a complete isothermal jumping process is estab-
lished, referring the associated energy changes to
a unit volume, V, of the crystal bounded on one
side by the intermediate plane between the initial
and final jumping site. If one considers the energy
distribution only before and after a jumping process
then, by looking at the total energy change in the
volume element under consideration, one obtains
the intrinsic net energy transported into or out of

* on the basis of Eq. (3).

12 K. G. DExBIGH, Trans. Faraday Soc. 48, 1 [1952].
13 V. B. F1xs, Sov. Phys. Sol. State 5, 2549 [1964].
14 V. B. F1xs, Sov. Phys. Sol. State 3, 724 [1961].
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this volume element and, thus, by definition the
intrinsic heat of transport. However, since the heat
of transport is not a function of state, one must
also consider energy changes occurring in V when
the particles are in the process of moving between
two equilibrium sites. Such energy changes may be
due to forces exerted on the moving ion in the
activated state. These interaction effects give rise
to another contribution to the heat of transport,

**  which must be added to the intrinsic part to
give the total heat of trans-port, @F*:

Q** = @ + Q. (4)

Initially, the second term in Eq. (4), @¥*, will be
neglected and be taken into account later on. To
find @f* from the energy changes occuring in V
during a jumping process under conditions of con-
stant temperature and pressure, we consider free
energies and obtain @F* and QF* as contributions
to @F* due to enthalpy and entropy changes respec-
tively

QF* = QF* + Q¥ (5)

In the following treatment both contributions are
determined separately.

The enthalpy contribution to the intrinsic heat
of transport

For the sake of simplicity and straightforward-
ness, we assume each atom to be in interaction
only with its nearest neighbors forming pair bonds
independent from all other neighbors. In a binary
alloy with two components, A and B, one must,
therefore, distinguish between three different kinds
of bonds, an A-A-, a B-B- and an A-B-pair. Denot-
ing the number of pairs in a crystal by 7aa, 7pp
and 7nap, respectively, and the corresponding bind-
ing energies — with respect to a complete separation
to infinity — by wuaa, upp and wuap, we find the
potential energy of the crystal at absolute zero to
be given by

U = naa Uaa + Mpb Ubb + Nab Uap - (6)

In a random distribution of A- and B-atoms each
atom, on average, has N,z nearest neighbors of
type A and Nz nearest neighbors of type B, z being
the coordination number of the lattice and N,, Ny
the mole fractions of the two atom species.

Upon removing an A-atom from a volume element,
V, to infinity, the potential energy of the atoms in

this element changes by
AUL = — 2(Nauaa + Npuap) — P. (7)

Here, P is the relaxation energy of the vacancy
generated in the field of its surrounding ions. If the
atom to be removed is located at the surface of the
crystal, the energy change, AU, , according to MoTT
and GURNEY 13, is reduced to 1/24U,, because in
this case only 1/2z bonds are broken. Further, if
the A-atom is not removed to infinity but is placed
into a neighboring position inside the crystal but
outside V representing a jumping process across the
border plane of the considered volume element, we
again find AU, to be smaller (by a factor f < 1) than
for the case of A being removed from the surface
to infinity. This is because the atom, in its new
position after the jump, still remains in interaction
with neighbor-atoms in the original volume element :

AU, = 3{40Y, f<1. (8)

Fig. 1. Possible jumps of lattice atoms in a fec-lattice
[For explanation of factor f in Eq. (8)].

One can estimate f within the limits of the pair
model adopted for this treatment. In case of a fcc-
lattice (2= 12) there are six possible atom jumps
from a volume element V located at the surface
leading to a position outside the crystal. In each
jump six bonds are separated. For V being located
in the bulk, in three, two and one of the six jumps
considered above the atom remains in interaction
with two, one and none of its old neighbors in V,
respectively. Hence, on average, after the com-
pletion of the jumping process there are only
(6—8/6) bonds broken in an fcc-lattice. In this pic-
ture, one sixth of this value may be taken to be a
first approximation of the quantity f in Eq. (8):

f=1/6(6—8/6) =7/9 (fcc-lattice).

