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The crystal structure of the T1 phase of A1-Cu-Li has been determined by means of single crystal X- 
ray diffraction. The compound crystallizes in the hexagonal space group P6/mmm (No. 191) with a unit 
cell of dimensions a = b = 4.954(3) A and c = 9.327(4) ~,. The least-squares refinement on F with 
isotropic temperature parameters for all atoms converged at RF = 0.087 (wR = 0.095), for 371 observed 
reflections and eight parameters. Although a global agreement is observed with the structure proposed 
by J. C. Huang and A. J. Ardell (Mater. Sci. Technol. 3, 176 (1987)), some significant differences 
are found. These differences are interpreted in terms of a more likely coordination of Li and A1 
atoms. © 1990 Academic Press, Inc. 

Introduction 

The T1 phase in the a luminum-coppe r -  
lithium phase diagram was identified by 
Hardy and Silcock (1) as a hexagonal phase 
with lattice constants a = 4.96 A and c = 
9.35 A (c-axis unique) of  composit ion 
A12CuLi. The space group could not be de- 
termined unequivocally;  it was found to be 
P6/mmm or one of  its maximal acentric 
subgroups. Convergent  beam electron dif- 
fraction pointed to the space group P6/ 
mmm as the correct  symmetry  (2, 3). Re- 
cently, a model for the structure of  this 
phase was proposed by Huang and Ardell 
(4), based on the diffraction data published 
by Hardy  and Silcock (1). They also com- 
pared the intensities predicted for this 
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model with new electron diffraction experi- 
ments. 

In this paper  we present results of the 
refinement of  the structure of  A12CuLi on 
newly measured single-crystal X-ray dif- 
fraction data. Some significant differences 
with the structures proposed by Huang and 
Ardell (4) are found, although the global ap- 
pearance of  their model is confirmed. 

Experimental 

The title compound was prepared in an 
inert environment by melting together the 
elements in the proper  composit ion using a 
tungsten crucible and subsequent cooling of 
the melt to 500°C with a rate of  1.5 K/rain. 
Single crystals of  the hexagonal phase were 
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obtained of sizes up to several millimeters. 
They have a light-gray color and metallic 
luster. 

A platelet of thickness 0.012 mm and in 
the plane with a shape of one-quarter of an 
ellipse with edges of 0.05 and 0.10 mm was 
selected for the diffraction experiment. All 
diffraction experiments were performed on 
an ENRAF-NONIUS CAD-4F diffractom- 
eter, equipped with a graphite monochro- 
mator and using MoKff radiation (X = 
0.71073 A). The temperature of the mea- 
surement was 295 K. 

Unit cell dimensions and their standard 
deviations were determined from accu- 
rately measured positions of four alternate 
settings of 17 reflections in the 0-range from 
16.3 ° to 19.9 ° (5). A hexagonal cell of di- 
mensions a = 4.954(3) A and c = 9.327(4) ,~ 
(c-axis unique) was found, which is in rea- 
sonable agreement with the values reported 
by Huang and Ardell (4). 

Intensities of all reflections in one hemi- 
sphere and up to 0 = 50 ° were measured 
using the o9/20 scan-technique. Three refer- 
ence reflections were monitored at regular 
intervals and showed only a small change 
during data collection. A 360 ° qJ-scan for the 
close to axial reflection (420) showed a vari- 
ation in intensity up to 13% about the mean 
value. Intensities were corrected for varia- 
tion in the intensities of the reference re- 
flections, for Lorentz and polarization ef- 
fects, and for absorption. The latter was 
done by using the measured crystal dimen- 
sions and a Gaussian integration method 
(6). Minimum and maximum corrections 
are 1.11 and 1.40, respectively. Variance 
was calculated based on counting statistics 
and the term (p212), where P (= 0.027) is 
the instability constant (7) as derived from 
the excess variance of the three reference 
reflections: O-Z(/) = o-~s(I) + (0.0271) 2. 

