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Single crystal diffraction methods have been used to solve the crystal structure of Cu,CdGeS: space
group Pmn2; (CL); a=7-692, b=6555, ¢=6299 A. 4 Cu in 4(b): 0-252,0-324,0; 2 Cd in 2(a):
0, 0-848, 0-995; 2 Ge in 2(a): 0, 0-179, 0-490; 4 S in 4(b): 0-226, 0-344, 0-359; 2 S in 2(a): 0, 0-199, 0-838;
2 S in 2(a): 0, 0-851, 0-394. The Cu,CdGeS, structure is a superstructure of wurtzite with a~2aw,
b~awy3 and c~cw. It presents the wurtzite analog to the stannite structure.

Five other compounds of general composition 1,246, also show superstructures either of wurtzite
or of sphalerite, while the twenty investigated 12,364 compounds have no ordered cation arrangement
producing simple wurtzite or zincblende diffraction patterns.

The problems in the determination of quaternary zincblende or wurtzite related superstructures in

general are discussed.

Introduction

The tetrahedral structures have recently been thorough-
ly reviewed and systematized (Parthé, 1963, 1964).
One subdivision of these structures is the group of
normal tetrahedral structures where every atom has
four nearest neighbor atoms located approximately at
the corners of a surrounding tetrahedron. There are
two basic normal tetrahedral structures for elements;
one is the normal cubic diamond structure, the other
the structure of hexagonal diamond called also lons-
daleite (Bundy & Kasper, 1967; Frondel & Marvin,
1967). The binary, ternary or quaternary normal
tetrahedral structure compounds have structures which
are closely related to either cubic or hexagonal diamond.
The structure types for these compounds are shown in

* Present address: General Telephone and Electronics Labo-
ratories, Inc., Bayside, New York, US.A.

Fig. 1. Binary equiatomic compounds select either the
sphalerite (=zincblende) type related to cubic diamond
or the wurtzite type related to lonsdaleite or a stacking
variation of these. The ternary compounds have zinc-
blende or wurtzite supercells with an ordered cation
arrangement on the former Zn sites. The zincblende
related types are the chalcopyrite (CuFelIS,) type and
the famatinite (Cu;SbS,) type. A wurtzite analog to
chalcopyrite was first found in f-NaFeO, by Bertaut &
Blum (1954) and Bertaut, Delapalme & Bassi (1964).
The structure of BeSiN, (Eckerlin, 1967) is essentially
isotypic to f-NaFeO, except that BeSiN, has axial
ratios much closer to the ones expected from the struc-
tural relationship to wurtzite. The enargite (Cu;AsS,)
type is the wurtzite analog to the famatinite type. An
orderedstructure type for quaternary normal tetrahedral
structure compounds is the stannite (Cu,FeISnS,) type
which is a superstructure type based on zincblende.
When we started our research program no wurtzite
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related ordered quaternary structure type was known
and we found it of interest to investigate if such a
structure type could occur.

It has been shown that a correlation exists between
the structural features of a tetrahedral structure and
the number of valence electrons of all the participating
atoms (Parthé, 1964, 1967). In particular there are two
electronic conditions which have to be fulfilled with
normal tetrahedral structures having zincblende and
wurtzite related structures:

(a) The average valence electron concentration has
to be four.

(b) The total number of valence electrons per anion
must be eight.

Simple considerations based on these two rules permit
us to conclude that for quaternary normal tetrahedral
structure compounds of general composition 4,BCD,
with an ordered arrangement of three different cations
on the Zn sites of wurtzite or zincblende, only four
particular compositions are possible. Using large
numerals to indicate the valence electron contribution
of the different elements and small numerical subscripts
as conventional chemical composition parameters the
four compositions are:

12,364, 152464, 134,54, 23,45, .

The quaternary normal tetrahedral structure com-
pounds have never been studied systematically. As
early as 1934 the stannite structure was solved by

Brockway (1934). But, except for isolated studies on a
few single compounds, the first lists of new 1,246, com-
pounds were published only recently by Hahn &
Schulze (1965) and Nitsche, Sargent & Wild (1967).
Literature data for compounds with composition
12,364, 134,5, and 23,45, are very scarce or even non-
existent. We report here on experimental studies we
have made on 12,36, and 1,246, compounds.

Experimental

We synthesized six compounds of general composition
122464:

CU2CdGeS4, CUZCdGCSC4, AgZZnGeSe4, AngdGeS4,
AgZCdSnS,;, AgZCdSnSe4

and twenty compounds of general composition 12,36,:

CuZn,AlSe,, CuZn,AlTe,, CuZn,GaSey, CuZn,GaTey,
CuZn,InS,, CuZn,InSe;, CuZn,InTe,, CuCd,AlSe,,
CuCd,InS,, CuCd,InSe;, CuCd,InTes;, AgZn,AlS,,
AgZn,InS,, AgZn,InTe,, AgCd,AlS;, AgCd,GaSe,.
AngzGaTe4, AngZInS4, AngzlnSe,;, AngZInTe4.