15 N. F. Mort, and R. W. GurNEY, Electronic Processes
in Ionic Crystals, Oxford University Press, London 1948.
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This is illustrated for two different jumping direc-
tions in Fig. 1. There, all twelve possible jump pro-
cesses of a lattice atom in a fcc-lattice are re-
presented by arrows. The volume element V is
located such that its border plane is either a (100)
step plane (marked by section lines in Fig. 1) or a
(111)-step plane. In the first case, the atoms con-
tained within V are marked by two small concen-
tric circles, in the second example by full circles.
One can see easily that the jumps # 7, 8 and 10
(3 2, 8 and 10) lead to positions outside V having
two neighbors in V, the jumps # 9 and 11 (1
and 9) to sites still having one neighbor in V and
only one jump, # 12 (¥ 5), leads to a position that
has no neighbors in V. The numbers given in paren-
theses refer to the second case considered here.

The change of the potential energy in V for a
jump of an A-atom now can be rewritten to be per
mole in a fee-lattice

14
AUaz——3—NL(Nau,m—}-Nbuab)—P’ (9)

N1 = Loschmidt’s number.
Accordingly, the change of the potential energy
in V due to a jump of a B-atom is per mole

14
AUy = — —~ NL(Nauap + Npupp) — P'. (10)

By an atom jumping out of V, in this volume
element a vacancy in excess of the thermal equilib-
rium has been formed. In order to keep the jumping
process isothermal and to restore thermal equilib-
rium of the vacancy concentration another atom
from outside must enter V to annihilate the newly
formed vacancy. Only then, the whole jumping pro-
cess of an atom is considered to be complete in the
sense that isothermal conditions are maintained.
This notion will be used throughout the following
treatment. For the vacancy to be reoccupied, an
energy, AUy, must be added to V amounting to
AUy, = — AU, for an A-atom and to AUy, = — AUy
for an B-atom. On the average, we have

AUy = — (PaAUa+pbAUb)’ Pa + Po =1 (11)

where p, and pp are the probabilities for an A- or
B-atom, respectively, to jump into the vacancy.

All jumping processes discussed so far proceeded
isothermally at constant pressure. To find the en-
thalpy changes in V, AH, associated with an atom
jump from the energy changes discussed above,
volume changes, 4V, must be considered occurring

in a diffusion process of components with different
atomic radii. For an estimate of the volume work
involved, pA4V, one may tentatively assume a A V-
value in the order of the atomic volume per g-atom
which is generally less than 100 cm3/g-atom. Using
this figure one finds pAV to be approximately
2.4 X 103 kcal/mole at normal pressure which is
at least three orders of magnitude smaller than the
AU-values in Egs. (7)—(11). Since the volume work
turns out to be negligible in this case, all previous
AU-values may be simply replaced by correspond-
ing AH-values without introducing an appreciable
error; AU ~ AH. Differences may only become
significant at high pressures.

The process of forming and annihilating a vacancy
in V is now complete. The sum of all enthalpy
changes involved is the net enthalpy isothermally
transported per atom jump and, thus, by definition,
equals the corresponding enthalpy contribution to
the intrinsic heat of transport. For an A-atom we
find

i =A4H, + AHy, (12)
and for a B-atom
¥i = AHy + AHy, (13)
or, with the aid of Eq. (11)
M= po(4H, — AHy), (14)
v = — Pa(4Ha, — AHy). (15)

The probabilities p, and pp are functions of con-
centrations and jump frequencies of the A- and
B-atoms, respectively, surrounding the vacancy. In
dilute alloys where association effects between the
substitutionally solved impurities and vacancies fre-
quently play an important rolel6, five types of
vacancy jumps with the frequencies w; (i = 0, 1,
2, 3, 4) are to be distinguished. One of them pro-
ceeds via exchange with an impurity atom B (ws)
and four of them (wo, w1, w3, ws) via exchange
with a solvent lattice atom A, from an unassociated
position to another unassociated position (wy), from
an associated position to another associated position
(w1), from an associated position to an unassocia-
ted position (w3) and from an unassociated position
to an associated position (wy).

16 See e. g., Y. QUERE, J. Phys. Soc. Japan 18, (Suppl. III)
91 [1963].
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Howarp and MANNING17 assign different heats
of transport, ¢ (¢ = 0, ..., 4) to each of those five
jumps and find the following relations between the
macroscopic heats of transport of solvent and solute
and the ¢ in the lattice reference system

QF* — 2wi(gs —2q7) +ws(Tg2 + 395 +34q7)

2wy + Tws
—2w; + 13 ws 3ws
’[(h_EB)< 2wy + Tws +n)+27w717+7w3EB
(16)
Q*=q5—h (17)

and relative to fixed parts of the system (endpoint
reference system)

Da

R =" —p, @ —h). (18)

