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forms two hydrogen-bonds (Table 4) which range in
length from 2-72 to 2-86 A. The ammonium ion is also
hydrogen-bonded to the oxygen atoms of the sulfate
groups, but one bond (to O(3) and O(4) of the same
sulfate ion) is ‘bifurcated’. In addition, there is a
fairly close approach of the water octahedra along the
¢ axis, the O(9)-O(9’) distance being 3-009 A.

This research was supported in part by the U.S. Pub-
lic Health Service under Research Grant GM-10842
and in part by Defence Research Board of Canada
Grant 9510-31. ’
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Crystallographic Data for Cerium-Zinc Compounds*
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Nine compounds were identified in the cerium—zinc system. The X-ray data obtained for CeZn and
CeZn;; are consistent with previously reported structures. The compound CeZns is shown to be iso-
structural with CaCus as previously reported but the lattice constants a=5-4163 to 5-4069 A and
c=4-2647 to 4-2757 A, which correspond to the composition range CeZns.3s to CeZns. o respectively,
are significantly different. The unit cells and diffraction symmetries for all the remaining compounds
except CeZn; were determined. Orthorhombic CeZnz, a=4'63, b=7-54, c=7-50 A, is isostructural
with CeCu,. CeZns and Ce;Zn;; are also found to be orthorhombic with a=4-62, 5=10-43, c=6-64 A
for CeZn; and a=4-5215, b=8-8855, ¢=13-463 A for CesZn;;. CeZns.s is hexagonal with a=14-60,
c=14-11 A. Ce,Zn,;7 is shown to be isostructural with U,Zn;s, space group R3m. Only X-ray data on

powdered specimens of CeZn; were obtained.

Introduction

In a study of the cerium-zinc alloy system, X-ray dif-
fraction data along with thermal, metallographic and
vapor pressure data were employed to establish the
phase diagram. The purpose of this paper is to sum-
marize the X-ray diffraction data obtained; the other
data have been reported elsewhere (Chiotti & Mason,
1965).

There are nine compounds in this system; six, CeZns,
CeZn;.¢;, CeZnys, CeZns.ps, CeZn, and CeZn,;, de-

* Contribution No. 1714. Work was performed in the Ames
Laboratory of the United States Atomic Energy Commission.

1 Present address: IBM Components Division, Pough-
keepsie, N.Y., U.S.A.

compose peritectically at 820, 840, 870, 885, 960 and
795°C respectively, and three, CeZn, CeZn, and
CeZng.s melt congruently at 825, 875 and 980°C re-
spectively.

X-ray work on three of the nine compounds has
been reported by earlier investigators. Iandelli & Botti
(1937) showed that the compound CeZn has the CsCl
structure, space group Pm3m, with a=3-704 A. San-
derson & Baenziger (1953) determined the structure
of BaCd,; from single crystal data. They compared
powder diffraction data of this compound with powder
diffraction data for CeZn;;, LaZn,, PrZn;; and SrCd;,
and found that all of them give patterns with similar
line spacings and relative intensities and suggest they
are isostructural with BaCd,,. The lattice constants for
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the body centered tetragonal cell with four units of
CeZny; are reported to be a=10-66, c=6-86 A. The
structure of CeZns has been reported to have the CaCus
structure, space group P6/mmm, with a=542, ¢c=
4-17 A by Gladyshevskii, Kripyakevich, Teslyuk, Za-
rechnyuk & Kuz’ma (1961).

Experimental procedure

The metals used were Bunker Hill slab zinc 9999 + %
pure, and United Mineral and Chemical Corporation
cerium, 99-6%; pure. The purity of the cerium was im-
proved somewhat by arc-melting and electron-beam
melting. Spectroscopic and vacuum fusion analyses
gave the following impurities in ppm: Ca 50, Cu 50,
Mg 400, Fe 300, Si 300, O 200, N 5, and H 5. The
metals in the desired proportions were sealed in tan-
talum crucibles, equilibrated in the liquid state and
where necessary were heat treated in the solid state to
obtain the desired alloy or compound. The tantalum
crucibles were closed by heliarc welding under an ar-
gon atmosphere and were then enclosed in stainless
steel jackets to protect the tantalum from oxidation
during heat treatment. The alloys which undergo a
peritectic reaction were annealed at temperatures just
below the peritectic temperatures for periods of 50 to
94 hours in order to bring about complete reaction, or
to eliminate extraneous phases.

