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Thermal Vibrations of Atoms in Ag-Cd and Ag-Zn Solid Solutions

By V.VALvOoDA
Department of Solid State Physics, Charles University, Prague,* Czechoslovakia

(Received 14 February 1969 and in revised form 30 May 1969)

From X-ray measurements at room and low temperatures it was found that the characteristic tempera-
ture @ of the system Ag—Cd decreases by about 17°K in the concentration range from 0 to 30 at.% Cd.
For the system Ag-Zn no systematic change of @ with increasing concentration of Zn was observed.

Introduction

The temperature dependence of the intensity of X-ray
Bragg reflexions from solids can be described by the
Debye-Waller factor exp (—2M), which contains the
characteristic temperature €, a parameter charac-
terizing the material.

The present paper describes measurements of the
integrated intensity of reflexions from the face-centred
cubic metallic solid solutions of cadmium or zinc in
silver; these measurements lead to a determination of
their characteristic temperature and its dependence on
concentration. These alloys are interesting from the
following point of view. Measurements of the lattice
specific heat and the elastic moduli, Cy, of a-phase
alloys of the noble metals near 0°K suggest a change
in characteristic temperature @ which is, according to
Collins (1967), a function only of the electron/atom
ratio for solutions whose ion cores are isoelectronic
with the solvent; i.e. for the two series of Hume-
Rothery alloys for example:

Number of valency electrons

1 2 3 4 5

Cu: Zn Ga Ge As
Ag: Cd In Sn Sb

In our case both cadmium and zinc atoms have two
valency electrons and hence the valency effect is the

* Praha 2, Ke Karlovu 5, Czechoslovakia.

same in both alloys. On the other hand the ion cores of
cadmium atoms are identical with the ion cores of
silver atoms, whereas the ion cores of zinc atoms are
identical with the ion cores of copper atoms. The same
valency effects in both systems enable us to determine
the influence of the other factors: the different atomic
masses of Cd and Zn and the opposing dilatation
effects during the substitution into the silver crystal
lattice.

Experimental

The measurements were carried out at room and liquid
nitrogen temperatures with an URS X-ray diffrac-
tometer with the use of monochromatized Cu Ko ra-
diation and a Geiger counter.

The samples were cooled in a vacuum chamber* by
contact with a copper reservoir filled with liquid
nitrogen. The temperature of the sample was deter-
mined by means of a thermocouple; the accuracy of
the temperature determination was estimated to be
about +4°K.

Solid solutions Ag-Cd and Ag-Zn were prepared
and homogenized by annealing for about 24 hours in
vacuumatatemperature of 650 °Caccording to Birchenal
& Cheng (1949). By filing and subsequent grinding a
fine powder was obtained. The effects of the deforma-
tion of the material were removed by a further anneal
for 3 hours in vacuum at a temperature of 500°C. From

* For a description of this low temperature camera see
Valvoda (1969).
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standard back-reflexion photographs it was found that
the crystallites were sufficiently small and no noticeable
broadening of the reflexion lines was observed. The
powder was pressed into small copper blocks to form
a flat surface for the measurements.

The reflexion lines measured were 111, 200, 220, 311,
420 and 422. The intensities were chart-recorded, with
an angular velocity 20 of the Geiger counter. The re-
corded reflexion lines were planimetered assuming a
straight line background. The resulting areas represent
the integrated intensity in arbitrary units.

Methods of calculating ® and u2

(a) Room temperature measurements

The mean-square displacement #? and @ values at
room temperature were determined from the measured
values of integrated intensities I7 of diffraction lines
with Z#? from 3 to 24 according to the relations

, dn2y?
and
L3R T 1 7.,
In IT— W [@ + ?6?] Zh“*"ln cr, (2)

where I7 is the measured intensity divided by the usual
factors (Lorentz, polarization, multiplicity and the
square of the atomic scattering factor), a is a lattice
constant, m the atomic mass, # the Planck constant,
k the Boltmann constant, T the temperature and cr
the constant on the absolute intensity scale. The second
formula is valid for temperatures 7> ©/6 (for evalua-
tion see for example Valvoda, 1968). The slope of the
linear plot of In I; against Th? yields the u?2 and ©
values.

Atomic scattering factors corrected for dispersion
were used to calculate the I7 values from the measured
integrated intensities Jp. The absorption factor was
constant in our arrangement. In the case of solid solu-
tions the weighted-mean values of the atomic mass and
atomic scattering factor were used.