Here, n is the fraction of the impurities associated
with vacancies and Eg is the binding energy of an
associated impurity-vacancy-pair. The diffusion co-
efficients of the impurities, Dy, and of the host
lattice, D, introduced to Eq. (16) are related to
the corresponding tracer-diffusion coefficients, D
and D¥, in sufficient approximation by 18

D, 11 D}

Dy~ 9 D;

The last two terms in Eq. (16) comprise the con-
tributions of the vacancies to the heat of transport
of the impurities, which is, in general, not equal to
the vacancy enthalpy of formation, %, in the pure
solvent metal as in Eq. (17)19. To calculate the
intrinsic heats of transport in terms of the Eqgs. (12)
and (13), it is, however, more convenient to include
the proper vacancy formation enthalpy in the heat
of transport of each type of vacancy jump sep-
arately; i.e., A for unassociated vacancies and
(h— EB) for associated vacancies per mole. For
jumps of atoms starting from associated positions
(type 1, 2 and 4), the binding energy, Eg, must be
included but not for those starting from unassociated
positions (type 0 and 3):

@ =qf—h, i=03
¢F* =gf — (h— Ep),

Introducing the ¢¥* into Eqgs. (16) and (17), the
macroscopic heats of transport of A- and B-atoms

3 — 2w /ws
3+ wijwg

(19)

and 1=1,2,4.

17 R. E. Howarp, and J. R. MaxN1Ng, J. Chem. Phys. 36,
910 [1962].

18 R. E. Howarp, and A. B. Lip1arp, Acta Met. 13, 443
[1965].

in the lattice system become
QF* — 2w (g* —2q1") +ws(Tg* +3¢3" +3q7%)

2rw1+7w3
== n(h — EB)

and =g

(20)
(21)

The enthalpy parts of the ¢i* can now be estimated
in a manner quite analogous to that one employed
in Egs. (9) to (15) by establishing an enthalpy bal-
ance for a complete atomic jumping process of type
¢ for a certain volume element V in the crystal

a5 = Ahi + Ahgy,. (22)

Ah; and Ah;y, are the enthalpy changes per mole in
V occurring along with an atom of type 7 jumping
across the border plane of ¥V and another atom
jumping into V to fill the vacancy, respectively.
Employing this method in detail for all possible
jumps (¢ =0, ...,4) and assuming the impurity con-
centration to be so low that impurity-vacancy pairs
are surrounded only by solvent atoms leads to the
following results for an fec-lattice:

a) Jumps of A-atoms of type 0

Only atoms of the solvent lattice are involved in
jumps of type 0. Thus, [see Eq. (9) and (11)]

14
Ahor, = — Ahg = 3 Nypuaa + p (23)
(p = relaxation term) and
qek = Aho + Ahor, = 0. (24)

b) Jumps of A-atoms of type 1

The A-atoms remain nearest neighbors of an im-
purity atom B. The vacancy formed by the jump
is an associated position, hence*

Ahy = — 1;— Ny (—i; Uga + '112 uab) —p. (25)
The associated vacancy has as nearest neighbors
four A-atoms being also nearest neighbors of the
B-atom (enthalpy change for a jump of one of these
A-atoms into the vacancy: Ah;), seven A-atoms
that are not nearest neighbors of B (enthalpy change
for a jump into the vacancy Ahg) and a B-impurity
(enthalpy change for a B-jump into the vacancy

19 D. HeErrkamp, Phys. Stat. Sol. 24, 341 [1967].
* Differences in the relaxation terms for associated and
unassociated vacancies are neglegted.
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Ahs). We, therefore, obtain
Tws Ahg + 4wy Ahy + we Ahs

A, =~ Tws + 4wy +wa (26)
where*
14
Ahz = — 3 AL'uab —P. (27)
According to Eq. (22), ¢} becomes
o = Ahy + Ahyy, = M—%—ZLT—FE (Aho — Ahz)
Tws + we
bt (b — M) (@8)
or
we — {5 (Tws + we)
gi=—3 NL EIwgl—r— 4u13+ w: (taa — Uap).
(29)

c) Jumps of B-impurities of type 2

With values of Akg, Ahy, Ahe and Ahyy, = Ahoy,
known from Egs. (23) to (27) we obtain in accor-
dance with Eq. (22)

q’;f; = Ahz —|— Ath = *1;37_+_ dw + uz(Aho——Ahg)
4u1
— T T dwo T A — ko) (30)
or
14 '7w3-+—4u:1——u:;1
G =5 VL 5 T dwy Ty (Yaa — %av).  (31)

d) Jumps of A-atoms of type 3

The corresponding vacancy jumps occur from an
associated to an unassociated position. Thus, the

14
*3k T
= N.