X-ray diffraction patterns of powder specimens of 36
different alloys were obtained with a Debye-Scherrer
camera or an X-ray diffractometer. The relative inten-
sities of the reflections of several of the compounds
were evaluated by measuring the area under the re-
corded diffractometer peaks. Single crystals of the com-
pounds were isolated, usually from the shrinkage cav-
ities of alloy ingots, and Weissenberg patterns and in
some cases precession patterns were taken in order to
establish the unit cells and diffraction symmetries for
the compounds. Copper K« radiation was used through-
out this investigation and the wavelength for a, was
taken to be 1:54051 A.

Powder specimens were prepared by crushing the
massive alloys under liquid nitrogen in order to min-
imize residual strains in the powder. Single crystals
were also broken from shrinkage cavities with the alloy
atliquid nitrogen temperatures. This technique was em-
ployed instead of the usual high temperature stress
anneal because on heating under high vacuum the
samples lost zinc by vaporization and under an argon
or helium atmosphere the alloy powder or crystals be-
came discolored indicating the formation of cerium
oxide.

An IBM 7074 computer was used to help reduce the
raw data to the most useful form. Two programs
Determination of Lattice Parameters with the Aid of a
Computer by Mueller, Heaton & Miller (1960) and
Mueller & Heaton (1961) and Crystallographic d-Space
Computer Program, by Mueller, Meyer & Simonsen
(1962) were found to be quite useful.
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Results and discussion

A summary of the lattice constants and possible space
groups for eight of the compounds is given in Table 1.
The data for CeZn and CeZn,; were taken from the
literature, although data from powder specimens were
also obtained for these compounds in the present in-
vestigation. The results were found to be consistent
with the data cited.

CeZn,, 48-27 wt. %, zinc

Crystals of CeZn, were observed to be tetragonal
prisms. Weissenberg Ok/ data and precession photo-
graphs of A0/ through 43/ layers were taken and the
reflections observed satisfied the conditions, A+ k +/=
2n for hkl reflections and 4 =2n for hkO reflections. The
unit cell is body-centered orthorhombic with a=4-63,
b=7-54, c=7-50 A, and the possible space groups are
Imma and I2ma or Im2a. The 0k Weissenberg photo-
graph showed reflection intensities with the same gen-
eral trend of the corresponding Ok/ reflection intensities
for CeCu, reported by Larson & Cromer (1961). De-
bye-Scherrer powder patterns of the two compounds
were also compared visually and found to be similar
in line spacing and relative intensities. These obser-
vations show that CeZn, is isostructural with CeCu,
(Larson & Cromer, 1961).

CeZns, 58:33 wt.% zinc

A crystal of CeZn, was isolated from crushed frag-
ments of a 57-5%; zinc alloy and Weissenberg photo-
graphs of the 0k/, 1kl, 2k, and 3kl layers were made.
Precession photographs were also made of the kO,
hk1, hk2, hk3 and KO/ layers. All films showed 2m layer
symmetry and the observed reflections obeyed the con-
ditions A+ k =2n for hkl data and /=2n for 0! data.
The lattice constants of the C-centered orthorhombic
cell are a=4'62, b=10-43, c=6-64 A; and the three
possible space groups are Cmcem, C2cm and Cmc2.

A diffractometer pattern of the powdered alloy gave
d-spacings which, down to 1-:20 A, were in good agree-
ment with those computed from the single-crystal data.

CesZnyy, 63-12 wt.% zinc

Two single crystals of this compound were studied.
One was aligned about its ‘g’ axis and the other about
its ‘b” axis and numerous precession and Weissenberg
photographs were obtained from each crystal. The data
from both crystals showed that the compound is body-
centered orthorhombic. No systematic absences other
than those due to body-centering were observed and
the four possible space groups are Immm, Imm2 (or
DRmm, Im2m), 1222 and 12,2,2,. Back-reflection
Weissenberg data gave a=4-5215, »=8-8855, c=
13-463 A.

The diffractometer pattern of a powder specimen of
a 63-19; zinc alloy was obtained and the line positions
and their intensities were measured. These data are
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Table 1. Summary of crystallographic data for cerium—zinc compounds

Compound
CeZnt
CeZn;

CeZn;

CC3ZH11

CCZl’l~4,5

CeZnst

CeZn,
CeZZn 17

CeZn1 1§

* Formula units per unit cell.
1 Data from Iandelli & Botti (1937).
1 Composition ranges from 70-4 to 71-1 wt % Zn, and the lattice constants, ap=5-4163 to 5-4069 A and ¢g=4-2647 to 4-2757 A.
§ Data from Sanderson & Baenziger (1953).
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Crystal
system

Cubic, B2
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Orthorhombic

Orthorhombic

Hexagonal

Hexagonal

Not known

Rhombohedral

Hexagonal
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Tetragonal

Table 2. X-ray powder data for CesZny;
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do*

4431 A
4269
4028
4-003
3-705
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3-367
3:185
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0
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1
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2
2
13 0
1 0
1
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listed in Table 2. The d-spacings were also calculated
from the single-crystal data and found to be in good
agreement with the corresponding values in Table 2.