(b) Measurements at room and low temperatures

The low temperature measurements were carried
out at 85°K. Let 7,=293 and 7;=85°K. From equa-
tion (2) it follows that

n fn _ 3 [_1_ (I{ + L )
I, mk laz\@2 = 36T,
1 Ty 1 2
a—%(?% + ﬁl- )]Zh,+lnc 3)

where I7, and I, are the measured intensities divided
by the factors cited above at the low and room temper-
atures respectively (the difference between these factors
at 7| and T3 is caused by the small change of Bragg
angle if T changes from T, to T;). The temperature
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dependence of @ was taken into account in the follow-
ing manner. It was found by Michalchenko & Kushta
(1963) that the temperature dependence of @ for such
elements as for example Al, Ag, Pb, Cu and Fe was
well described by the relation

dln @
any _ 4
T =28 @
where y is the Griineisen parameter and f the coeffi-
cient of volume expansion. According to equation (4)
we can express @, (the low temperature value of @) as

0,26, exp 2yB(T,— T1)=0,C &)

where we assume C to be a constant. It is convenient to
express the value of the lattice constant a; at the low
temperature 7; in a similar manner:

a1=a,.g8 ©)

where g is given by the ratio of the experimentaly
determined values of g, and a,.

Taking @, and a; according to (5) and (6) and sub-
stituting in (3) we obtain

o
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Fig. 1. The dependence of In ;,;5 and In I’z on A2 for the
2
alloy Ag-23-8 at.% Zn (T1=85°K; T>=293°K).
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I, 3 1 T,
3 = st |7 (B~ Fe)
171 1 ,
11 nec.
+ 5 (T2 gZTI)]Eh,+ ne. (1)

The slope of the linear plot of In >

TL against TH?
Iy,
yields @,, the value of @ corresponding to room
temperature. The values of »2 can be obtained from
the © values by means of the relation

, 31T 1
%S Tk [@2 + 36T] ®
as follows from equations (1) and (2).

For the Ag—Cd and Ag-Zn solid solutions the values
of y and g for pure silver were used. Lattice constants of
silver and solid solutions of given concentrations were
taken from Pearson’s (1958) handbook.

The second method described uses the ratio Ir,/Iz,
which is much less sensitive to extinction and to the
presence of static displacements of atoms, and almost
independent of preferred orientation, misalignment of
the specimen and the atomic scattering factor. The first

20 | | I
Ag -Zn Green
220 -]
-Cd Mont,
& and ggrgﬁrsy
X T
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& L \\\ [
~
~
1 200__ 1 \\\ p—
® ~
\\
~
0 Ag-2Zn S N
o Ag-Cd h
190 ]
| | |
Ag 10 20 30
atZcd or Zn

Fig.2. The concentration dependence of @ values for Ag-Cd
and Ag-Zn solid solutions. The full lines are dependences
determined by Green (1966) and Montgomery & Pells (1967)
from specific heat measurements near 0°K.
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method, on the other hand, yields the @ values without
any additional assumption concerning the temperature’
dependence of @. Thus the two methods complement
each other.

Results and discussion

The results of the calculation of @ and u2 are given in

Table 1 in terms of @, and (u2),, the values
corresponding to room temperature.

Table 1. u? and @ values at room temperature

The errors are a result of the scattering of points along a
straight line.

w2)2 . 102 0,

Method (A2 CK)
Ag A 0-87 +0-06 213+6
B 0-92+0-05 207+4
] A 0-87+0-05 212+5
Ag- 88 at.% Cd B 0-98£0-04 200+3
) A 0:94+0-03 205+3
Ag-14-9 at.% Cd B 0-94+ 0-06 204+7
) A 1-01 £0-05 198+5
Ag214at.% Cd 1-00 £ 0-04 197+4
] A 1:02+0-02 197+2
Ag—30 0 at.% Cd B 1-09 + 0-05 188+5
. A 0-94+0-03 209+4
Ag-9-5 at.% Zn B 1:03+ 004 199+4
A 094 +0-04 212+4
Ag-15-1 at.% Zn B 0-97 +0-03 209+ 4
4 098 +0-03 211+4
Ag-23-8 at.% Zn B 100+ 0-03 209+3
. A 1:00 £0-02 212+3
Ag-29-5 at.% Zn B 0-96+ 0-06 216+8

An example of a graphical representation of the

, I T
dependence of In /7 and In -If‘- onXA?isgiveninFig. 1.
T2
During preparation of the samples great care was
taken to avoid giving rise to the extinction effect: no
reduction in the intensities of low order reflexions was
observed (see for example Fig.1). The difference be-

tween the u2 values determined by the 4 and B meth-
ods lies within the limits of accuracy of our measure-
ments. On the basis of our experiments it is thus im-
possible to detect the presence of static displacements
of atoms should they really exist in our systems. How-
ever, because the difference in the atomic radii of the
components is lower than 4% and 7% in the Ag-Cd
and Ag-Zn alloys respectively we expect a negligible
value of static displacements.

