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The gamma brass-like phase with the approxi-
mate composition Cu,,Sn,, is face centered
cubic, with a lattice parameter of ~17.96 A.
The space group is F43m. The structure may
be described in terms of four different types
of . *“cluster’’; each cluster consisting of an
inner tetrahedral, an outer tetrahedral, an
octahedral and & cubo-octahedral position.
The Sn atoms occupy one cubo-octahedral, one
octahedral and one outer tetrahedral position
of three different clusters, respectively. There
are no Sn~—Sn contacts in this idealized struc-
ture model. Some of the Sn atoms in the cubo-
octahedral position of the model may, in the
actual structure, be located at the inner
tetrahedral position of the same cluster and
at the octahedral position of the all-Cu cluster
of the model.

The Cu-—Sn system contains a y-brass-like
phase, called J, with face-centered cubic super-
structure. This phase, first described by West-
gren and Phragmén,! has a very narrow homo-
geneity range around 20.5 atom 9, Sn. Knodler ¢
investigated it by means of X-.ray powder
and Laue photographs and proposed a partially
ordered structure with the nominal composi-
tion Cu,,Sn, (20.6 atom 9, Sn), having a valence
electron concentration of 21 electrons/13 atoms.
He based the model on & description of the
related high-temperature y-phase, in which
all atoms were supposed to be situated at the
lattice points of the body-centered cubic
subcell (a~3 A). The shortest Sn—Sn contact,
4.2 A, in the y structure is the face diagonal
of the subcell. The ideally ordered y model
has the stoichiometry Cu,Sn, which lies within
the homogeneity range of this phase.

In the & phase, Cu,,Sn,, some copper has
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been substituted for tin, and Knédler assumes
this substitution to be completely random.
Furthermore, the atomic arrangement described
above is collapsed around the vacancies at
000 etc., 33} etc., 131 etc., and {1} etc., yielding
a normal y-phase structure, which may be
expressed in terms of atomic clusters: A, B, C,
D, centered at the sites mentioned. Each
cluster is built up of an inner tetrahedral (IT),
an outer tetrahedral (OT), an octahedral (OH)
and a cubo-octahedral (CO) point complex.*
In Knédler’s model, then, the IT position in
cluster C is occupied by Sn. Its position param-
eter (z=$}+0.0515), given by Kndédler, implies
an Sn — Sn distance of 2.6 A within this cluster;
to be compared with Schubert’s® tabulated
value: 2rg;=3.16 A,

Since it is possible to redistribute the atoms
in this model into a completely ordered arrange-
ment without Sn—Sn contacts and with a
stoichiometry approximating the experimental
value, we decided to collect single-crystal X-ray
data in order to compare the *‘improved’
model with Knédler’s original proposal. The
investigation is part of an inventory of possible
variations on the gamma brass structural
theme.*

EXPERIMENTAL

Weighed amounts of copper (granular,
Mallinckrodt Analytical Reagent) and tin
(E. Merck, Darmstadt) were melted together
in a sealed evacuated silica capsule at 1150 °C
for 24 h to a homogeneous alloy containing
20.6 atom 9, Sn. After the heat treatment
the capsule was quenched in water, reheated
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at 550°C for seven days and again quenched
in water. The density of the alloy specimen was
calculated from its weight in air and in benzene.

Guinier photographs were taken with CuKa,
radiation (1=1.54050 A) and with KCl (a
=6.2019 A) as an internal standard.® Single
crystal X.ray diffractometer data were collected
with a PW 1100 (Philips Automatic Dif-
fractometer) from an irregular crystal fragment
measuring approximately 0.05° mms3.

202 independent intensities (out of 260
measured), with o(I)/I<0.4, were used in
the final refinement. The measured intensities
have been corrected for absorption, with the
crystal assumod to be a sphere of diameter
0.05 mm (ur=4.3). Atomic scattering factors
were taken from Cromer and Waber? and
corrected for dispersion according to Cromer.®
Least squares structure refinements were
carried out with the program LALS on the
IBM 360/75 computer at the Stockholm Data
‘Center.

In the final stages of refinement Cruickhank’s
weighting scheme  with w=(1000+ 0.0002
|Fol?)t was employed. The extinction proved
to be negligible; an attempt to correct for it
resulted in extinction factors ranging between
0.98 and 1.00.