CeZny.s, 67-74 wt.%; zinc

Rotation and Laue patterns of two crystals which
were isolated from a 65:29; zinc alloy were taken and
found to be identical. The observed Laue symmetry
was Dgr. One of these crystals was employed in taking
Weissenberg photographs of the hkO through AkS
layers and precession photographs of the 40/, hkl, h2/
and hhl layers. Only those Akl reflections with /=2n
were observed. No other systematic extinctions were
found and the possible space groups are P62c, P6smc
and P6smmec.

The lattice constants as determined from Weissen-
berg and rotation films are a=14-60, c=14-11 A. The
¢/a ratio is 0-966 and the volume of the unit cell is
2605 A3. All the possible space groups require an even
number of atoms of each kind in the unit cell. The
cell formula CeysZn,y4 yields a volume contraction of
0-84°( which is consistent with the trend in the cal-
culated volume change for the other compounds and
the resulting stoichiometry, CeZng.4, agrees with the
results of Valeckis & Van Deventer (1963) and Valeckis,
Rosen & Feder (1961). A more precise stoichiometry
probably cannot be established without a detailed
structure analysis.

The diffractometer pattern of a powder specimen of
a 67-5% zinc alloy was compared with the d-spacings
calculated from single-crystal results. Since there are
over 1100 possible lines, only the front reflections for
the region up to 50° 26 were compared. All the 46
observed lines were accounted for. There were 99 cal-
culated lines in the investigated region ; twenty-five were
not observed and because of the close proximity of
some of the calculated lines their resolution was not
expected and the remaining 74 lines could be accounted
for by the 46 observed lines.

CeZns, 70-00 wt.% zinc

Gladyshevskii et al. (1961) have previously reported
that CeZns is isostructural with CaCus. However, their
lattice constants, a=542, c=4-17 A, differ signifi-
cantly from the constants found in this investigation,
and although it was found that the compound exists
over a composition range, the variation in lattice con-
stants was not sufficient to account for the discrepancy.

There exists a fairly large group of ABs compounds
having the CaCus structure, type D24, space group
P6/mmm with A in (a): 0,0, 0, 2B1in (¢): +(%, %, 0),
and 3Birin (g): 4,0, 4,0, 4, 4, 4, 4, 1 (Dwight, 1961;
Wernick & Geller, 1959). Dwight has shown that the
known ABs compounds have the above structure if
1:26 < Ra/Rp <1:61. The radius ratio Rce/Rzn is 1:33.

X-ray diffractometer patterns of four different alloy
compositions were taken in order to establish the com-
position range for the compound. The extrapolated
least-squares lattice constants are given in Table 3
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Table 3. Variation with composition of the laitice con-
stants of CeZns compound

Alloy

wt. % Zn a c cla
70-00* 5-4163 A 4-2647 A 0-7874
70-50 5:4152 4-2669 0-7879
70-99 5-4081 4:2736 0-7902
71-97* 5-4069 4-2757 0-7908

* These alloys contained detectable traces of their neigh-
boring phase. .

along with the c¢/a ratios. The statistical uncertainty in
the extrapolated lattice constants was calculated to be
+0-00005 A or less; however, the accuracy and relative
precision of the lattice constants for the different alloys
is estimated to be within +0-0005 A. It is also to be
noted that the volume per unit cell calculated from the
lattice constants varies only slightly, 108-4 to 108-3 A3,
over the composition range observed. The 70-0%; zinc
alloy showed the presence of CeZny.s and the 71:97%
zinc alloy showed the presence of CeZn,. In the two
phase regions the lattice constants, and consequently
the c¢/a ratio, do not vary with the over-all composi-
tion. A composition range of 70-4 to 71-1% zinc for
the compound was obtained by plotting c/a versus
composition and assuming linear variation of ¢/a within
the single phase region. This result is in excellent agree-
ment with the work of Valeckis & Van Deventer (1963)
who reported the stoichiometry as CeZns.,s.