Averaging in Laue symmetry 6/mmm 
gave a consistency index R1 = ~ ( I  - / av ) /  

~;I = 0.16, for reflections satisfying the I > 

2.5o-(1) criterion of observability. Because 
of this rather high value for R1, averaging 
was performed in subgroups of P6/mmm. 1 
The lowest value was obtained for Laue 
symmetry mmm, with respect to one of the 
three orientation variants of the C-centered 
orthohexagonal unit cell (R1 = 0.083). 
Other symmetries, ranging from 3 to 6 mm, 
gave RI values in between 0.10 and 0.15. 
They should be compared with R~ = ~o-(I)/ 
Y4 = 0.17 for observables (R~ -- 0.21 for all 
reflections). These results could suggest 
that the structure have orthorhombic sym- 
metry Cmmm, despite its hexagonal lattice. 
However, as discussed in the next section, 
refinements in this symmetry did not show 
a significant deviation from P6/mmm sym- 
metry. Therefore, within the limits of 
our data set, we have to conclude to 
P6/mmm. 

The high value of RI  c a n  be explained in 
part by the low accuracy of the measure- 
ment, expressed by R~ = 0.17. Of influence 
may also be an inadequate absorption cor- 
rection. Note that the variation in absorp- 
tion correction is larger than 16%. A factor 
of unknown magnitude is a possible poor 
quality of the crystal. It was observed that 
over several weeks crystals became cov- 
ered with a grayish "dus t , "  supposedly 
lithium oxide, an indication that lithium 
was leaking from the sample. This loss of 
lithium itself will hardly have any effect on 
the diffraction. However, the accompany- 
ing internal strain may be an explanation 
for the orthorhombic appearance of the 
symmetry of the diffraction pattern. 

The 4287 measured reflections were com- 
bined into a unique set (Lane symmetry 6/ 
mmm) of 490 reflections, with a consistency 
index for averaging observables of R~ = 
0.16 (RI = 0.17 for all reflections). The 374 
reflections satisfying the I -> 2.5o-(1) were 

1 We thank one of  the referees for suggesting the 
possibility of  or thorhombic symmetry.  
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used in the final refinements. No systematic 
extinctions were observed. 

The density of the material was measured 
using a water-filled picnometer of approxi- 
mate volume of 5 x 103 mm 3 and a batch of 
single crystals with a total weight of 134.68 
mg. Due to the (slow) chemical reaction be- 
tween water and alloy, the weight of the 
picnometer filled with both water and alloy 
decreased continuously in time. The first 
reading was used. However, it may still be 
lower than the true value, resulting in an 
underestimate of the density of the sample. 
The resulting value for the density is 3.2 x 
10 -3 g/ram 3, with an estimated standard de- 
viation of 0.2 x 10 -3 g/mm 3. 

Refinement 

A Patterson synthesis was made by cal- 
culating points of the Patterson function on 
a grid of resolution 0.25 A. For both sym- 
metries 6/m and 6/mmm strong peaks are at 
the positions (0, 0, 0.468), (0.5, 0, 0), and 
(0.5, 0, 0.466). They can be a result of at- 
oms at the special position 6i in P6/ 
mmm, generated by (0.5, 0, z) with z --= 
0.234. Because of the intensity of the 
peaks, this position should involve most of 
the Cu atoms. Weaker, but still significantly 
positive peaks are at (½, 0.171, 0.236), (0.5, 
0, 0.405), (0.5, 0, 0.122), and (0.67, 0.33, 
0.358). The first can be explained as a vec- 
tor from (0.33, 0.67, 0) to a symmetry 
equivalent of (0.5, 0, 0.236), meaning the 
presence of A1 on position 2c: (½, §, 0). The 
remaining three are explained by putting an 
aluminum atom on special position 2e: (0, 
0, z), (0, 0, -z ) ,  with z = 0.358. Replacing 
this position by an aluminum at (0, 0, 0.5) as 
in the model proposed by Huang and Ardell 
(4) cannot explain all Patterson peaks and is 
thus incorrect. The remaining space can be 
filled with lithium at special position 2d: (½, 
§, ½), (§, ½, ½)~and at la: (0, 0, 0). The Patter- 
son function in other, lower, symmetries 

did not deviate significantly from the one 
calculated in P6/mmm. 

