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The total interference function I (K), which is a weighted sum of the partial interference
functions, and the corresponding weighted distribution function have been calculated from
the elastic x~ray scattering of liquid Cu~Sn alloys with 20 and 22.5 at.% Sn measured at tem~
peratures between 800 and 1160°C. The total I(K) of the alloys show a slight decrease in the
position K;=4w(sinf;)/A and in height of the first peak with increasing temperature
l&;=2.88 A~! and I(K;) =3.05 at 800°C, and K;=2.86 A~! and I(Ky) =2.50 at 1160°C]. On using
the total I(K) in the Faber-Ziman theory of electrical resistivity p g and thermoelectric power
Q of binary liquid alloys, one obtains theoretical values of p g and @ which decrease slightly
with increasing temperature in agreement with the experimental results of Roll and Motz and

Howe, respectively.

INTRODUCTION

The temperature dependence of the interference
function I(X), where K =47 (sind)/x, of liquid metals
and alloys can be investigated by elastic scattering
experiments where x rays and neutrons are the most
common radiation probes used. Structural infor-
mation such as the interatomic separation »,, and
the number of atoms in the first coordination
shell n, can be obtained on Fourier transformation
of the data into » space. This information does
not vary much as a function of increasing temper-
ature, and, as a consequence, experimental
measurements must be precise in order to deter-
mine these changes accurately.

On the other hand, the theory of electron trans-
port properties as formulated by Ziman, ! Bradley
et al.,? and Faber and Ziman3 utilizes directly
the experimentally accessible quantity, namely
I(K). Significant changes in the magnitude of the
first peak with temperature do occur in I(K) and,
most certainly for polyvalent metals, the transport
properties should be more sensitive to temperature
changes than the values of », and 1 obtained from
the atomic distribution function p(r). Most liquid
metals possess a positive temperature coefficient
of resistivity, and use of Ziman’s theory for tri-
valent thallium? and tetravalent lead® and tin® led
to good quantitative agreement with the experi-
mental coefficients. However, poor agreement
was achieved for trivalent indium? and for mono-
valent sodium.® From the latter result it was
concluded that the Born approximation, fundamen-
tal to the Ziman formalism, breaks down. This
conclusion, however, has recently been challenged.®
No study has yet been made on the divalent liquids
zinc and cadmium, which possess negative tem-
perature coefficients of resistivity, and which
could offer a further test of the Ziman transport
theory.

There is another class of examples of liquids
where the electrical resistivity decreases or does
not change with increase in temperature, %! e.g.,
liquid Cu-Sn and Ag-Sn alloys of compositions of
about 20-25 at.% Sn. Alloys with these Sn con-

1

centrations possess a Fermi diameter 2kp which
falls very close to the position of the first maxi-
mum K, of the interference function I(K). In other
words the theoretical argumenis which are appli-
cable to liquid divalent metals might be useful to
explain the behavior of the above alloys in the
liquid state, » 11

In this paper we present an x-ray investigation
of the temperature dependence of the structure of
liquid Cu-Sn alloys with 20 and 22. 5 at.% Sn and
report some results on the temperature dependence
of the electronic transport properties. The struc-
ture of liquid binary alloys is characterized by
three partial interference functions?!2—14 Iij(K)
which describe the pair distributions p;;() in
K space. As pointed out by Enderby et al. 15 the
determination of the Iij(K ) in a liquid binary alloy
is a difficult experimental problem, and it may be
clearly anticipated that a study of the temperature
dependence of Iij(K) is far more tedious. Con-
sequently, we have chosen the total interference
function which is the weighted sum of the three I;;(K)
for the evaluation of the electrical resistivity pp
and the thermoelectric power @. This approxi-
mation should be expected to yield reasonable
results, since the total I(K) of Cu-Sn alloys with
20 and 22. 5 at.% Sn are heavily weighted by
Icucu(®) and Icugn(K) whose positions K, of the
first maximum occur roughly at the same K values
as shown by Enderby et al. 5