The reflection intensities were calculated for CeZns
based on the CaCus structure. The atomic scattering
factors and dispersion data for cerium and zinc were
obtained from the compilation in International Tables
for X-ray Crystallography (1962, p. 210 and p. 213
respectively). The observed intensities measured from
a diffractometer scan of a powder specimen of a 70-0%
zinc alloy were scaled so that the intensity of the stron-
gest peak was 100 arbitrary intensity units. No tem-
perature factor correction was applied to the observed
data. However, other corrections were made with par-
ticular attention given to dispersion corrections. The
dispersion correction for cerium is about 209 when
copper Ko radiation is used. The calculated intensities
were scaled to the observed intensities by making
2 I,=2"I,. The intensity data are compared in Table 4.
Although the observed and calculated intensities do
not match perfectly, there can be little doubt that
CeZn; has the CaCus structure. The poorest agreement
was found in the back refiection region which is the
most sensitive to temperature factor correction.

On the basis of the proposed structure the inter-
atomic distances were calculated from the lattice con-
stants for the 7009 Zn sample. The interatomic dis-
tances (in accord with the type D,q structure described
previously) are

Znu—ZI‘lu 2:708 A

ni—Zn;

Ce—Zny 3127

Zni-Znm 2:644
Ce—Znn 3:445
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Table 4. Calculated and observed intensities for CeZns reflections

Bk ! 1" Lt
1 0o 0 24 18
o 0 1 50 47
1 0 1 472 481
1 1 0 403 34-4
2 0 0 386 39-9
1 1 1 1000 1144
o o 2 314 296
20 " 17:2 118
I o 2 10 05
2 1 0 17 04
1 1 2 122 157
2 1 1 102 120
2 0 2 275 220
i 0 0 93 62
3 0 1 127 261
0 0 3 n.o. 0-2
2 1 2

Z L2 } 22 43
2 2 0 201 18-5
3 1 0 n.o. 02
2 2 L 13 11
30 2

3 0 3} 26 2111
3 1 1 110 56
2 0 3 22 16
a0 0 64 40
2 2 2 182 204
i 0 1 10 14
3 1 2

3 ! 2 } 54 43
3 20 03 02
o 0 4 35 30
3 0 3 125 91
3 2 1

3 21 } 50 36

QAUUNANFRALUAWLWUNFRFLOWURARWWAWLWANWUVMAULMLWLNDN=AADL

k

COOORNMR~~WNOR,ONONOWNWO—OR,O=NON-=~O
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CWNRAUMUNARWNRANOUVMWNRRAROOWARNOWNRAWLWA—ON

L
86
19-8

0-2
88
46

n.o.

53

17

27

24-6

n.o.
11-8

n.o.
n.o.

15-3
236

44
224
19-9
n.o.

9-4
16:0

I
92
20-1

06
76

32

01
6-5

20
2-6

18-1

21
41

0-1
0-2

219
265

52
162
12:6

1-6
12:6

28-8
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* Relative intensities for 70-00 wt. %, zinc powder specimen measured from diffractometer charts with a planimeter and scaled

to Is(max.)=100.

T Calculated intensities for CeZns based on CaCus structure with I. scaled to I, so that ZI.=X1,.

n.0.=not observed.

The fact that the composition range for this com-
pound lies completely on the high zinc side may be
due to vacant cerium sites, zinc in interstitial positions
or zinc in cerium lattice sites. The observation that the
unit cell volume remains nearly constant over the com-
position range observed and a consideration of the
structure of the compound suggests that zinc atoms or
pairs of zinc atoms occupy some of the cerium lattice
sites.

CeZn,, 76-56 wt.%; zinc

All the crystals obtained for this compound were
square based pyramids with well developed faces; how-

Table 5. X-ray powder data for CeZn,

do* I1It do 11 do 111y
8-246 A 1 1-941 A 8 14472 A } 2
5-569 1 1-932 1-467
5-443 <% 1-898 5 1-459 <1
4-467 2 1-892 1-438 2
4-276 <% 1-870 1 1-427 <1
3-929 <1 1-812 <% 1-412 7
3-855 2 1-780 <1 1-403 <1
3-483 15 1-767 1 1-399
3-428 2 1:747 6 1-391 5
3-156 23 1-743 1-388

A C20-3*

do*
3-104
2:916
2:783
2:745
2-730
2:725
2718
2:704
2-670
2-442
2-339
2292
2:232
2-185
2:154
2-142
2-065
2054
2:039
1-997
1-963