A-atom prior to the jump and the vacancy formed
after the jump are in an unassociated position sur-
rounded only by matrix atoms as nearest neighbors
and one B-atom as a next-nearest neighbor. As a
result, on average the vacancy may be occupied by
17/7 A-atoms coming from an associated position
and by 67/7 atoms coming from an unassociated
position

17 wq Ahy + quho
Ahgy, = — = Ahg = Ahy
17 67
o wat g wo
(32)
and g3 becomes
17wy
q;g; T 1Tws+ , + 67w (Ahl AhO) (33)
_ 7 17w
= — 718 YL 17 wa + 67 wo ~ (Uaa — Uap) -

c) Jumps of A-atoms of type 4

Prior to the jump the A-atom is a neighbor of B
as well as the vacancy formed after the jump. The
expression, obtained for ¢ is, therefore, similar to
that shown in Eq. (29)

¢itt = 9t (34)
Inserting all values of the ¢ derived above into
Eq. (20) one obtains the macroscopic heat of trans-
port of the impurities due to intrinsic enthalpy
changes

2wy (Tws + 4w1 + 2ws) + Tws(Tws + 4wy — Fwo)
(w1 + Tws) (Tws + 4wy + wa) (35)
4wy (14ws + 2wy + wa) — 3wz (7Tws + wa) 51 wawy
= "~ ([{Twat 6Two) @y + Tuwg) | Mas — Uab)

122wy + Tws) (Tws + 4w1 + wa)

In this expression the last two fractions within the
brackets amount to at maximum 4 percent of the
first term and, generally, are of no significance. To
determine the difference between the potential en-
ergies of an AB- and AA-pair, u = uap — Uga, it is
not necessary to know the absolute interatomic po-
tentials but only the potential generated by the
impurity at the site of a normal lattice atom in
excess over the potential of the host lattice:

u=ce®.

20 N. F. Morr, Proc. Cambridge Phil. Soc. 32, 281 [1936].
21 L. C. R. AvFreDp, and N. H. MarcH, Phys. Rev. 103, 877
[1956].

The excess potential, @, can be obtained from a so-
lution of the Poisson-equation 20-22 with the bound-
ary conditions @ =Ze/r for r—0 and @ =0 for

r—>o00

Q):?aexp(—qr) (36)
and, hence
762
Ugg — Uah = — Te oexp{—qa} (37)

(@ = atomic distance).

22 H. Fustwara, J. Phys. Soc. Japan 10, 339 [1955].
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The difference Ze = (Zp — Za)e of the charges of
the solvent, Z,e, and the solute, Zpe, generates a
potential that is increasingly screened by the con-
duction electrons with growing distance r from the
site of the impurity («, ¢ = screening constants).

With the aid of relation (37), Eq. (35) can now
be rewritten in its ﬁnal form

l;ké—— NLg

where
2—--(7—+4—+2 )+7 (7—774—4—
wo wo
g=
W Wa
51 7’wo‘w_o

1 (17ﬂ+67)(2—+ )
wo wo

In this expression all quantities except n can be
calculated. The screening constants o« and ¢ have
been estimated by Fusrwara?22 and ALFRED and
MarcH?! in copper and silver for Z values of —3
to -+ 4. The potential @ mentioned above and being
the essential part of Eq. (38) has been successfully
used by LAzarUus 23 and L CLAIRE24 in their theo-
retical treatment of isothermal impurity diffusion
in metals. On this basis, Le Claire calculates the
binding energy for Z-values of —3 to +4 as well
as the differences, 4H;, between the activation
enthalpy of motion of atoms of type 1, 2 and 3 and
that of type O

AH; = Hy — Ho, (40)
With the aid of the AH; the ratios of the jump

frequencies in the factor g of Eq. (39) can be es-
timated

1=1,2,3.

wi AH; o

w—ozexp{— RT}’ 1=1,3

we  v2 4H, (41)
sl ;;;—TOGXP{—W}

assuming the vibration frequencies, »;, in a first ap-
proximation, to be equal for all A-atoms

Vi

Yo

, +=1,3. (42)
The relative vibration frequency of the B-atoms,
v2/vo, however, according to Le Claire, may be cal-
culated from the pre-exponential factors, Do and
Doy, of lattice and impurity diffusion coefficients