All samples used for X-ray powder photographs
were prepared by direct reaction of the chemical ele-
ments. Stoichiometric mixtures of the elements were
sealed in evacuated quartz capsules and then very slow-
ly heated to temperatures of 600° to 800°C. Color
changes indicated that in most cases a reaction occurred

diamond zincblende chalcopyrife famatinite slannite
c ZnS CuFeS, CuzSbS4 CupFeSnSy
A4 B3 El, H2g
OC ® In ® Cu or Be o Cu ® Cu
OSs o Fe or Si O Sbor As o Fe or Cd
OSoaN Os @ Snor Ge
oS
.d A —— 5
LA
! 1 r... X
+ ! ‘ . L
Zaid)
i 5
@; @)
lonsdaleite wurtzite enargite
InS BeSiN, CuzAsS, Cu,CdGeS,
B4 H2g

Fig.1. Normal tetrahedral structure types geometrically related to diamond or lonsdaleite.
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within one day. All samples were kept in the furnace
for three days, then slowly cooled and the capsules
broken. Homogenization is very difficult to obtain with
those compounds which are primarily covalently bonded.
It was then necessary to grind the resulting product, to
mix it throughly and reanneal the specimen in evacu-
ated quartz tubes for extended periods of three to four
weeks. In individual cases it was even necessary to
repeat the procedure a second time. There was no
reaction with the quartz.

Single crystals of Cu,CdGeS, were prepared from
stoichiometric elemental mixtures by a vapor trans-
port technique using iodine vapor as a transport
medium (~ 7-5 mg.cm~3). The procedure used was that
described by Nitsche, Sargent & Wild (1967). The
powder was placed at the hot end of a quartz tube and
held at 1070 °C, while small Cu,CdGeS, crystals formed
at the cool end, which was kept at 760°C.

Powder and single-crystal diffraction techniques
were employed in this study, using Cu Ko (ACu Koy
=1-5405 A) and Cr Ka(A CrKo, =2-2896 A) radiation.
A needle shaped Cu,CdGeS, single crystal with a diam-
eter of 0-002 cm and a length of 0-012 cm was rotated
around the [001] direction.

The diffracted intensities were recorded photograph-
ically on a Nonius integrating Weissenberg camera
with use of the multiple film technique and were visu-
ally estimated by comparison with a calibrated film
strip. Precession photographs of the 40/ and the Ok/
zones were used to cross-correlate the four different
Weissenberg layers.

A total of 253 independent Akl reflections were ex-
amined and of these 200 were of measurable intensity.
Data of Table 5.3.5B of International Tables for
X-ray crystallography (1959) were used to calculate the
absorption correction for a cylindrical specimen with
#R=1-03. The (Lp)-! factor was obtained from values
given in Tables 5.2.5F. The atomic scattering factors
were taken from International Tables for X-ray Crys-
tallography (1962).

Structure determination of Cu,CdGeS,

Weissenberg and precession photographs of a
Cu,CdGeS, single crystal could be indexed with an
orthorhombic unit cell. The lattice parameters refined
with the least-squares program by Mueller, Heaton &
Miller (1960) and Gvildys (1965) are:

a=7-692 +0-002 A
b=6-555 +0-002 A
c=6299 +0002A,

in essential agreement with unit-cell values published
by Nitsche, Sargent & Wild (1967). Assuming two
formula units per unit cell the X-ray density can be
calculated to be 4-60 g.cm=3. All A0/ reflections with
h+1=2n+1 are systematically absent leading to the
possible space groups Pmn2; (C],) and Pmnm (D3}).
From the intensities of the strong diffraction spots we

THE CRYSTAL STRUCTURE OF Cu,CdGeSq4

could surmise that the structure of Cu,CdGeS, might
be a superstructure of wurtzite with a~2ay,,, b~ay)/3
and ¢~ cp. Thus we investigated the different ways of
ordering the Cu, Cd and Ge atoms on the Zn sites of
wurtzite. If one assumes that the overlapping of
sp? hybridized orbitals is the predominant bonding
mechanism in these compounds, one must allow for an
electron transfer between the atoms so that each atom
obtains the four electrons necessary for a sp3 hybrid.
For energetic reasons we should then expect to find in
nature those ordered atomic arrangements which re-
quire only a minimum shift of the electrons. This im-
plies that there are no electron transfers farther than
one interatomic spacing. Applied to quaternary tetra-
hedral structures this simple rule which corresponds to
Pauling’s electrostatic valence rule (Pauling, 1960),
suggests that one should find ordered arrangements
where every anion is always surrounded by the four
cations in the same ratio as given by the overall com-
position. In the particular case of Cu,CdGeS, the rule
says that every S should be bonded to two Cu, one Cd
and one Ge atom. With the orthorhombic unit cell
given above, one can prove on those assumptions that
the two ordered atom arrangements shown on the top
of Fig.2 are the only ones which are compatible with
the given rule. The drawings present projections along
the ¢ axis where, for simplicity in representation, the
sulfur atoms (located 3 of ¢ above every atom) have
been omitted. The model on the left corresponds to
an orthorhombic wurtzite superstructure with space
group Pmn2,(C1,). The symmetry of the other model
is actually monoclinic Pc, but with the chosen pseudo-
orthorhombic unit cell it must be described with Pn.
The ideal point positions for the two models are given
in Table 1.