REFINEMENT AND RESULTS

The Guinier record could be completely
indexed on the basis of a face-centered cubic
lattice with a=17.9646(6) A at 20.6 % Sn
(¢f. Knsdler’s? value, a = 17.9550(3) A at 20.51 %,
Sn). The density and composition values yield
416+ 1 atoms per unit cell; almost exactly

=8 x 52. This is, thus, a gamma phase structure
without ‘“‘extra’ vacancies.

Both Knédler’s structure model and our
own proposal are formulated in space group
F43m (No. 216), but we started the structure
refinement with models of the ‘ordinary
gamma brass cell”, i.e. a subcell with a=8.9823
A. When we refined such a model in space
group I43m (h+k+l=4n), with all atoms
assumed to be Cu, very low values for Boy
and Bgg strongly indicated a preferred concen-
tration of Sn at the OT and OH sites. The value
of R=1003|IF,|—|FJI/S|F,] was 10 %.

On the basis of this first result we tested
several models with a stoichiometry approxi-
mating the experimental one. Eventually
we obtained fairly uniform values of the thermal
parameters, and a value of R=9.7 9, for the
IT position containing only Cu; the OT, OH and
CO positions all containing Cu and Sn in the
proportion 3:1. We tested the atomic distribu-
tion further, using subcell diffraction data
pertaining to space group P43m (h, k and !
all even). The best refinement (R=13.8 %)
produced a model containing Sn at the OH and
CO positions around the origin of the subcell
(averaging the A and B clusters), and at the
OT position around 3} (averaging clusters
C and D). This corresponds to our proposed
modification of Knédler’s structure.

Finally, we refined the following complete
models (¢=17.9646 A) in space group Fd3m:

Table 1. Atomic distributions and parameters of the refined structure. Standard deviations in parentheses.

alA 17.9646 (6)
Cluster A Cluster B Cluster C Cluster D
IT Atom Cu(Sn) Cu Cu Cu
16(e) z 0.0508(8) 0.5540(11) 0.3001(10) 0.8079(8)
BJAs 1.9(4) 2.3(5) 1.9(5) 1.7(4)
oT Atom Cu Cu Cu Sn
16(e) z —0.0836(12) 0.4142(10) 0.1664(9) 0.6609(5)
BJAs 2.5(7) 1.3(4) 0.9(5) 1.6(2)
OH Atom Cu Sn Cu(Sn) Cu
24(f) x 0.1751(14) 0.6809(6) 0.4272(11) 0.9264(18)
24(g) BJAs 2.7(4) 1.3(2) 0.8(4) 2.7(8)
Cco Atom Sn(Cu) Cu Cu Cu
48(h) z 0.1580(4) 0.6592(6) 0.3945(9) 0.9062(6)
z 0.0186(4) 0.56121(7) 0.2779(10) 0.7706(8)
BJA? 2.1(2) 1.5(3) 2.9(4) 1.2(3)
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I. Our model, described in the introduction,
in which the clusters A, C, B, D, situated
along the body diagonal of the cell in the order
mentioned, contain Sn at the CO(A), OH(B)
and OT(D) positions. The R value obtained
was 9.9 %.

II. A rearrangement of that model, containing
Sn at CO(A), OH(B) and OT(C). Model II
refined to R=12.49 and yielded Bgyp)
= —1.7 A? (¢f. Table 1). All other rearrange-
ments of Snyy, Sngg and Sngy over three
different clusters are identical with either I or
II.

III. Knédler’s model, i.e. Sn at CO(A), OH(B),
IT(C) and OT(D), which refined to R=10.1 9%,.
The thermal parameter of the Sn atom at IT(C),
B=5.0 A%, became very high in relation to
the others (1.0—2.6 A2).

We then tested model I by means of F, and
difference Fourier syntheses in the (110) plane.
The difference map was essentially featureless;
the most prominent maxima had a height of
10 9, of those in the F, synthesis.

Nevertheless, the scatter of thermal param-
eter values was still considerable (0.4—2.8
A2); this seemed to warrant a special investiga-
tion of whether some Sn might be located,
e.g., at OH(C), with B=0.4. The following
strategy proved to be effective: First, we
refined isotropic extinction correction, over-all
temperature factor and over-all scale factor
separately, whereupon, having found extinction
to be negligible, we refined the over-all scale
and temperature factors together. Then we
calculated and refined the occupancy param-
eters and, finally, occupancies and over-all
temperature factors jointly. The fact that none
of these changed in the last run supports
the correctness of the result. Moreover, a
similar refinement of Knédler’s structure pro-
posal converged to exactly the same final
model.