23 D. Lazarus, in Solid State Physics 10, 71 [1960], and
Phys. Rev. 93, 973 [1954].

w3 w1 w2
R

and from the corresponding correlation factors fo
and fs:

2 _ Do fo {
Do f2 ©

So far, on the basis of Eq. (6) only enthalpy changes
at absolute zero have been considered. This pro-
cedure, however, is a fair approximation and is jus-
tified from the fact that the vibration energies at
relatively high temperatures (hv/kT < 1) become in-
dependent of lattice frequencies and proportional
to the absolute temperature. As a result, in isother-
mal jump processes of lattice atoms the contribution
of vibrational energy to the enthalpy is negligibly
small.

dlnfs
a7y

I with C = R 5 7. (43)

The entropy part of the intrinsic heat of transport

Both mixing entropy and vibration entropy con-
tribute to the heat of transport of a binary alloy.
WEVERS? has pointed out that mixing entropies need
to be considered for a quantitative interpretation of
the heat of transport of both components in con-
centrated alloys. However, the entropy of mixing
being concentration dependent may be neglected in
dilute solutions (Np <1). To estimate the entropy
of vibrations, S5, we proceed on the basis of the
Einstein approximation treating all lattice atoms
as independent oscillators with one discrete fre-
quency, vg, per degree of freedom. In this approach,
Ss for a pure metal can be taken to be per mole

24 A. D. LE CrAIrE, Phil. Mag. 7, 141 [1962].
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hvg
kT[exp{hvg/kT} — 1]
—In[1 — exp{—hvE/kT}]}

Sy = So + 3k Ny {
(44)

(So = entropy at absolute zero) and for very high
temperatures (hvg/kT < 1)

S¢ =S80+ 3kNL[l — In(hvg/kT)].  (45)

The same result is obtained for yg being defined as
the geometrical mean of a frequency spectrum char-
acteristic of the lattice atoms. Since the atomic
oscillators are considered independent one finds the
entropy of vibration of an alloy simply by summing
up the contributions of both components.

To find the vibrational entropies associated with
jumps of both A- and B-atoms and their con-
tributions to the heats of transport, @X* and Q%¥,
we follow a procedure which is quite analogous to
that employed above to calculate the enthalpy con-
tributions. This includes evaluating the entropy
changes involved in a complete jumping process
referring to a certain volume element V in the
crystal. In accordance with Eqgs. (8), (14) and (15)
we obtain

= — T4, — A8%) 5
= — pp T (A8sa — ASsp), (46)

Q= pa T (AS% — A8%) L
= pa T (A8sa — ASsp) - (47)

Here, AS%, and ASY, are the changes of vibrational
entropy per mole upon removing an A- and B-atom,
respectively, to infinite and ASg, and A8 are the
corresponding values for the jump of A- and B-
atoms, respectively, to a neighboring position out-
side V:

ASg = 3{ A8, (48)

As already pointed out, in dilute alloys different
types of atomic jumps are distinguished. To deter-
mine the changes of vibrational entropy associated
with these jumps, As; (i = 0, ..., 4), the respective
mean frequencies of A- and B-atoms, v and vz, are
defined such that they are, for simplicity, indepen-
dent of whether the position of an matrix atom is
associated with an impurity atom. Using Egs.
(45) and (48) we then have per mole

A.S‘o — A81 - A83 B AS4

= 3fENL[l — In(hvo/kT)], (49)

Asy = 3fkNy[1 — In(hya/kT)]. (50)

For the jumps of type 0 and 3, the entropy change
in filling up the vacancy is

AS()L = — ASO (51)
and for the jumps of type 1, 2 and 4,
Mo, = (Tws + 4wi) Asg + wo Aso (52)

Tws + 4wy + we

Analogous to Eq. (22), the heat of transport due to
entropy changes in a complete jumping process of
type ¢« now becomes

qE* = — T (ds; + Asin) (53)
or, in detail

*ok _ dk
90s =935 =0,

w
O =0 = — G T he T (Us0— As2), (59)
Tws + 4wy
g __ e T —
Qos = Tws + 4wy + ws T(ASO Aé‘g),

where, according to Eqs. (49) and (50) and with
f="17/9 in a fcc-lattice, Asy— Asg is given by

ASO —ASz = %kNLln%z

Introducing the above ¢¥*-values into Eq. (20) gives
the total macroscopic entropy of the B-impurities
per mole
7 ’ g o
W= 5 ¢ RTIn :z : (55)
The factor ¢’ is given by the first fraction within
the brackets of Eq. (35), (R = gas constant).