Table 1. Idealized point positions for two possible wurt-
zite superstructure models for Cu,CdGeS; (a=2ay,
b=V3ay, c=cp)

Pn
Pmn2; (C2,7) xyz,x+% 7 z+%

X y z X y z

4Cuind(®) 4 % 0 2Cu(with 3 % 0
2 Cd in 2(a) E 2Cu(@with % 3 0
2 Ge in 2(a) i 2 Cd with 0 %o
4S()indh) % % 3 2 Ge with ;1o
2 S(2) in 2(a) 23 2 S(1) with 113
2 S(3) in 2(a) 1z 2 S(2) with 13 3
2 S(3) with 0 % 3

2 S(4) with 13

A study of the Weissenberg photographs clearly
indicates that |F(hkl)|=|F(hkl)|=|F(hkl)|=|F(hkl)|
and one might think it would be appropriate to exclude
the low symmetry Pn proposal from further conside-
ration. With the pseudo-orthorhombic setting we have
chosen for the monoclinic Pn model, the space group
(considering only those conventional ones given in
International Tables) is triclinic P1 where we generally
expect |F(hkl)| #|F(hkl)| #|F(hkl)| #|F(hkI)|. The n
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glide perpendicular to the b axis leads to a change of
the inequalities to |F(hkl)|=|F(hkl)|#|F(hkl)| =

|F(hkD)|. Thus, it would seem that, at least in principle
it must always be possible to distinguish between
both models by a simple inspection of symmetry equi-
valent reflections. This, however, is not the case if there
are certain relations between the x and/or the z par-
ameters of all the atoms in the Pn model. It is easy to
verify that if the parameters xi, xy.. ., z;, ;... of the
participating atoms are all correlated according to

tan2nhx; =tan2nhx; and/or tan2znlz; =tan2znjz;*
* This means x;=x; or x;+4% and/or zi=z;+1% if there are

no restrictions on 4 or . If h=2n only (as for example the case
with the S atoms) then also x;=x;+ .

Pmc2 1(C§v)
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then F2(hkl)=F2(hkl)= F2(hkl)=F2(hkl). The model
Pn corresponds to this case. It seems to be one of the
rare and perhaps discomforting incidents where the
diffraction symmetry does not coincide with the sym-
metry inherent in the structure. In our example it
means that one can not distinguish between the
orthorhombic Pmn2, and the pseudo-orthorhombic
Pn model simply by inspection of symmetry related
reflections. However, the two structure models are not
homometric and therefore a consideration of the indi-
vidual |F(hkl)| values should in principle allow a dis-
tinction to be made between them.

For the particular case of Cu,CdGeS; we have the
additional complication that the Ge atoms have an
atomic scattering factor which is only 10% larger than

Pmn2,(C3)

Pbn2,(C3,)
Be SiN,

P63smc(C¢,) or Cme2,(CY2
Wourtzite

Fig.2. Two wurtzite superstructure proposals for Cu,CdGeS;4 and related compounds together with their apparent structures when
the differences in the atomic scattering factors between certain participating atoms are very small. (Projections along the ¢
axes; small circles at height 0, big circles at height 4; sulfur atoms are not shown.)
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the one for Cu. In the middle part of Fig.2 we can see
that, in the case of identical atomic scattering factors for
atoms on the Cuand Gesites, both the Pmn2, and the Pn
model will give the same diffraction pattern of enargite.
Thus it would not be possible to decide between the
two models if the atoms had identical scattering factors,
while in our case the intensity differences would be
small but still measurable.

In view of these considerations we decided to refine
both structure models and to base our final conclusions
not only on the R value but also on the interatomic
distances obtained from the final parameters. Both
structure proposals were refined on an IBM 7040 com-
puter by the use of a full-matrix least-squares program
written by Gantzel, Sparks & Trueblood (1961) and
modified by Okaya. The function minimized was
Zw (| Fobs| — | Feaie|)?. The amplitudes of reflections too
weak to be observed were given zero weight for the
refinement, while the weighting factor of all the other
reflections was given unity. We assumed the following
isotropic temperature factors: Bcy=1'5x 1016 cm2,
Beg=1-0%x10"16 cm2, Bge=0-5%x10-16 cm? and
Bs=1-0x10"16 cm2.

THE CRYSTAL STRUCTURE OF Cu;CdGeS4

The residual value R(= X ||Feaic| — [Fobsl|/ Z | Fobs|)
for the Pmn2; model using the idealized parameters
given on the left hand side of Table 1 was found to be
0-25 before refinement. After 7 cycles all parameter
shifts were less than 104 of the estimated standard
deviations computed from the inverse matrix. The final
parameters as given on the left hand side of Table 2 lead
to a final R value of 0-10. Although the structure has 14
adjustable parameters only 13 of them are actually in-
dependent. Since there is no center of symmetry one of
the six z parameters can be fixed in order to define the
orgin of the unit cell. This was done with the z param-
eter of the Cu atom positions.

For the Pn model an R value of 0-29 was obtained
before refinement by use of the idealized parameters
given on the right hand part of Table 1. After 5 cycles
an R value of 0-15 was obtained with atomic param-
eters as given in the right hand part of Table 2.