The resulting structural parameters closely
approximate those of our proposed model I.
The difference between the refined structure
and the idealized model is & redistribution of
6.8 Sn atoms per unit cell from the CO(A)
type sites (=14 9%, of the atoms) to the IT(A)
(2.7 atoms/cell =17 9, substitution) and OH(C)
(4.6 atoms/cell=19 9, substitution) sites. The
Sn content of the refined model is 21.3 atom
%, Wwith an uncertainty of around +4 9

Acta Chem. Scand. A 30 (1976) No. 3

The §-Phase in the Ca—Sn System 189

Table 2. Structure factors for the refined
Cu,,Sn;,, model. E=8.2 %,
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estimated from the standard deviations of the
occupancy parameters; this is indistinguishable
from the experimental value of the synthetic
composition: 20.6 9% Sn.

A final refinement (R=8.2 9,) of the model,
on the basis of the 202 structure factors with
o(I)/I <0.4, yielded the individual thermal
and positional parameters listed in Table
1 together with the occupancies obtained in the
procedure described above. |F, and |F|
values are given in Table 2. A parallel refinement
of the idealized model I yielded the same posi-
tional parameters, within the standard devia-
tions, and the same value of R. The scatter of
thermal parameters was, however, consider-
ably larger.

DISCUSSION

The idealized structure model arrived at has
the stoichiometry Cu,,Sn,,. It is & modification,
without Sn-—Sn contacts, of Knédler’s pro-
posal.t Table 3 shows that the IT(C)—IT(C)
distance, 2.55 A, represents a Cu— Cu contact
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Table 3. Coordination, number and type of contacts, interatomic distances (A) with standard deviations.

W W W W

w

IT(A)~IT(A)
—~OT(A)
—OH(A)
—C0(A)

OT(A)—IT(A)
—OH(A)
—~COo(A)
—IT(D)
—COo(D)

OH(A)-IT(A)
—OT(A)
—C0(A)
—OH(B)
—C0(C)
—Co(D)

CO(A)-IT(A)
—0T(A)
—OH(A)
—CO(B)
—0T(C)
~OH(C)
—C0(C)
—OH(D)
—CO(D)

IT(B)—IT(B)
—OT(B)
—OH(B)
—CO(B)
—OT(D)

Cu(8n)— Cu(Sn)
2.582(33)
—Cu
2.554(31)
Cu

2_.579(23)
—Sn(Cu)
2.785(20)

Cu~—Cu(Sn)
2.554(31)
—~Cu
2.686(19)
—8n(Cu)
2.636(11)
—Cu
3.375(45)
—Cu

2.632(29)

Cu—Cu(Sn)
2.579(23)
2.686(19)

— Sn(Cu)
2.875(6)
—8n
2.587(28)
~Cu

3.256(26)
—Cu
2.576(18)

Sn(Cu)— Cu(Sn)
2.785(20)
—Cu

2.636(11)

3.328(12)

—Cu

2.665(19)

—Cu(Sn)

2.531(12)
Cu

2.823(15)
—Cu
2.863(21)
—Cu
2.655(10)

Cu—Cu

2.743(45)

—~Cu

2.638(26)

—Sn

2.661(9)
Cu

2.778(26)
—Sn
3.329(38)

3 OT(B)-IT(B) Cu~Cu
2.638(26)
3 — OH(B) —8n
2.769(11)
3 —CO(B) —Cu
2.564(15)
3 —CO(C) —Cu
2.499(29)
1 OH(B)-—OH(A) Sn—Cu
2.587(28)
2 —~1IT(B) —Cu
2.661(9)
2 —O0T(B) —Cu
2.769(11)
4 —CO(B) —Cu
2.895(9)
2 - CO(C) —Cu
2.781(22)
2 —CO(D) —Cu
2.878(17)
[2 CO(B)—CO(A) Cu—Sn(Cu)
3.328(12)
1 —IT(B) —Cu
2.778(26)
1 —OT(B) —Cu
2.646(15)
2 — OH(B) —8Sn
2.895(9)
1 —OH(C) —Cu(Sn)
2.764(18)
2 —CO(C) —Cu
2.582(15)
1 -~ OT(D) ~8Sn
2.676(16)
1 — OH(D) —Cu
2.557(20)
2 —CO(D) —Cu
2.746(14)
3 IT(C)-IT(C) Cu—Cu
2.647(24)
3 — OT(C) —Cu
2.547(24)
3 —OH(C) —Cu(Sn)
2.614(17)
3 —CO(C) —Cu
2.430(31)
3 OT(C)-CO(A) Cu—8n(Cu)
2.665(19)
3 —1IT(C) —Cu
2.547(24)
3 —~OH(C) —Cu(8n)
2.708(14)
3 —CO(C) —
2.531(20)
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Tabdle 3. Continued.