Further contributions to the heat of transport

The intrinsic part of the heat of transport so far
discussed was based on the consideration of the
Gibb’s free energy of the equilibrium states prior
to and after a complete jump of a lattice atom under
isothermal conditions. The interaction between the
jumping particle in the intermediate states and its
surrounding were not taken into account but, as
already mentioned, this also generally contributes
to the heat of transport. These effects stem from
several different causes, such as the influence of the
thermoelectric field on the moving ion with the
effective charge Z and the ion’s interaction with
heat carriers, electrons and phonons.

Assuming that the phonons can transfer their
pseudo-momentum directly to the jumping atom,
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Fixs14 has first quantitatively estimated the con-
tribution of phonon-scattering to the heat of trans-
port of liquids. The force acting on the impurity
atom that results from the momentum transfer is
proportional to the scattering cross-section of the
impurity atoms and the thermal conductivity of the
lattice. ScHOTTK Y11 obtained a relatively large cross
section for a vacancy in a linear chain which may
appreciably affect the local temperature gradient!.
However, since it is very difficult to extend this
one dimensional result to three dimensions where
the vacancy is not likely to perturb the lattice
as strongly, no exact conclusions as to the amount
of these effects can be drawn.

As shown by Fiks, Gerl and Huntington, electron
scattering, may also appreciably influence the heat
of transport in pure metals and dilute alloys as well.
For the discussion of details, we refer to these
authors1, 2,13,14 The numerical results obtained by
GERL? for QF¥ are discussed in the next section.

3. Discussion

After having determined enthalpy- and entropy-
contributions in the preceding sections the intrinsic
heat of transport of impurities in fcc metals is com-

pletely deduced from atomic quantities. The cal-
culation model is based on an isothermal jumping
process of a lattice or impurity atom which is com-
patible with the thermodynamic definition (3) of the
heat of transport. It is further based on the assump-
tion that the potential energy of an alloy may be
expressed in terms of pair-interaction energies of
nearest neighbors. Although the energy transport
model has been exclusively used for fcc lattices, in
principle, it also applies to other alloy structures in
all concentration ranges. Calculations and measure-
ments in concentrated fcc alloys are being made to
study the effect of concentration on the heat of
transport of solutes in noble metals.

To find the total heat of transport, the contribu-
tion from ion-electron interaction must be added as
discussed previously

O = Of + 0 + O

The the main objective of this section is to compare
these theoretical values with experimental data and
discuss the results. To do this, the well known fecc
lattices of the noble metals are most convenient as
solvents. In copper, silver and gold the heats of

transport of several impurities have been measured.
In Table 1 the available data are compiled.

Table 1. Experimental and theoretical heats of transport of impurities in copper, silver and gold.

Sol- Im- Excess T Calculated Values?® Observed Values?®
vent pur- Valence [°K]
ity 2 = 2 woev-er e " Ref.
Cu Sb 4 1271,5 — 6,84 — 5,84 — 3,54 — 3,72 — 16,22 —16,44+14 25
Sn 3 1276 — 5,69 — 4,25 — 3,83 — 3,74 — 13,77 —13,74+1,0 2
Ge 3 1260 — 8 +3 28
In 2 1295 — 5,82 — 5,02 — 2,09 — 1,96 — 12,93 — 12,8 +1,0 25
Ag 0 1271,5 ~ 0 — 0,73 — 0,23 — 0,87 — 0,96 — 1,64+1,1 25
Ag 0 1284 — 4,8%Y3 28
Au 0 1284 ~ 0 —2,0 — 0,11 — 2,8 — 21 — 4,8+3 28
Co (—0,5) 1283,2 + 3,34 + 3,63 — 18,98 — 19,57 — 12,0 —12,6+28 25
Ni (- 0,75) 1281,6 + 5,66 + 4,32 — 18,98 — 22,08 — 9,0 —12,14+44 25
Ag Sb 4 1142,8 — 5,54 — 5,34 — 11,52 — 18,12 —224 —29 +3 30,31
Sn 3 1089 — 4,44 — 3,72 — 9,22 — 6 — 17,38 —14 ‘4 32
In 2 1166,5 — 3,41 —2,0 — 4,61 — 349 — 10,02 — 8,9+2 32
Au 0 1178 ~ 0 — 0,87 — 0,46 + 0,87 — 1,33 0 +3 28
Ru (—3) 1180,2 >0 30, 31
Au Sb 4 1066,2 —69,14+53 33
Tl 2 1200 — 8,4+3 28
Ag 0 1261 — 4,2+3 8

a All energies in kcal/mole; ® Taken from Ni; ¢ Mean value of temperature interval.