Although the residual value of 0-10 for the ortho-
rhombic proposal is better than the value of 0-15 for
the monoclinic one, the existence of the structure
having the Pn symmetry cannot definitely be eliminated
for that reason alone. The only conclusive way to decide

Table 2. The refined parameters for the two structure proposals
of Cu,CdGeS, together with their standard deviations

Pn
Pmn2,(C27) 2Aa):xyz,xt37z+3%
X y z X y z
4 Cuin4(b) 0252 (0-001) 0-324 (0:001) 0-0 2 Cu(l) in 2(a) 0-250 0-366 (0-002) 0-0
2Cdin2(a) 0 0-848 (0-001) 0:995 (0-004) 2 Cu(2) in 2(a) 0489 (0-002) 0-827 (0-003) 0-019 (0-005)
2Gein2a) 0 0-179 (0-001) 0-490 (0-004) 2Cdin2(@)  0-989 (0-002) 0-830 (0:002) 0-010 (0-004)
4 S(1) in 4(b)  0-226 (0-002) 0-344 (0-002) 0-359 (0-004) 2 Gein2(@) 0745 (0-002) 0-320 (0-002) 0-996 (0-004)
28(2)in2(a) 0 0-199 (0-004) 0-838 (0-004) 2S(1) in 2(@) 0-222 (0-004) 0-339 (0-004) 0-359 (0-008)
283)in2@ O 0-851 (0-004) 0-394 (0-004) 28(2)in 2(a) 0-504 (0-004) 0-851 (0-004) 0-368 (0-007)

2 S(3) in 2(a)
2 S(4) in 2(a)

0-000 (0-004)
0:742 (0-:004)

0-844 (0-004)
0-312 (0-004)

0-387 (0-007)
0-371 (0-007)

Table 3. The interatomic distances (in A) for the two refined structure models of Cu,CdGeS, fogether

with the distances expected from the tetrahedral radii, after Pauling & Huggins (1934)

Arithmetic
Pmn21(C27) mean
Cu-1S(l)  2:28+0:02
-1 S(1%) 2:36+0-02
. 2-33
-1 S(2) 2:34+0-02
-1 S(3) 2:33+0-02
Cd-2 S(1) 2:60+0-02
-1 S(2) 2:51+0-03 2-55
-1 S(3) 2:51 £0:04
Ge-2 S(1) 2:21+0-02
-1 S(2) 2-:20+0-04 2:21
-1 S(3) 2:23+0-03

Expected
distances

2:38

2-52

226

Pn

Cu(1)-S(1) 2:28 +0-05
-S(2) 2-20+0-04
-5(3) 2:19+0:07
-S(4) 2:41 +0-03
Cu(2)-S(1) 2:33+0-08
-5(2) 2-20+0-05
-5(3) 2-38 +0-04
-S(4) 2:46 + 0-04
Cd-S(1) 2:50+0-04
-S(2) 2-46+0-03
-5(3) 2:38+0-05
-S(4) 2:46 +0-07
Ge-S(1) 2:32+0-03
-S(2) 2-39+0-07
-5(3) 2-30+0-05
-S(4) 2:36 +0-05
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between the two models is offered by a comparison of
the interatomic distances which should show charac-
teristic values in tetrahedral structures. The Cu-S,
Cd-S and Ge-S distances calculated from the refined
structure data for both models are compared with the
expected distances in Table 3. From this table it be-
comes obvious that the distances in the Pmn2; model
show a smaller spread and agree far better with the
expected values than the distances in the Pn model.
Thus we can finally conclude that the preferred struc-
ture of Cu,CdGeS,; is orthorhombic with space group
Pmn2, and point positions as given on the left hand
side of Table 2. A perspective drawing of one unit cell
of Cu,CdGeS, is shown in the lower right corner of
Fig.1.

In Table 4 are compared the observed F values with
the | F| values calculated for the final structure proposal.
In Table 5 are listed observed and calculated intensities
for a Debye-Scherrer powder photograph. The latter
were calculated by use of a computer program written
by Jeitschko & Parthé (1966). All strong lines corres-
pond to the wurtzite structure as expected. It is perhaps
worthwhile to mention that the superstructure line
intensities are extremely sensitive to small shifts of the
atoms from their ideal positions. This distortion effect
can be so large that a simple comparison with
the intensities for the idealized structure models does
not permit the determination of the type of atomic
ordering. To demonstrate this point, we have listed,
in the last two columns of Table 5, the Debye-Scherrer
intensities for the Pmn2; and the Pn model using the
idealized parameters of Table 1. As expected, we note
measurable intensity differences in the superstructure
lines, particularly in the small 6 region, while the sub-
structure line intensities are the same. The experimen-
tally observed superstructure line intensities given on
the left, however, show no relation to any of the in-
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tensities for the idealized structures. Thus, without re-
finement it is impossible to state which structure model
we actually have.*

It should be mentioned that in the meantime the
Pn structure has been found with Na,ZnSiO,. The first
report on the structure of Na,ZnSiO, was given by
Ilyukhin, Nikitin & Belov (1967) who described a dis-
torted structure with fivefold coordination for Na.
However, Joubert-Bettan, Lachenal, Bertaut & Parthé
(1969) found that the diffraction data can be assigned
to a much less distorted structure where all atoms have
tetrahedral coordination and which corresponds to the
Pn model discussed above. According to the last cited
reference the Na,ZnSiO, structure occurs also with
Na,ZnGeO, and Na,MgGeO,.

