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he phase diagram of the system Cu-Ce has been determined by Hana-

mann!. He concluded from a thermal investigation of Cu-Ce alloys that four
intermediate compounds exist, namely CugCe, Cu,Ce, Cu,Ce and CuCe. In
the present paper, an X-ray investigation of alloys with cerium contents of 25
atomic percent will be reported.

The copper used in the investigation was obtained from Boliden Mining Co. and had a
purity of 99.99 9%. The cerium was less pure. A preliminary spectroscopic investigation
showed that the chief impurities were Fe and Mg, and smaller amounts of Mn and Ca.
The chemical analysis gave the following values: Fe: 0.9 9%; Mg; 1.2 %; Ca, Mn < 0.1 %,
Another sample of Ce used in the alloys from which single crystals of CugCe and Cu,Ce
were obtained, showed a considerably lower Mg content of 0.5 9%,.

The analysis of Ce was carried out in the following way: Ce was precipitated as oxa-
late, and re-precipitated twice. The Fe was precipitated with NHg + NH,CI, the preci-
pitation dissolved and precipitated again, and determined as Fe,O;. Mg was determined
as phosphate in the filtrate. 1.27 9 Mg was obtained in this way. To avoid some of the
reprecipitations, another method was also tried and with satisfactory results. With this
latter method the solution containing Ce, Fe, and Mg was passed through an ion exchange
‘column with Amberlite IR 120. Sufficient ion exchanger was used so that 95 % of Ce
was absorbed. A qualitative analysis of the absorbed Ce showed no traces of Feand Mg.
The remaining Ce was precipitated together with Fe with NH; + NH,Cl, and Mg was
determined in the filtrate as phosphate. 1.10 9% Mg was found by this method, which
was also used for the second sample of Ce.

The alloys were prepared by melting together Cu and Ce in evacuated
gilica tubes. The molten alloys were shaken vigourously. They were then
rapidly quenched and the ingots annealed for 1—2 weeks. Filings were taken,
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avoiding the surface layer of the ingots, which contained some oxide. The
filings were then annealed again.

The Cu Phase

The cube edge of the Cu used in the investigation was a = 3.615 4 0.002 A.
(Cr-K radiation. K, = 2.28962 A, powder photographs in focussing cameras)
agreeing satisfactory with the precision value for pure Cu of @ = 3.6152 A 2,
Powder photographs of alloys in the two phase region Cu 4 CugCe, annealed at
770°, showed a Cu-phase with — within the limits of the errors in the deter-
mination — the same cell dimensions. Assuming Vegard’s law to be valid,
we can estimate that the solubility of Ce in solid Cu is < 0.5 atomic %, at
this temperature.

The CugCe Phase

It was found to be very difficult to attain equilibrium for alloys with 10— 20
atomic 9, Ce. In spite of prolonged melting-time and prolonged annealing
(several weeks sometimes proved insufficient), the x-ray examination showed
for some alloys the presence of three phases: Cu and two intermediate phases.
In other cases, different part of an ingot gave widely different powder photo-
graphs. Thus the composition of the first intermetallic phase in the system
could not be deduced from the powder photographs. Single crystals of the
phase could, however, be picked out under the microscope from an ingot with
17 atomic 9, Ce. Two samples of about 10 mg were analysed, and the follow-
ing values obtained:

Observed weight 9,k Cu: 72.2 Ce: 27.1
Calculated for CugCe: 73.2 26.8

Cu was determined by electrolysis. As there was some indication in the literature,3
that Ce might disturb the Cu electrolysis, some control experiments were carried out.
Samples with known amounts of Cu and 50 respectively 756 9, Ce were electrolyzed. How-
ever, the added Cu amount was always completely recovered. Ce was precipitated after
the electrolyses as oxalate and weighed as oxide.

Because of the difficulty in obtaining homogeneous samples, it was difficult
to obtain a reliable value for the density. However, determinations on several
samples indicated a value of 8.0. Preliminary cell dimensions from rotation
and Weissenberg photographs were refined from powder photographs (Cr-K).
The following orthorhombic unit cell was obtained:

a = 8.08 A b=509 A c=10.17, A
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The reflexions in the range sin 2 @ = 0.07—0.50 are listed in Table 1. .