EXPERIMENTAL PROCEDURE AND RESULTS

The procedure for the alloy preparation was
similar to that described by Joshi and Wagner, 16
The alloy specimens consisted of 20 and 22.5 at. %
Sn of 99.99% purity and the remainder Cu of 99.99%
purity. The experimental arrangement and details
of data processing can be found elsewhere. 4,16
Mo Ko radiation reflected from a quartz crystal
was used. The measurements were made between
Kmin=1.4 to Kmax =15.6 A~%, where K =4 (sing)/x.
The data were recorded at temperatures between
800 and 1160°C.
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The total interference function I(X) can be cal-
culated from the elastically scattered x-ray inten-
sity per atom expressed in electron units, i.e.,
1,(K)

1) =[1 (B) -2 (/N2

where (f) and (f? are the mean and mean square

average of the atomic scattering factor of the alloy.

I(K) is the weighted sum of the partial interference
functions I;;(K), i.e.,

I(K) = ﬁEM? )
ij NP

where ¢; is the atomic concentration of element i.
(K) 1s related to the Fourier transform of the
t7 omic density 0ij (») which represents the number
of j -type atoms per unit volume at the distance 7
from an i-type atom. For large 7, p;;(r) tends
towardsp; = ¢j p,, Where p, is the average atomic

density of the alloy. I;(K) can be written as

p..(r) )
1 (K)=1+f4771’2[ Z?j —po] Sl;f” ar . (2)

The Fourier transform of K[I(K)-1] yields the

weighted reduced distribution function G(r), i.e.,

G(r)=4mr[pWr) - p,) = (2/m) [ K[I(K) - 1] sinKrdK ,

where
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FIG. 1. Interference function I(X) and reduced dis-
tribution function G (») =4wr[p(») ~py] for liquid Cu-~22.5
Sn measured at 860°C.
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FIG. 2. Interference function I(K) of Cu-—22.5at.%
Sn measured at different temperatures 7.

assuming that f;/(f) is independent of K.

The total interference functions I(X) and the
weighted reduced distribution functions G(r) are
shown in Fig. 1 for Cu-22.5 at.% Sn measured at
860°C. The values of I(K) between K=1.4 and
4.0 A™! are shown in Figs. 2 and 3 for the alloys
measured at different temperatures.
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FIG. 3. Interference function I(K) of Cu—~20at.%
Sn measured at different temperatures 7.
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DISCUSSION

Interference Functions

The total interference functions I(K) change very
little within the temperature range of investigation
(see Figs. 2 and 3) except for the peak heights of
the first maximum which change from 3. 05 at
800°C to 2.5 at 1160°C. The positions K, of the
first geak maxima vary from 2. 88 A vat 800 C to
2.86 A™!at 1160°C which is within the experimental
error of measurements, usually +0.02 A™L,

For the Cu-20 at. % Sn alloy, we can wrlte

I(K)~0.5] uCu(K)+O'4ICuSn(K)

+0.10g o (K), ®3)
i.e., I(K) is heavily weighted by the CuCu and CuSn
partial interference functions. Since I(K) does not
change its position K, of the first peak maximum
significantly and does not broaden drastically, it
is concluded that the positions K, of I; (K) do not
vary with temperature either.

Some data for liquid Cu,Sn have recently been
published by Enderby ef al., " and it would seem
reasonable to make a qualitative comparison of the
present results for 22. 5% Sn with those of liquid
Cu,Sn. Figure 4 shows the plots of the elastically
scattered intensity I,[(sin6)/x]. The results for
Cu-22.5 at.% Sn measured at 860°C agree well
with the x-ray result of Williams and Orton, 2
taken at 768°C. Poorer agreement is obtained
with the scattering pattern for x rays which was
calculated by Enderby et al.!” from the partial
interference functions I;;(K) measured in a Cu-45
at.% Sn alloy using neutrontechniques and assuming
that the I;;(K) are independent of the relative abun-
dance of tile elements in the alloy. In addition,
the percentage error involved in Ii'(K) is about
10%. It is, therefore, not surprising that both
the x~ray results which agree rather well amongst
themselves are in slight disagreement with this
calculated curve.