Structures of other quaternary compounds

For a proper discussion of the results obtained for the
structures of the other quaternary compounds it is
necessary to investigate how the diffraction patterns
are changed if some of the participating atoms have
nearly equal atomic scattering factors. This information
will help in the interpretation of the observed diffrac-
tion patterns.

We have seen above that there are two wurtzite re-
lated quaternary superstructuretypes: the orthorhombic
Cu,CdGeS, and the monoclinic Na,ZnSiO, type. In
Fig.2 are shown the apparent structures which will be
observed if some of the atoms in the compound
A,BCD, have the same scattering factor. If B=A4 or
C=A, both the Pmn2, and the Pn structure will give
the diffraction pattern of enargite. If B=C, the Pn

* Note added in proof:— Chapuis & Niggli (1968) have just
published the structure of Cu,CdSiS4, which is isotypic to
Cu,CdGeS, (space group Pmn2;).

Table 4. Calculated and observed structure factors for Cu,CdGeS,
Reading from left to right, the columns contain the values of 4, | Fons| and | Feaiel .

hoe h30 4 <19 3 hot 8 55 66|1 <20 18
5 19 20 9 <12 8|2 70 79
2 49 43l0 35 3|6 s6 ss|1 23 16 3 <21 19
4 220 248f1 37 45)7 38 40f3 45 38 h31 4 33 36
o 42 432 236 241 s 16 13 5 <20 14
3 113 1203 38 44 h60 7 31 32)o 31 306 42 58
4 35 34 9 16 14|t a2 a7 as s
h1o s 25 290 144 139 2 <20 9
6 142 1501 50 6 h11 3 13 10 hél
o 21 24{7 23 )2 19 16 - 4 23 22 -
1 16 a8 30 353 40 46|0 3 29|5 25 29]0 <19 12
2 172 100|e 19 17|44 111 as|1r 2a 20|e6 34 271 <9 6
331 2 5 44 S0fy2 172 1507 <20 15}z 23 30
4 25 23 h40 6 19 203 16 12]8 57 663 19 12
5 <10 4 4 33 23l9 17 a4 <7 9
o 90 87 [0 103 105 s 21 22 s <15 13
T19 21 |1 <16 B h70 6 102 93 hdl 6 19 20
3 16 22|2 19 23 7 <2 10 -
9 <14 813 <18 14{0 <19 148 21 16|0 119 111 h71
4 76 82|1 <18 1619 16 15|1 27 26 -
h20 5 <22 2|2 54 53 2 19 13|0o a7 8
6 <22 223 <6 11 har 3 23 28[1 19 25
0 150 1627 <19 16]4 <14 15 4 79 902 50 60
1 39 488 43 a6 0150 143|5 21 203 20 23
2 16 13 1 <11 10]|6 <22 114 <13 8
3 25 23 bS50 n8o 2 s0 42|77 <20 235 17 24
4 121 113 3 16 13{8 41 57
5 41 43[(0 <19 «aflo 42 a1|a 121 110 h81
6 19 15f1 39 40]1 34 35|55 <19 8 hS1 -
7 <7 s|2 88 83|22 <1 4|6 34 27 - 0 35 40
8 55 6213 45 a9 7 < 12lo s1 a4l 16 a1

2 34 32f6 <8 1l hsz h8z 113 17]e 25 19
7 25 30 2 27
8 38 45|0 <18 16|00 30 32|3 16 18 hs3
ho2 9 19 2001 30 33]1 20 234 166 149 -
2 64 58 5 <15 120 13 18
2 49 43 h32 3 34 33 6 30 281 3 33
4 175 169 4 <18 12 ho3 7 <16 15[2 92 113
6 40 350 42 38|5 23 28 8 80 83 30 30
8 90 961 25 2816 38 411 28 27 4 16 19
2 164 1657 21 271|3 «a2 9 h33 5 22 28
h12 3 25 27 5 35 30 - 6 85 79
4 34 34 h62 7 <15  8lo <4 6
o 27 325 9 20 9 20 alt 9 s h63
1 36 3406 104 1090 114 101 2 9 8 -
2 116 1027 13 191 34 36 h13 3 28 26[0 9 1n
3 28 23|88 25 28|2 34 27 4 <16 5|1 19 15
4 27 269 16 123 28 32|0 27 26|5 <16 5|2 <14
5 34 32 4 90 85 |1 19 18| 6 <16 613 <14 5
6 69 63 h42 s 25 32|2 218 1967 27 24|4 9 o
7 <18 16 6 27 23]3 30 25|8 <10 4|5 25 19
8 19 1910 82 75 4 35 27
1 <16 7 h72 5 <15 6 h43 h73
2 38 42 6 137 125 - -
h22 3 13 17(0 39 39|7 23 20)0 164 148|0 9 9
4 59 61 |1 <15 9{8 28 28|1 40 441 40 139
0 104 1005 <18 5|2 39 40 2 19 17|2 64 77
1 3 40{6 25 30[3 a3 g n23 3033 31 |3 45 44
2 9 117 19 184 30 33 4 136 121
3 39 40fs 33 38 0198 19115 39 a2
4 85 76
s 30 31
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Table 5. Powder intensity calculation for Cu,CdGeS, (ACr Ka,=2-2896 A)