Table 1. Powder photographs of CugCe Comparison between observed and calculated sin26r
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Assuming 4 formula units CugCe in the unit cell, a density of 8.27 would be-
expected, in plausible agreement with the observed value of 8.0.

The reflexions in the Weissenberg photographs (Cu—K) registering hk0, hkl, hOL,.
and h1l reflexions indicated that the space group is Dy)18 — Pnma, provided that the struc-
ture is centro-symmetric. With this space group the four Ce atoms must be placed in.

b
4(c):}2, because in the other four-fold positions the atoms are placed only 7= 2.55 A.
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-apart, which is improbably short for a Ce—Ce distance (rce = 1.8 A). Because of the

b
mirror-plane perpendicular to b, the atoms in the general positions will be 9 =2.55 A,

this implies that the y parameter must be close to 0 for atoms in the general position.
For the atoms with y = 0 (thus for those in the general position and in 4(a) and 4(b))
the structure factor of the reflexions 20 is equal to zero, when k is odd. The Weissenberg
photograph hk0 shows, however, that some of the reflexions k10 are in fact stronger than
those with % even. This indicates that not only the Ce atoms but also some of the Cu
.atoms must be placed in 4(c). Consideration of the intensities of the reflexions 0k0
indicates that eight Cu atoms are placed either in 4(a) + 4(b), or in 8(d) with y ~ 0,
-and four Ce atoms + sixteen Cu atoms in the position 4(c) with y = }. The structure
-determination thus involves the determination of five or six # parameters and an equal
number of z parameters, but attempts to solve the problem have so far been unsuccessful.

The Cu,Ce Phase

Single crystals of this phase were easily obtained from alloys with 20—25
-atomic 9, Ce. The hexagonal unit cell determined from powder photographs
{Cr-K radiation) has the dimensions @ = 5.150 4 0.002 and ¢ = 4.102 4-
'0.002 A. There were no systematic extinctions in the Weissenberg photographs.

It was easily found that the observed intensities corresponded to a structure
-of the same type as Zn;Ca#, and it was therefore inferred that the formula of
‘this Cu-Ce phase was Cu;Ce. However, at this stage of the investigation a
paper appeared by Heumann ® on the composition of this phase. Heumann
-concludes from a microscopical investigation of alloys that the composition of
the phase is Cu,Ce and he assumes that the unit cell, for which he gives the
dimensions ¢ = 5.131 kX ¢ = 4.124 kX, contains 1.2 formula units, thus six
atoms. This indicates that 0.2 Ce atoms are placed in one or both of the Cu
positions (see below) together with 4.8 Cu atoms. Because of the large dif-
ference in atomic radii (ro, = 1.25, ro, = 1.8 A) this seemed rather improbable
but further investigation confirmed Heumann'’s results.

Because of the difficulty in reaching equilibrium for alloys containing this
phase, too, the analysis was carried out in microscale on selected single crystals
by the same method as for CugCe. The following values were obtained:

‘Observed weight %,: Cu: 64.2 Ce: 35.5
Calculated for Cu,Ce: 64.47 35.53

As for CugCe, a reliable determination of the density was difficult, but deter-
minations on different samples placed the value at about 8.0. With 1.2 Cu,Ce
in the unit cell the calculated density would be 8.36 and with 1 Cu,Ce in the
cell 6.95. Obviously the six atomic positions in the cell are completely or very
-near completely filled with atoms. The arrangement of the atoms is:
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Table 2. Weissenberg photographs of Cu,Ce. Comparison between | Fops | and | Foyc | -
Cu-K radiation.