Distribution Functions of the Alloys
The reduced distributions
Gr) =4mr[p(r) - p,)

of the alloys (see Fig. 1) resemble those of pure
liquid metals. The interatomic distances 7,

obtained from the peak maximum positions of the
first peak in the radial distribution function

4772p(r) have the same value 2.7 A at all measured
temperatures. The coordination number n decreases
from 12 at 800°C to 10.5 at 1160 C. In the region

of small 7, i.e., below »=2 A, the G(») functions
were refined after Kaplow et al. 19

Electronic Transport Properties

The application of the Faber-Ziman theory?® for
the calculation of the electrical resistivity in liquid
binary alloys requires a knowledge of the matrix
elements of the pseudopotentials of the ions U; (&)
and the three partial interference functions Il](K)
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FIG. 4. Comparison of the elastically scattered
intensity 1,[(sin6)/A] per atom from the Cu-Sn alloys
near the melting points. The solid curve denotes the
present curve for Cu—22.5 Sn at 860°C. The dashed
curve denotes the x-ray measurement of Williams and
Orton!” for CugSn. The dashed-dotted curve denotes
the calculated x-ray scattering pattern of Enderby et al.1®
for CusSn.

of the alloy. The resistivity PR is given by the
relationt

p =1 2)/ (% L)) VE)I®y )
where (|V(K)|®)=4 fol v &)1 (ﬁe&—)sd<§§;)

and
V&)= U2y - (U’

+Ez. Ej ;¢ U; () U; (K)IZ.]. ().

With the assumption that the pseudopotentials are
local and dependent only on the magnitude of K,
the well-known expression for the thermoelectric
power results:

'nsz IV(2k )
=" 3re1E, \2 72 <lV(K512> 5)

In the above expressions Z is the effective valence
of the alloy, kp is the Boltzmann constant, and &
and Er are the Fermi radius and energy, respec-
tively, of the alloy. The U;(K) used in the expres-
sions above are dimensionless and have been
normalized so that U;(0)=-Z2;/Z. Furthermore
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the potentials are taken to be independent of alloy
concentration and are derived from the Animalu-
Heine model pseudopotentials U; AH{K) for the
pure elements as follows:

7, () =0, A w)(z, / 20/ $E ), (6)

Here (E); is the Fermi energy and Z; is the
valence of element i, Previously!? the values
U;P(K) defined as

k
P AH . p, 2 F
Uz' (K)—Uz (K)E:—gEF m Uz'(K) (7)

have been used in the calculation of pp. The term
2Ep appears in Eq. (7) because the value of

[# E ]2 was previously'® not factored out of

(1 V(K)1?) as done in Eq. (4) above. Assuming
that U; (K) [Eq. (5)] is insensitive to changes in
temperature, the values of U (K) chosen will af-
fect the absolute magnitude of the predicted re-
sistivity pp, but not its over-all temperature de-
pendence,

In the evaluation of pg [Eq. (3)] and @ [Eq. (4)],
one should know the partial interference functions
I (K) in addition to the pseudopotential elements
U; (K). If the atoms in the alloy are randomly dis-
tributed, i.e.,