1

|

11t
<1
23

1

28

10
28
87
100
43
2

31

Table 5 (cont.)
g

do
1-733
1-729
1-713
1-704
1-677
1-660
1-654
1-648
1-636
1-627
1:616
1-599
1-579
1-572
1-551
1-546
1-528
1-520
1-516
1-499
1-488

7
6

w

do
1-369
1-362
1-355
1-351
1-335
1-329
1-326
1-314
1-309
1-300
1-285
1-271
1-261
1-254
1-248
1-245
1-235
1-230
1:222
1-212
1-209
1-207

}

I/1y

A =
OMHN 0 N L O

A
O\ NN W oo N o

* Values from diffractometer measurements of 76-53 wt. %

zinc alloy powder specimens.

t Relative intensities measured from diffractometer charts
with a planimeter and scaled to I/Ip=100 for strongest peak.
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ever, X-ray oscillation photographs showed that they
were multiple crystals. Several small chips of these
crystals and fragments of the bulk alloy were also ex-
amined but with no better results. Consequently only
diffractometer data were obtained for this compound.

The d-spacing data given in Table 5 are averaged
results obtained from several diffractometer scans of
76:5%; zinc alloy powder specimens. Intensity data are
given only up to 80° 26 (d=1-20 A). Attempts to index
the pattern on the basis of a hexagonal, tetragonal or
orthorhombic unit cell failed, either because the cell
has less than orthorhombic symmetry or because of
the complexity of the diffraction pattern.

Ce,Zny4, 79-86 wt.%; zinc

The powder pattern of a 79:-8%4 zinc alloy was com-
pared with a powder pattern of U,Zn;;. The patterns
appear to be nearly identical in position and intensity
of the observed lines. A single crystal was picked from
this alloy and Weissenberg A0/, A1/, h2/ and A3/ data
were obtained and precession photographs of the Ak0
through hk6, and several hhl layers were taken. The
h0/layer Weissenberg photograph of Ce,Zn;; was com-
pared visually with a corresponding Weissenberg pat-
tern of U,Zn;; and found to be very similar. There-
fore, it may be concluded that Ce,Zn,; is isostructural
with the rhombohedral modification of U,Zn,; (Vold
& Peterson 1961) and (Markarov & Vinogradov
1956). The lattice constants for the corresponding
hexagonal unit cell for Ce,Zn;; were determined from
back reflection Weissenberg data to be a=9-0708 +
0-0005 A and c=13-2844 + 0-0005 A.

In an alloy system such as the cerium-zinc system
in which a large number of compounds are formed, it
is very difficult to establish definitely the true stoichi-
ometry of the compounds on the basis of the usual
thermal and metallographic data. Similarly it is not
always possible to infer correctly the stoichiometry of
a compound from X-ray data alone; for example, the
AB; compound listed in Table 1 has a stoichiometry
corresponding closely to CeZns.,s. Microstructures in-
dicate the compound designated as CeZn, is also actu-
ally richer in zinc than the formula indicates. In view
of the X-ray data presented here and the thermal and
metallographic data presented elsewhere (Chiotti &
Mason, 1965) there can be little doubt that all the
cerium~zinc compounds which are stable over the tem-
perature range investigated have been identified. Com-
pounds which might form very slowly at near room
temperatures are excluded.

The phase diagram for the yttrium-zinc system
(Chiotti, Mason & Gill, 1963) shows a similar series of
compounds; the compounds YZn; and YZng4.s were
not indicated on the phase diagram. The crystal struc-
tures of the yttrium-zinc compounds have been invest-
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igated by Earle Ryba and coworkers at The Pennsyl-
vania State University. Data obtained by Sree Harsha
(1964), when compared with the data on the cerium-
zinc compounds, indicate that the compound desig-
nated as YZn, on the phase diagram is actually Y;Zny,;
and the compound YZns is very probably YZn,.s. The
metallography of the alloys in this region of the yttrium-
zinc system should be reexamined. 1t is also interesting
to note that they find the space group for YZn; is
Pnma with a=6-690, 5=4-405 and ¢=10-111 whereas
the data in Table 1 for CeZn; do not include this space
group but do show very similar lattice constants indi-
cating the two structures are closely related.

The authors wish to acknowledge gratefully the as-
sistance of D.M.Bailey and D.L. Anderson in various
phases of the experimental work and the assistance of
Mrs Margaret Lott in reading diffractometer charts
and in measuring reflection intensities. The alloys em-
ployed in this investigation were made available by J.
T.Mason.
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