hkl | Fobs| | Feac] hkl [ Fovs| | Feae|
001 25 26 111 83 109
002 182 147 112 50 58
003 33 20 113 116 80
004 166 102 114 83 43
005 30 15 115 91 61
100 7 1 220 66 114
200 75 88 221 17 19
300 45 55 222 66 105
400 50 62 223 17 16
500 13 2 224 116 86
101 43 49 330 17 41
102 0 2 331 33 65
103 66 35 332 33 38
104 7 3 210 . 0 3
105 35 21 211 18 39
201 31 39 212 0 3
202 70 83 213 17 31
203 36 21 214 15 2
204 75 57 310 0 4
301 106 87 311 0 33
302 45 49 312 0 3
303 99 73 313 13 29
304 73 41 314 8 3
401 15 26 410 26 44
402 35 57 411 55 70
403 13 23 412 20 41
501 18 28 413 83 61
502 10 3 510 0 3

" 110 50 70 511 31 26

Space group Dy,

Ce in 1 (a): 000 0.2 Ce + 4.8 Cu in 2 (c): 1%30; 310 + 3 (g9): 30%; 03}; 343,
The Ce atoms may obviously be placed either in 2(c) with only Cu atoms in 3(g), or

in 3(g) with only Cu atoms in 2(c), or in both positions. The effect on the intensities is

however too slight to enable a conclusion to be drawn as to which of these three arrange-

ments is correct. Table 2 gives the observed and calculated F-values, assuming the Ce
atoms to be statistically distributed among the Cu atoms.

The interatomic distances are:

(Cu, denotes an atom in 2 (¢), Cu, an atom in 3 (g).)
7
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Fig. 1. CuyCe. Projection on the xy
O plane of the structure. The figures de-
—— e, note the height of the atoms in percent-
01235 4 54 Ce (u ages of c.
Ce— 6 Cu, = 2.973 A + 0.002; Cu;—3 Ce = 2973 A 4+ 0.002;
Ce—12 Cuy = 3.292 » » Cu,—3 Cuy = 2.973 » »
Ce— 2 Ce = 4.102 » » Cu;—6 Cu, = 2.533 » »

Cu,—4 Ce = 3.292 £ 0.002 &
Cu,—4 Cu, = 2575 A
Cu,—4 Cu, = 2.533 »

As will be seen, the coordination number of the Ce atoms is twenty
(Fig. 1).

The Relation between Bond Number and Atomic
Radii for the A/B Structure Type

It is of some interest to discuss the relation between bond number and
radius recently put forward by Pauling ¢ for the A;B structure type, partly
because of the high coordination number of the B atoms and the large con-
traction in A;,—B distances, and partly because of the astonishing deviation
from the ideal formula for some phases belonging to this structure type.

The equation used by Pauling is: R(1)—R(n) = 0.300 log n. R(1) and
R(n) are the radii corresponding to the bond numbers 1 and n, respectively.
The bond number # is defined as the number of shared electron pairs in the
bond.
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The following table gives the cell dimensions of all hitherto investigated A/B phases.
The original values are probably all expressed in kX units and have been transformed
into A units.

a c
CogCe 4.955 A - 4.055 A Heumann 5
CozTh 4.950 4.039 »
Ni Ca 4.960 3.948 Nowotny ?
Ni;La 4.962 4.008 »
NigCe 4.874 4.004 »
Ni Pr 4.948 3.973 Fiilling 8
NizCd 4.91 ‘ 3.99 Endter, Klemm ?
Ni;Th 4.921 3.990 Heumann 5
Cu,Ca : 5.107 4.073 Nowotny ?
(CuggLags)La . 5.169 4.116 »
(Cuyg gCey5)Ce 5.150 4.102 this paper
ZngCa 5.382 4.250 Nowotny?
Zn,La 5.427 4.225 »
Zng(Th ¢Zng.a) 5.247 4.451 y 10

Somewhat different values have been given for Cu,Ca and Zn,Ca by Haucke ¢ with
a = 5092 A, c =4.086 A, and a = 5.416 A, ¢ = 4.191 A, respectively.

From the values in the above table, the interatomic distances in the A;B
phases have been calculated. These distances have been compared with distan-
ces calculated from Pauling’s equation assuming the values of the metallic
valency V, which are shown in Table 3. The radii of the metals used in the
calculations are taken from Pauling ® and transformed into A units.