The calculated density for A12CuLi is 3.1 
x 10 -3 g/mm -3 for 3 formula units per unit 
cell, and 4.1 x 10 -3 g/mm -3 for Z = 4. The 
measured density shows the most probable 
value for Z to be 3, in accordance with 
Huang and Ardell (4) and the structure de- 
rived from the Patterson synthesis. For Z = 
3, the structure model derived from the Pat- 
terson synthesis has 3Cu + 3A1 occupying 
the 6i position, 2c fully occupied by A1, 2e 
half occupied by A1, and 2d and la occu- 
pied by Li. 

Trial structures were refined starting in a 
symmetry P3 and going up to P6/mmm. At 
each stage, the best model found in a partic- 
ular symmetry could be matched by an al- 
most equivalent model in a higher symme- 
try. This led to a final structure model in 
space group P6/mmm, No. 191 (12). It 
turned out that the Al(3) position is fully 
occupied. Analysis of difference Fourier 
maps showed that the la position for Li(2) 
has to split into a twofold position (0, 0, 
+z), with z = 0.051. This results in Z = 3.3. 

A possible lowering of the symmetry to 
orthorhombic was tested by refining the 
corresponding model in the orthohexagonal 
unit cell, with space group Cmmm. A dif- 
ferently averaged data set was used for this 
refinement. Only a small improvement of 
the consistency index wRe2 was observed, 
from 0.095 for P6/mmm to 0.091 for 
Cmmm. The deviation of the structural pa- 
rameters from their P6/mmm values was 
not significant. Apparently, the additional 
parameters, introduced by lowering the 
symmetry to Cmmm, are not the correct 
ones to account for the orthorhombic ap- 
pearance of the diffraction symmetry. As 
discussed in the previous section, we do 
not have a conclusive explanation for this 
lower diffraction symmetry. However, 
within the limited accuracy of our data set, 
we have to describe the structure as hexag- 
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onal, space group P6/mmm. Note that in 
two independent CBED experiments, there 
was no reason to consider a symmetry 
lower than hexagonal (2, 3). 

In the refinements a strong correlation 
was observed between the temperature fac- 
tors and the site occupation factors (s.o.f.). 
Because of  the necessity of refining the lat- 
ter, it was not possible to use anisotropic 
temperature factors. Even then, the cor- 
relation between s.o.f . 's  and isotropic tem- 
perature factors was too high to be able to 
vary all independent parameters. The 
s.o.f . 's  of Cu(1) and Al(1) were fixed in the 
final refinements with s.o.f . 's  satisfying the 
ratio AI/Cu of 2 in the unit cell. The temper- 
ature factors of  AI(1) and Cu(1) were con- 
strained to be equal and the isotropic tem- 
perature factors of  Li(1) and Li(2) were set 
equal. The final full-matrix least-squares re- 
finement converged at WRF2 = (~w([Fol - 
Fcl)z/(EwIFol2)) '/2 = 0.095 and RF = ~1 ]Fol 
- I F c [  ])/(Z]Fol) = 0.087. Three reflections 
with (w liFo] - ]F¢] [) > 10) were excluded 
from the final refinement cycles. In the final 
difference Fourier map the highest peaks 
and the deepest troughs were located near 
the Cu(1) and Li positions and amounted to 
5 and - 3  e/A 3. Final fractional atomic co- 
ordinates, s .o.f . 's ,  and isotropic thermal 
parameters are given in Table I. A compre- 
hensive list of crystallographic data includ- 
ing bond distances and a list of observed 
and calculated structure factors are avail- 
able as supplementary material. 2 Scattering 

2 See NAPS document No. 04749 for 7 pages of 
supplementary material. Order from ASIS/NAPS. Mi- 
crofiche Publications, P.O. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in advance $4.00 
for microfiche copy or for photocopy, $7.75 up to 20 
pages plus $.30 for each additional page. All orders 
must be prepaid. Institutions and Organizations may 
order by purchase order. However, there is a billing 
and handling charge for this service of $15. Foreign 
orders add $4.50 for postage and handling, for the first 
20 pages, and $1.00 for additional 10 pages of material, 
$1.50 for postage of any microfiche orders. 