In(K) =Izz(K) =I12(K) =I(K),

the measured I(K) may be used; i.e., the sub-
stitutional model as proposed by Faber and Ziman®
might be applicable. It has been demonstrated
_earlier!?!? that one can employ this model with
reasonable success to a large number of liquid
binary alloy systems where the three partial
interference functions are not known. This pro-
cedure yielded encouraging results for liquid
Hg-TI1 and Ag-Sn alloys. ‘2 Small differences in
the actual values of the predicted resistivity were
found when using the total and the three partial
interference function in the case of Ag-Sn alloys. 8
But the overall variation of pp as a function of
concentration was in very good agreement with
the experimental results of Roll and Motz. *©
Ashcroft and Langreth!* have reached a similar
conclusion when using their theoretically computed
interference functions from the Percus-Yevick
equation, together with their model pseudopotentials.
As mentioned earlier, a study of the tempera-
ture dependence of I;; (K) is extremely difficult.
Consequently, we have chosen the total interference
function I (K), which is a weighted sum of the three
I;; (K), for the evaluation of ihe electrical resis-
tivity pp [Eq. (4)] and the thermoelectric power
Q [Eq. (5)]. The total I(K) of Cu-Sn alloys with
20 and 22. 5 at.% Sn are heavily weighted by Icycu
(K) and Icysn (K) [Eq. (3)], whose positions
K, of the first maximum occur roughly at the same
K values as shown by Enderby et al.'5 There-
fore it is assumed that the temperature depen-
dence of I;; (K) is faithfully reproduced in I (K).
The pseudopotential elements of Animalu® for
Cu and Animalu and Heine?! for Sn have been used

in the calculation of p R and @, which are plotted
in Fig. 5 as a function of temperature 7. Also
shown are the macroscopic densities p, deter-
mined from the data of Bornemann and Sauerwald, 22
and the Fermi diameters 2k used in the calcu-
lation of the electron transport properties. Both
PR and @ show a negative temperature coefficient
in‘agreement with the experimental data for PR
of Roll and Motz!° and for @ of Howe.?® The
difference in magnitude between predicted and ex-
perimental values is probably due to the uncer-
tainties in the pseudopotential elements U; (K)
of Cu and Sn in the alloys. Another possible
source for the discrepancy might be the use
of the total interference function rather than
the partial functions I;; (K). If we were to as-
sume that I;; (K) are independent of concentra-
tion as suggested by Enderby ef al. !¢ and Halder
and Wagner!® we can use the experimentally deter-
mined* I, (K) to calculate py, at the liquidus
temperature. A value of p, =:83 u2 cm is then
obtained which is slightly larger than the experi-
‘mental value of 74 uQ cm., Ashcroft and Lan-
greth!* calculated a value of 63 2 cm for the
electrical resistivity using their theoretical
interference functions for Cu-20 at.% Sn alloy.
The thermoelectric power @ is very sensitive to
the value of U; (2kp). It is, therefore, not sur-
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FIG. 5. Electrical resistivity pp and thermoelectric
power @ for liquid Cu-Sn alloys with 20 and 22.5at. % Sn.
The closed circles are the experimental points of Roll
and Motz® and Howe, % and the open circles and crosses
are the predicted points from the present analysis.
Values of the macroscopic density p 2! gnd the Fermi
diameter 2k are also given.
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prising that the discrepaney in sign of @ appears.
If we were to choose U; P(K) as given in Eq. (7),
values between Q@ =2.8 uV/°K at 860°C and

1.8 pV/°K at 1160°C are calculated for the
Cu-22,5at. % Sn alloy which are in better agree-
ment with Howe’s data? of 4.5 uV/°K

CONCLUSIONS

The temperature dependence of the total inter-
ference function I (K) has been measured between
temperatures 7'=800 and 1160°C for Cu-Sn alloys
with 20 and 22.5at.% Sn. These alloys show a

negative temperature coefficient of the electrical
resistivity pg. As shown by Busch and Gun-
therodt, !! alloys whose interference functions have
a first peak maximum at K values close to the
Fermi diameter 2k possess a negative dpR/d T.
Applying the Faber-Ziman theory® and assuming
that the temperature dependence of the partial
interference functions which describe the atomic
arrangement in the alloys is faithfully reproduced
in the total interference function, values of the
electrical resistivity and thermoelectric power
have been calculated which are in good agreement
with the experimental values of Roll and Motz!°
and Howe, 2® respectively.

*This investigation was supported by the U.-S. Atomic
Energy Commission.
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