It should be noted that the values of @; determined
from the low temperature measurements only suffer
from a relatively large error arising from the small value
of the slope of the In I7, versus Lh} lines. These values
are therefore worthless for our purposes.

In Fig.2 the values of @ averaged over the values ob-
tained by the 4 and B methods are plotted. The vertical
bars represent the values of the standard deviations.
Apart from uncertainties in individual @ values it is
evident that in the system Ag-Cd € decreases by
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about 17°K in the concentration range from 0 to 30
at.% Cd. For the system Ag-Zn no systematic change
of @ with concentration of Zn was observed. The
same behaviour for @ of these systems was found by
Montgomery & Pells (1967) and Green (1966) from
measurements of specific heat near 0°K (full lines in
Fig.2). The difference between X-ray and specific heat
© values on the absolute scale is caused by the different
averaging of the frequency vibration spectrum ia the
two methods, together with the temperature depen-
dence of @. It is also interesting to note that the appli-
cation of the well known Lindemann formula for both
systems gives results which agree with our measure-
ments if we take the solidus lines as melting temper-
atures.

The electron concentration, as a number of valency
electrons per atom, increases with increasing concen-
tration of solutes at the same rate in both systems. We
can check the change of © with concentration according
to the proportionality

O~ Vz Slew)
m

which follows from the De Launay (1956) formula for
@ of cubic metals near 0°K, a is a lattice parameter,
m is the atomic mass and f(c;) is a unique function of
the elastic constants c¢;;, tabulated by De Launay. In
the case of solid solutions we take m=c4sm4+cpms,
where ¢4 and cp are the atomic concentrations and
m4 and mp the atomic masses of components 4 and B.
We suppose that the main reason for the different
behaviour of @ag—ca and Oag_zn is the decrease in the
mean atomic mass in Ag-Zn solid solutions with in-
creasing Zn concentration. The atomic weight of
Cd (112, 41) is comparable to the atomic weight of
Ag (107, 88), whereas the atomic weight of Zn (65, 38)
is much smaller. The change of lattice constants in the
two systems is in the opposite sense but in the range of
concentrations studied it is smaller than 2%. If we
compare O ag—zn and @ag—cq for any given concentra-
tion of Zn or Cd we have, according to (9)

- V [f(ciy)lag-zn
[f(cep)] ag—ca

©)

QAg—Zn
O arg—ca

AAg-Zn
dAg—-Cd

Mag-cd
MAg—Zn

. (10

ATOMS IN Ag-Cd AND Ag-Zn

For 30 at.% Zn or Cd

Ors-n
O ag-ca

[f(cip)] ag—zn

I g 11

[f(cin)lag-ca (n
because aag-zn=4'018 kX, aag—ca=4"144 kX, mag—ca
=109-26 and mag-zn=94-5. The ratio of the specific-
heat values of @ag_zn and Gag-ca (measured near
0°K) for 30 at.% Cd or Zn gives 1-064 and we see that
we can neglect the difference in the change of the f
functions. It is thus possible to ascribe the difference in
the behaviour of @ of both systems mainly to the dif-
ferent rate of change of the mean atomic mass with
concentration. The same valency effect in the two
systems is then expressed by an approximately equal
change in the f functions which depend, through the
elastic constants, on the number of valency electrons.

=1-058 .

Conclusions

From our X-ray measurements we have found that
with increasing concentration of solute atoms in the
systems Ag—Cd and Ag-Zn the characteristic temper-
ature @ decreases by about 17°K in the former system
and is practically constant in the latter system in the
range of concentrations from 0 to 30 at.% of solute.
This different behaviour of @ in the Ag—-Cd and Ag-Zn
solid solutions is ascribed mainly to the different atomic
weights of Cd and Zn atoms because the valency effect
is the same in both systems.

References

BIRCHENALL, C. E. & CHENG, C. H. (1949). Trans. A.I.M.E.
185, 428.

CoLLINS, J. G. (1967). Phys. Rev. 155, 663.

DE LAUNAY, J. (1956). Solid State Physics, Ed. F.SEITZ &
D.TURNBULL, Vol.2, p.285. New York: Academic Press.

GREEN, B. A., JR (1966). Phys. Rev. 144, 528.

MICHALCHENKO, V. P. & KuUsHTA, G. P. (1963). Ukr. fiz. J.
8, 7, 779.

MonTGoMERY, H. & PELLs, G. P. (1967). Proc. Roy. Soc.
301, 261.

PearsoN, W. B. (1958). A Handbook of Lartice Spacings
and Structures of Metals and Alloys. Oxford: Pergamon
Press.

VALVODA, V. (1968). Czech. J. Phys. B18, 150.

VALVODA, V. (1969). Cs. éas. fys. A19, 533,