2 OH(C)-CO(A) Cu(Sn)—Sn(Cu)

2.531(12)
2 - CO(B) —~Cu
2.764(18)
2 —IT(C) —Cu
2.614(17)
2 —O0T(C) —Cu
2.708(14)
4 - CO(C) —Cu
2.708(13)
1 —OH(D) —Cu
2.629(38)
1 CO(C)—OH(A) Cu—Cu
3.256(26)
2 —CO(A) —8n(Cu)
2.823(15)
1 —~OT(B) —Cu
2.499(29)
1 — OH(B) —Sn
2.781(22)
2 —CO(B) —Cu
2.582(15)
1 -IT(C) —Cu
2.430(31)
1 —OT(C) —Cu
2.531(20)
2 -~ OH(C) —Cu(Sn)
2.708(13)
2 —CO(C) —-Cu
2.961(35)
[l IT(D)-OT(A) Cu—Cu
3.375(45)
3 —-IT(D) —Cu
2.944(34)
3 — OT(D) —Sn
2.755(14)
3 — OH(D) —Cu
2.588(27)
3 —-CO(D) —Cu
2.584(23)
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1 OT(D)-O0T(A) Sn—Cu
3.329(38)
3 —CO(B) —Cu
2.676(16)
3 —-IT(D) —Cu
2.755(14)
3 - OH(D) —Cu
2.753(19)
3 —~CO(D) —Cu
2.606(16)
2 OH(D)-CO(A) Cu— 8Sn(Cu)
2.863(21)
2 —CO(B) —Cu
2.5567(20)
1 - OH(C) ~Cu(Sn)
2.629(38)
2 ~IT(D) —Cu
2.588(27)
2 —OT(D) —Sn
2.753(19)
4 —CO(D) —Cu
2.853(11)
1 CO(D)-O0T(A) Cu—Cu
2.632(29)
1 —OH(A) —Cu
2.676(18)
2 —CO(A) — 8n(Cu)
2.655(10)
1 —OH(B) —Sn
2.878(17)
2 - CO(B) —Cu
2.746(14)
1 -IT(D) -~ Cu
2.584(23)
1 —O0T(D) —Sn
2.606(16)
2 —OH(D) —Cu
2.853(11)
[2 - CO(D) —Cu
3.444(27)

in our model (2r¢,=2.56 A) and an Sn—Sn
contact in Knédler’s (2rg,=3.16 A). The
shortest Cu~—Cu distance in the structure,
viz. IT(C)—CO(C), is 2.43 A, which is not
remarkable; such a distance, 2.48 (1) A, occurs,
e.g., in the Cu,Al, structure.” The IT(A)—-IT(A)
and CO(A)—OH(C) distances, which might
contain some element of Sn—Sn contact in
the real structure (defect model I), are longer:
2.58 and 2.53 A, respectively.

The sum of the copper and tin radii is 2.86
A, according to Schubert,® but the copper-tin
distance observed !° in the high temperature
7 phase (Cu,Sn composition) is only 2.65 A.
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In the ¢ structure the Sn—Cu contacts range
from 2.90 (OH(B)-—CO(B)) down to 2.53 A
(CO(A)—-OH(C)), which is shorter than the
Cu,Sn value. Al] the other distances from the Sn
atoms in CO(A) to the surrounding Cu atoms
are =>2.64 A, however. From Sn at OT(D)
there are three fairly short contacts to Cu at
CO(D) and one short distance from Sn at
OH(B) to Cu at OH(A), but the remaining con-
tacts are all longer than 2.65 A.
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