Intensity calculated
for an ideal undistorted
structure (parameters
from Table 1)

Pmn2y
hkl 103 . sin2 fcay 103 . sin2 Gous Icar Iobs Pmn21 Pn*
010 30-5 305 28 ow 267 148
110 527 — 7 - 49-1 679
101 552 54:9 18 vow 59-4 80-7
011 635 63-1 40 W 652 381
111 857 85-5 37 ow 17-7 239
200 88:6 83-4 31 ow 273 164
210 1191 1192 720 vs 864'1 864-1
020 1220 1215 379 s 396-4 396-4
002 13211 132:0 680 bs 827-5 827-5
120 1342 1440 47 ow 127 167
211 152:1 151-4 1000 vos 1000-0 10000
021 1550 1552 446  us 4779 4779
012 1626 162:8 15 ow 57 35
121 1772 - 3 - 63 84
112 184:8 184:0 30 W 17-4 230
220 210-6 — 2 — 40 24
202 2207 220-4 17 ow 147 88
310 2299 — 8 — 62 83
301 2324 2330 17 vow 80 107
221 243-6 2440 38 w 189 112
212 2512 2515 237 s 303-8 303-8
022 254-1 2545 120 ms 1513 1513
311 262:9 — 3 \ — 33 45
030 2745 , 4 53 31
122 2763 } 276'1 26 | waite 9-0 12:3
130 2967 2966 16 oW <01 <01
031 307-5 3062 10 ow <01 <01
103 319-4 — 6 — 49 67
320 32144 — 4 - 36 49
013 3278 , 6 62 35
131 329-7 } 3244 6 } ow 92 128
222 3427 - 2 — 40 22
113 3494 - 5 — 21 29
400 ) _ 239 2043 2943
40 } 3544 3547 4 } s 43 43
312 3620 — 6 - 60 85
230 3631 3639 442 vs 564-5 564-5
410 384-9 — 3 — 17 0-9
231 396'1 — <1 — <01 <01
032 4066 — J — R 34
213 4164 , 5 -4 619-4
411 417-9 } 416'6 6 } vs 92 49
023 4193 4183 244 s 3017 3017
132 4288 — 8 — <0-1 <01
123 441-4 — 3 — 16 23
322 4535 — 15 — 44 65
330 4739 _ 10 — <01 <01
420 4764 4756 79 ms 990 99-0
402 486°5 4860 166 ) 2315 2315
040 488-0 30 161 461
232 4952 4948 311 vs 4531 4531
303 496-6 — <1 — 27 40
331 506.9 — 1 — 5.3 7.9
223 5079 , 9 78 39
421 509-4 } 5087 144 } s 174-4 174-4
140 5102 — <1 — 2:0 30
412 5170 — 6 - 26 13
041 521-1 5209 72 w 869 86:9
313 5271 — 6 — 13 19
004 528-5 5279 33 ow 36:0 360
141 5432 - 8 — 12 18
014 5590 — 4 — 13 06
033 5718 — <1 — <01 <01
240 5766 — 2 — 12 06
114 5811 — 3 — 3-6 56
510 584-3 — <1 — 18 2:8
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Table 5 (cont.)

Pmn2,;

hkl 103, sin2 fcar 103, sin2 oobs leal Iobs Pmn2, Pn*

501 5868 — 1 — 24 37
133 593-9 — 2 — 48 7-4
332 606:0 — 7 — <011 <01
422 6085 6091 68 W 997 99-7
241 609-7 — 1 — 16 36
204 6171 — 8 — 50 24
511 617-3 — 5 — 12 18
323 6186 — 3 — 12 19
042 6201 619-3 29 ow 475 475
430 6289 = 6 - 51 24
142 6423 - <1 — 37 57
214 647-6 27 328 328
024 650-5 } 649-0 16 } ow 167 167
233 660-4 — <1 — <01 <01
431 662:0 — 7 — <01 <01
124 672:6 — 2 - 36 5-8
520 6758 — 10 - 18 29
413 6822 — 10 - 80 37
340 687-4 — 1 - 19 30
242 708-7 7080 20 vow 27 12
521 708-8 - 1 - 13 2:0
512 7164 — 10 - 38 61
341 720-4 - 11 - 12 20
224 739-1 — <1 - 3-0 13
314 758:3 - <1 - 41 66
432 761-0 - 14 - 12:2 55
050 762:5 - <1 - 08 0-4
333 77141 — 9 - 56 90
423 7737 774°5 323 vs 484-5 4845
150 7847 — 10 — 211 35
043 7853 7854 169 s 25141 25111
051 795:6 — 15 — 49 22
600 797-4 — 7 — 33 15
034 803-0 — 11 — 68 30
143 807-4 28 15 24
522 807-9 } 808-1 12 } vow 45 74
151 817-7 — 7 - 16 26
322 819-5 — 3 — 48 7-8
134 8252 — 4 — <01 <01
610 827-9 8280 63 w 103-4 103-4
530 8283 — 6 — <01 <01
440 842:4 841-2 56 w 1064 1064
105 847-9 — 9 — 3.5 57
324 849-9 — 12 — 52 85
503 851-0 8 3.5 57
250 §51-1 } 8511 72 } W 1159 1159
015 8563 — 6 — 61 27
611 860-9 8609 172 ms 2183 218-3
531 861-3 — 13 — 72 11-9
243 873-9 — 7 — 133 58
441 8755 8751 169 ms 2316 2316
115 878-4 — 9 - 19 32
513 881-5 — <1 — 2:0 32
404 882:9 882:2 84 W 98-0 980
251 884-2 8841 137 ms 2350 235:0
234 8916 890-8 157 ms 204-8 204-
052 894-7 — 4 — 2:5 11
414 913-4 — 13 — 54 23
152 9168 — 23 — 71 11-8
620 919-4 — 4 — 29 12
433 9262 — <1 — <0 <01
602 929-5 — 16 — 1211 52
215 944-9 944-7 534 vs 999-3 999-3
025 947-8 947-9 275 s 505:9 505-9
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THE CRYSTAL STRUCTURE OF