The following table gives the B—6 A distances in the A;B phases compared
with those calculated in this way. As will be seen, differences ranging from
0.5 to 0.1 A are obtained.

The small differences in electronegativity for the A and B metal — of the order
0—1.2 units — makes it rather improbable that there is an appreciable amount of ionic
character in the bonds, as was assumed by Dehlinger, Nowotny et. al. (see (13) and (14))
in several alloys, especially those containing alkali atoms. In fact, the direction of the
electron transfer, which probably takes place in these phases ( from the A atoms to the
B atoms, see below) will decrease these differences in electronegativity and thus the
amount of ionic character in the bonds still more.

The effect of an electron gain or loss on the two kinds of atoms was now
considered. Pauling assumed that the gain of an electron for a calcium atom
results in an decrease in radius (because of dsp hybridization) slightly less
than the difference r(1)Ca—r(1)Scé. If we follow this suggestion, the following
radii would be expected:
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Table 3.
Cog Nig Cug Zng
Va > 5.78 5.78 5.44 4.44
Vs
4 2.864 A 2.949 3.107
Ca 2 3.349 3.352 3.411
— 0.485 — 0.403 — 0.304
2.866 2.984 3.133
La 3 3.160 3.181 * 3.258
— 0.295 — 0.197 — 0.125
2.860 2.814 2.973
Ce 3.2 3.095 3.087 3.116 *
— 0.234 —0.273 —0.143
2.857
Pr 3.1 3.108
— 0.251
2.835
Gd 3 3.076
— 0.241
2.858 2.841 3.039
Th 4 3.043 3.039 3.104 *
— 0.185 — 0.198 — 0.075
+ 1 electron -+ 2 electrons
r(1)Ca: 1.739 A 1.46 A 1.34 A
r(1)La: 1.693 » 1.44 »
r(1)Th: 1.655 » 1.50 »

The effect of the electron loss on the A metals is small and — as it probably
amounts only to 0.02—0.04 A — has been neglected (see below).

A—B distances corresponding to the addition of one and two electrons to
the B metals were now calculated from these radii and the new values for
valencies and bond numbers. Thus we obtain for Ni;Ca:

+ 1 electron n; = 0.305;
+2 »  n, = 0.410;

Ca—6 Ni; = 1.46 4+ 1.15—0.6 log n, = 2.94A
Ca—6 Ni; = 1.34 + 1.15—0.6 log n; = 2.74 A

It
I

* Celculated for the ideal composition A;B. See p. 715.
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As will be seen from Table 3, the actual value observed is 2.863 A. Inter-
polation between the values for + 1 and + 2 electrons gives a gain of 1.4
electrons.

The electron gain were calculated in the same manner for the Ca, La, and
Th phases. The results are collected in the table p. 12.

Attempts were made to find whether a relation exists between the dif-
ferences in electronegativity and the contractions. As the electronegativity
for Cu is probably higher than both that for Ni and that for Zn 11; 12 whereas
the contractions steadily decrease in the series Ni—Cu—Zn (with thesame
B partner), there seems to be at least no simple relation between the electro-
negativities and the contractions (see the table below). It must, however, be
remembered that the electronegativity values are very approximate.

r
It seemed possible that the relative size of the atoms r—B was of importance
A

for the magnitude of the electron gain of the B atoms. The quotients %B—,

A
calculated with the radii for 18 coordination for the B atom and 12 coord-
ination for the A atom, and also the differences in electronegativity n, —mngy
have been collected in the table below together with the values of the electron
gain g of the B atoms:

Ni Cu Zn
g 1.4 1 0.7
Ca ralTa 1.625 1.584 1.466
Ny —ny 0.8 1.2 0.2
g 0.9 0.6 0.4
La rB/7A 1.589 1.549 1.433
Np—nNp 0.6 1.0 0
g 0.9 0
Th r8/7A 1.558 1.519 1.406
Np—ng 0.6 1.0 0

As will be seen, the values of the electron gains and those of the relative
size of the atoms decrease in the same way for the listed compounds. Thus it
seems, that the relative size of the atoms in the A;B alloy is the dominating
factor in determining the amount of electron transfer, though of course the
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difference in electronegativity may also be of importance. An investigation
of the contractions of the interatomic distances in the Laves’ phases of the
C 15 structure type shows, that for them this latter factor (the difference in
electronegativity) is the most important, though the influence of the relative
size is obvious also in that case (Bystrom and Kierkegaard to be published).