30 W. BrermaNN, D. HEITRAMP, and T. S. Luxpy, Report
ORNL-3710 [1964].

31 W. BiermanNN, D. HeErrramp, and T. S. Luxpy, Acta
Met. 13, 71 [1965].

32 D. HEITKAMP, to be published.
33 'W. Mock, Phys. Rev. 179, 663 [1969].
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Table 2. Important quantities for the determination of the intrinsic heat of transport in silver
[All energies in kcal/mole; Doy = 0,40 cm2/sec and @, = 44,09 kcal/mol (Ref. 34)].

Im- C ’ . )

pur- Z  Dop Qv Ref. for AH, AH; AHs f, 22 ¥ *2 W .
ity RT =2,3 Yo we wo o

Sb 4 017 3832 »  —579 082 —10,15 023 0456 0056 0,70 4,61 090 0,67 0,52
Sn 3 025 393 3 493 0,67 — 835 021 0434 0114 074 511 091 0,655 0,57
In 2 041 40,63 3  —372 0,50 — 6,25 017 0,436 0347 0,80 525 093 067 0,64
Au 0 085 483 3  ~0 ol w0 s 074 1 074 1 090

Ru (—3) 180 658 38  ~0 38,8 1 335 2,65

The theoretical values of @ and Q¥ in copper
and silver calculated by use of Egs. (38) and (55)
as well as Q¥ as taken from GERL’s theory? are
also included in Table 1. For gold as solvent a cal-
culation was not possible for lack of suitable data.
All important quantities entering the calculation of
Qi and QFF in the silver system are listed in
Table 2. Similar quantities for copper as solvent and
the details of the calculation procedure are published
elsewhere 25, But it should be noted here that the
ratios w;i/wy entering the calculation of the factors g
and ¢’ and the correlation factor fo have been de-
termined by use of Eq. (41). To keep the model
free of ambiguity, AH;-values were used that were
calculated, according to Le Claire’s theory, on the
basis of the same potential @ [see Eq. (36)] that
also served to determine the enthalpy part of the
intrinsic heat of transport. For large effective va-
lences, Z, however, values of w;/wy obtained deviate
from those determined empirically from LIDIARD’s
relation 26

4fo Dy

T b+ 18Dy wy + w2+ 7/2ws

o o0y

f2=1 (56)
(b = characteristic constant to describe the con-
centration dependence of Dy).

In order to be able to compare the theoretical
heats of transport that have been evaluated with
respect to the lattice reference system with the ex-
perimental data measured with respect to the end-
points of the specimens, the heats of transport need

25 R. SCHROERSCHWARZ, and D. Herrkamp, Phys. Stat.
Sol., in press.

26 A. B. Lip1arp, Phil. Mag. 5, 1171 [1960].

27 C. J. MEECHAN, and G. W. LEamax, J. Appl. Phys. 33,
634 [1962].

28 D. JAFFE, and D. G. SHEWMON, Acta Met. 12, 515 [1964].

29 Y. Appa, G. BrEBec, N. V. Doa~x, M. GErL and J.
PrILIBERT, Thermodynamics, Vol. 2, Proceedings Se-
ries, TAEC Vienna 1966, p. 255.

to be transformed from one reference system to the
other using Egs. (17) and (18). However, according
to the equations of transformation, experimental
and theoretical heats of transport may be compared
directly to each other if the heat of transport, QF*,
of the solvent lattice is negligibly small or the im-
purity atoms diffuse much faster than the matrix
atom. Data from literature on the heat of trans-
port of copper are somewhat ambiguous. Positive
(4 kcal/mole27) as well as negative values (—7.2
kcal/mole 28) are reported. Recently Appa et al.29
failed to measure any marker movement in silver
and copper in a temperature gradient and conclude
Q¥* to be zero for both metals. Accordingly, it
seems justified to put

QFF ~ ¢~ (57)

in these cases.