CU2CdGeS4

Table 5 (cont.)

Pmn2; 103 .sin2 Bcar 103 . sin? Govs Ica
hkl
621 952-5 —_ 27
612 960-0 151
532 960-4 961-0 13
350 961-9 43

Iobs Pmn2, Pn*
— 224 96
260-8 260-8
ms <01 <01
54 9-0

* The true symmetry of this structure proposal is monoclinic Pe, but, with a pseudo-orthorhombic unit cell setting, the apparent
symmetry is Pn. The conventional space group notation for this setting would be triclinic P1, but the » glide leads to relations
between the |F| values: |F(hkl)|=|F(hkl)| # IF(ﬁkl)I—IF(hkl)l If we consider the additional case that the structure is ideal and

the x parameters of all atoms are 0, %, 4 or
can be calculated as for a regular orthorhombic structure.

142m(D}1)
Stannite \
or 0:=0
®=0
@=0
O
I42m(D;;)
\'4 Famatinite

A, BCD,
® O®

2, then the relation |F(hkl)|=|F(hkl)| = |F(hkl)| =|F(hk[)| holds and the intensities

142d(D}2)

P4m2(DS 2d) . m Chalcopyrite

FA3m(T2) or I4m2(D

Zincblende

Fig.3. Two quaternary zincblende superstructure proposals, together with their apparent structures when the differences in the atomic
scattering factors between certain participating atoms are very small (Projections along the b axes; or for P4m2 and I4m2 along
the [110] direction; small circles at height 0, big circles at height 4; sulfur atoms are not shown)

structure appears like the BeSiN, structure with equal
cell size, but the Pmn2, structure can now be described
with a cell of half the original volume. If 4 =B=C the
patterns of both models are identical to that for wurt-
zite or, if the a/b ratio were not exactly 2/)/3, some lines

will be split requiring in place of the hexagonal cell
the corresponding orthohexagonal cell with apparent
space group Cmc2,.

The stannite structure type with space group 142m
is the only published zincblende related quaternary
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structure type. However, one can imagine a second
tetragonal type with space group /4, shown in the upper
right hand part of Fig. 3, which satisfies equally well the
above rule for atom ordering. In the lower part of
Fig.3 are drawn the apparent structures which will be
observed if some atoms have the same scattering factor.
With B=A or C=4, both the 142m and 14 structures
will show the diffraction pattern of famatinite. If
B=C, the I4 structure will appear like chalcopyrite
having the same unit cell size, but, to index the diffrac-
tion pattern of the 142m structure, one needs only a

cell one fourth the size with a= _122
1

c=7cstannite and apparent space group Pdm2. If

- @stannite and

A=B=C, both models will give the cubic zincblende
pattern or, if c/a was not exactly 2, the pattern can be
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indexed with a body centered tetragonal cell half as
large as zincblende.

For the interpretation of the diffraction patterns of
the quaternary compounds we must be aware that the
observed lattice parameters and space groups are not
necessarily the true ones. In Tables 6 and 7 are given
the observed unit-cell parameters and apparent space
groups together with the probable structure types. A
study of Figs.2 and 3 will permit one to arrive at the con-
clusions concerning the possible ordered structure
types listed in the last column of Tables 6 and 7. We
note that ordered superstructures are found only with
1,246, compounds. This must be also the case for
Ag,CdSnS, and Ag,CdSnSe, where the atomic scat-
tering factors of the cations are all nearly the same. We
do not observe here a hexagonal cell (P6smc) but an
orthorhombic cell (Cmc2,). The latter is not expected
if all the cations are randomly arranged. Not one or-
dered structure is found with the twenty 12,36, com-

Table 6. Lattice parameters, apparent space groups and possible structures of the 1,246, compounds

Type of Apparent

Observed lattice parameters

AC25B-11

* W=waurtzite related structure; see Fig.2.
S =sphalerite related structure; see Fig.3.