It was first assumed that this electron gain was proportional to the difference in
valency. We can then calculate the gains from the value in NizCa from the formula

Va—V
g=14 —27 "% The following values are obtained:
Vni—Vea
Ni Cu Zn
Ca 1.4 1.3 0.9
La 1.0 0.9 0.5
Th 0.7

As will be seen, the agreement between the two sets of values may indicate a relation,
s suggested. However, the further study of the Laves’ phases indicated no such relation,
and the agreement between the two sets of g values is probably accidental.

The gain of 0.5— 1.4 electrons by the B atoms corresponds to a mean loss of 0.1—0.3
electrons by the A atoms. As is apparent from a comparison between the radii of the
transition metals, this loss has a comparatively small influence on the interatomic distan-
ces: an increase in the A—A distances of some few hundredths of an A unit would be
expected. The increase actually found varied between — 0.02 and 0.10 A with a mean
value of 0.05 A, the smallest increase being found for the Zn alloys with also the least
amount of electron transition. It must, however, be observed that the cell dimension of
the A;B phases may not have the four figure accuracy assumed in the calculations of the
distances. A comparison of Nowotny’s and Haucke’s values (see p. 1000) shows differen-
ces as large as 0.06 A. A detailed discussion of the differences in observed and calculated
A —A distances is therefore hardly possible without a careful re-determination of the cell
dimensions.

The suggested electron transfer in the A;B phases may offer an explana-
tion of the deviation from the ideal formula observed for three of the alloys.
As we have seen, the electron gain of the B atoms leads to a partial equalisa-
tion of the metal valencies, and also of the metal radii. Thus the difference
between the ‘normal”’ metal radii of Cu and Ce is about 0.55 A but the electron
transfer diminishes this difference to about 0.2 A. The increase in the A radii,
which probably results from the occurence of Ce (and La) atoms in Cu posi-
tions, was not taken into account in the calculations of the A—B and A—A
distances. Assuming Vegard’s law to be valid, it amounts to about 0.02 A
and may be an explanation of the relatively large differences between observed
and calculated A—A distances for these two alloys (0.08—0.09 A).
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For the Zn—Th phase a solution of A atoms in the B atoms is
found (Nowotny 19), leading to the formula Zng(Thy¢Zn,,). This gives an
almost complete equilization of the metal valencies of the A and B atoms, the
values being 4.44 and 4.17 respectively. The quotient R(18),'R(12)s has a low
value and hence no or a very small contraction of the A—B distances is to be
expected. The apparent R(1) radius for the B atoms, derived from the obser-
ved A—B distances, is 1.59 A. The value expected from Vegard’s law (0.6
Ry, + 0.4 Ry) is 1.49, but this deviation is by no means unacceptable.

The assumption of an electron transfer from the A atoms to the B atoms
seems to lead to an explanation of the contraction of the A—B distances and
elongation of the A—A distances in the A;B phases. It is, of course, of interest
to investigate whether contractions found in alloys of other structural types
can be explained in a similar way. In a following paper the contractions on the
Laves’ phases of the C 15 structure type will be discussed.

SUMMARY

The cell dimensions and symmetry of two intermediate Cu—Ce phases,
CugCe and Cu,Ce, have been determined. Cu,Ce belongs to the A;B structure
type with a cell content of 1.2 Cu,Ce.

The interatomic distances in the A;B structure type are discussed. It is
shown that the amount of the contractions of the A—B distances is due to the -
relative size of the atoms and probably also to the difference in electronega-
tivity. An electron transfer from the A toms to the B atoms is shown to agree
with the observed distances. '

This investigation was supported financially by the Swedish Natural
Science Research Council.
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