Comparison of experimental and theoretical heats
of transport of several impurities in the silver- and
copper system made on the basis of Eq. (57) shows
considerable agreement in almost all instances. This
result holds true not only for the total heats of
transport. Also, the difference between the experi-
mental value and the theoretical intrinsic heat of
transport, QF* — @QF*, in most instances just equals
the anticipated contribution of electron scattering,
Qi*. In the Ag-Co system such an agreement is
only reached if the unknown Q¥ value for cobalt
in silver is taken to be the same as for nickel in
silver 25,

34 C. T. Tom1zuka, and E. SONDER, Phys. Rev. 103, 1182
[1956].

35 E. SoNDER, L. SLIFKIN, and C. T. Tom1zuka, Phys. Rev.
93, 970 [1954].

36 C. T. Tom1zuka, and L. SLiFkiN, Phys. Rev. 96, 610
[1954].

37 W. C. MaLLarD, A. B. GARDNER, R. F. Bass, and L.
SLIFkIN, Phys. Rev. 129, 617 [1963].

38 C. B. Pierce, and D. Lazarus, Phys. Rev. 114, 686
[1959].
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In the silver-antimony system we notice a small
but clear difference between QF* (obs.) and @;*
(theor.) beyond the stated limits of experimental
error. This may have different causes. As already
mentioned, there is an uncertainty as to how to
determine the jump frequencies w; which, in turn,
may considerably affect the entropy of transport
and the enthalpy of transport as well via the cor-
relation quantities f and C and the factors g and ¢'.
According to Le Claire’s theory24 there is only a
weak binding between the impurities considered
here and the vacancies (i.e., w; and w3 do not differ
very much). Assuming a stronger vacancy binding
for antimony impurities leads to a decrease of the
ws/w; ratio and an increase of the g-factor. This, in
turn, results in an increased theoretical value for
the heat of transport of Sb in Ag thereby approach-
ing the measured value.

Recently, HEHENKAMP 39 found the heat of trans-
port of antimony in copper to be — 28 kcal/mole.
The absolute value of this quantity is markedly lar-
ger than previously reported2t. If this value is
confirmed, arguments similar to those outlined for
the silver-antimony system may apply to explain
this finding.

When assessing the good agreement for almost
all impurities considered thus far, one must bear in
mind the simplifying assumptions that have been
made in deriving the final theoretical expressions
and also the approximations involved in numerically
evaluating the various atomic quantities that enter
the theory. This is true for both the intrinsic and
the electronic part of the heats of transport of the
impurities.

At this point it may be noted that the model
adopted for the intrinsic part assumes that size
differences between solute and solvenj may be igno-
red for impurity diffusion in copper and silver. Ho-
wever, a more refined treatment should include
strain effects. Particulary for impurities with no
excess valence, the elastic term may be relatively
significant.

The numerical evaluation of Gerl’s equations to
find Q¥ — which has been extensively discussed

elsewhere 25 for copper and was done accordingly
for silver — requires the knowledge of some elec-
trical properties of dilute alloys at high tempera-
tures such as the electric resistance, the electric
thermopower and their concentration dependencies.
Most of these physical properties have been mea-
sured only at room temperature and applying these
values to high temperature conditions may imply
possible errors.

As far as the numerical evaluation of the intrinsic
heat of transport of the impurities is concerned,
most of the atomic data required are taken from
isothermal diffusion measurements. Thus far, there
are no reliable data for the impurity diffusion of
In and Sn in Cu. The diffusion coefficients of these
systems were estimated from theory. Therefore,
further measurements need to be done, to supple-
ment and ensure the results obtained in this work.

However, apart from some uncertainties regard-
ing numerical calculations in some instances, the
remarkable agreement reached so far between ex-
perimental and theoretical values of the heats of
transport of various impurities in copper and silver
has some interesting consequences. First of all, it
is an indication that the assumptions made to es-
timate the intrinsic heat of transport in dilute alloys
as well as those of Gerl’s theory are not unreason-
able. The effective valence Z turns out to be the
dominating quantity of thermotransport in noble
metals from theoretical and experimental evidence.
This confirms experimental results obtained pre-
viously be JAFFE and SHEWMON 28. Further, it ap-
pears in accord with WEVER? that the heat of trans-
port if calculated from an isothermal process should
be considered associated with free energies rather
than total energies. In all instances considered
in this work enthalpy and entropy part of the in-
trinsic heat of transport are comparably large.
Finally, some conclusions may be drawn concerning
the mechanism of thermotransport. The calculation
models being based on an impurity transport via
vacancies, the vacancy mechanism is likely to be
the dominating mechanism of the investigated im-
purities in copper and silver.

39 TH. HEHENKAMP, in Proceedings of the Marstrand Conference on Atomic Transport in Solids and Liquids.

Tabingen 1971.