diffraction  space
Compound pattern*  group a (A) b(A) c(A) Possible structures
Cu,CdGeSy w Pmn2, 7-692 +0-002 6555+ 0-002 6299 + 0-002 CuyCdGeS, type
Cu,CdGeSeq S 142m 5657+ 0-005 10-988 + 0-01 Stannite or 14 with c/a=
1-94
Ag,ZnGeSey S Pdm2 4-269 +0:005 5659+ 0-005 Stannite type with c/a=
-88
AgoCdGeSy w Pmn2, 8-044 +0-008 6-849 + 0-005 6-593 4+ 0-005 CuCdGeS4 or Pn type
Ag,CdSnS, w Cmc2, 4-111 +£0-005 7-038 + 0-005 6:685+ 0-005 Order exists butcannot be
determined with X-rays
Ag,CdSnSeq4 w Cmc2, 4:262 +0-005 7-314 +0-005 6:979 +0-005 Order exists but cannot
be determined with
X-rays
* W=wurtzite related structure; see Fig.2
S =sphalerite related structure; see Fig.3.
Table 7. Lattice parameters and space groups of the investigated 12,36, compounds
Type of
diffraction  Space Observed lattice parameters
Compound pattern*  group a (A) c(A) Remarks
CuZnAlSeq S Fd3m 5624 + 0-005 not ordered
CuZnyAlTes S F43m 6:043 +0-005 not ordered
CuZn;GaSe4 S F43m 5-653+0-005 order cannot be determined
CuZn;GaTey S F43m 6:057 +0-005 order cannot be determined
CuZn;InS, S Fa3m 5-475 +0-005 not ordered
CuZn,InSeq S F43m 5-733 +0-005 not ordered
CuZn;zInTey S Fd3m 6:153 +0-005 not ordered
CuCd,AlSeq w P63mc 4-106 + 0-005 6-752 +0-005 not ordered
CuCd;,InS4 w P63me 4-047 1 0-005 6:617 + 0-005 not ordered
CuCd;InSe4 S Fd3m 5934 +0-005 not ordered
CuCd;InTe, S Fa3m 6335 +0-005 not ordered
AgZn;AlS, w P63mc 3-846 + 0-005 6:313 +£0-005 not ordered
AgZn,InS4 w P63mc 3-944 +0-005 6-459 +0-005 not ordered
AgZn,InTey S Fa3m 6-253 4+ 0-005 not ordered
AgCd,AlS, w P63mc 4-134+0-005 6-723 £ 0-005 not ordered
AgCd,GaSe, w P63mc 4-251 +0-005 6956 & 0-005 not ordered
AgCd,GaTeq S F43m 6:375+0-005 not ordered
AgCdyInSy w P63me 4-1124+0-005 6-709 + 0-005 order cannot be determined
AgCd;InSes w P63mc 4-277 +0-005 6-988 +0-005 order cannot be determined
AgCd,InTey S Fd3m 6:438 +0-005 order cannot be determined
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pounds; however, in five cases ordering could not be
determined even if it existed. We note that the patterns
all have high symmetry (F43m for zincblende and
P6;mc for wurtzite related compounds). Ordering of
the cations seems rather unlikely. The composition
12,36, is located on the conmecting line between 26
and 136,. Examples are known where a complete
series of solid solutions exists between 26 and 136,.
Goryunova (1965) lists for example CdTe-AgInTe, and
CdTe-CulnTe, where the zincblende structure type is
found over the entire concentration range. The com-
positions CuCd,InTe, and AgCd,InTe, given in Table7
are, therefore, only selected points of a complete series
of solid solutions. For the other compounds given in
Table 7 no homogeneity range measurements have
been made, and it must be left for further research to
determine if these alloys really correspond to indepen-
dent quaternary compounds or to the quaternary com-
positions in a solid solution range between a binary and
a ternary normal tetrahedral structure compound.

This study is a contribution from the Laboratory for
Research on the Structure of Matter, University of
Pennsylvania, supported by the Advanced Research
Projects Agency, Office of the Secretary of Defense.
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Eine neue Absorptionsfaktortafel fiir kugelformige Proben

VoN KURT WEBER
Institut fir Mineralogie, Technische Universitdt, 1 Berlin 12, Hardenbergstr. 35, Deutschland

(Eingegangen am 16. Februar 1968 wiedereingereicht am 12. Juni 1968)

A new table of spherical absorption factors is calculated for 0 <R <31-5 with an accuracy better than
10-3. Errors up to 2% are detected in the absorption factor tables 5.3.6B of International Tables for

X-ray Crystallography, Vol.Il.
Uberblick

Das Integral Axug zur Berechnung von Kugelabsorp-
tionsfaktoren ist, wenn man von den Beugungswinkeln
6=0° und #=90° absieht, nicht geschlossen darstellbar
(Bond, 1957); es muss daher numerisch bestimmt wer-
den.

Die ersten Berechnungen von Axug-Werten findet
man bei Taylor (1944). Er setzte die Kugel nach Fig.1
aus Kreisscheibchen abnehmenden Halbmessers r zu-

sammen, wodurch sich das Kalkiil auf eine eindimen-
sionale Integration iiber die bereits bekannten Absorp-
tionsfaktoren Azy1 des Kreiszylinders (Claasen, 1930;
Bradley, 1935) reduzieren lasst.

Unter Beriicksichtigung der Volumennormierung
findet man fiir eine Scheibchendicke 4z

Axug™ 2 r’nAzn(ur)dz/(4nR3(3) , ¢))

wobei, wie iiblich, R fiir den Kugelradius und p fiir
den linearen Schwichungskoeffizienten gesetzt ist. Fiir