TABLE 1 

FRACTIONAL ATOMIC COORDINATES AND ISO- 
TROPIC THERMAL PARAMETERS FOR THE FINAL 
STRUCTURE MODEL 

Atom x y Z s.o.f. U (.&2) 

Cu(1) 6i ½ 0 0.2363(1) 0.556 0.0039(2) 
AI(1) 6i ½ 0 0.2363(1) 0.444 0.0039(2) 
Al(2) 2c ] ] 0 1.0 0.0061(8) 
Al(3) 2e 0 0 0.3568(7) 1.0 0.0091(9) 
Li(1) 2d ½ ~ 1/2 1.0 0.025(9) 
Li(2) 2e 0 0 0.051(9) 0.666 0.025(9) 

Note. Standard deviations are given in parentheses. 
The temperature factors in the structure factors are 
defined by exp(-87r 2 U(sin(O)/X)2). Note that the unit 
cell used here is shifted over 0.5 e with respect to the 
unit cell used in Ref. (4). 

factors were taken from Cromer and Mann 
(8). Anomalous dispersion factors are those 
given by Cromer and Liberman (9). All cal- 
culations were carried out on the CDC-Cy- 
ber 170/760 computer of the University of 
Groningen with the program packages 
XTAL (10) and EUCLID (11) (calculation 
of geometric data). 

Discussion 

The structure as proposed by Huang and 
Ardell (4) consists of atoms in four layers. 
The special position 6i: (½, 0, z), defines two 
layers at z and 1 - z, which are statistically 
occupied by aluminum and copper atoms. 
Layers  at z = 0 have aluminum in the two- 
fold special position (], §, 0) and layers at z 
= ½ accommodate lithium at (½, §, ½). To- 
gether these layers form a more or less 
closed packed structure (Table II), how- 
ever, with empty channels along e at x = y 
= 0. Huang and Ardell (4) fill these chan- 
nels with a single aluminum atom at (0, 0, ½) 
and a lithium atom at (0, 0, 0), leading to a 
unit cell content of Z = 3. Within the z = 0, 
½ layers, this gives a shortest distance of 
2.860 A. However,  it leaves empty space 
around the (0, 0, -4)  positions. 
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TABLE II 

INTERATOMIC DISTANCES FOR THE NEAREST 
NEIGHBORS OF EACH OF THE FIVE INDEPENDENT 
ATOMS 

Central atom Coordinating atom Distance (,~) 

A1/Cu(1) 2 x A1/Cu(1) 2.477(2) 
2 x Al(2) 2.627(2) 
2 x Al(3) 2.720(3) 
2 x Li(1) 2.845(2) 
2 x Li(2) 3.02(2) 

Al(2) 6 x AI/Cu(1) 2.627(2) 
3 x AI(2) 2.860(2) 
3 x 1.3 x Li(2) 2.90(1) 

Al(3) 1 x Al(3) 2.671(3) 
6 x A1/Cu(1) 2.720(3) 
1 x Li(2) 2.85(8) 
6 x Li(1) 3.157(2) 

Li(1) 6 x A1/Cu(1) 2.845(2) 
3 x Li(1) 2.860(2) 
6 x Al(3) 3.157(2) 

Li(2) 1 x Li(2) 0.95(12) 
1 x Al(3) 2.85(8) 
6 x Al(2) 2.90(1) 
6 x A1/Cu(1) 3.02(2) 

Note. Standard deviations in the last digit are given 
in parentheses. 

From the Patterson synthesis we deter- 
mined that the single aluminum at (0, 0, 0.5) 
has to be replaced by two aluminums at (0, 
0, +0.35). This was confirmed by the subse- 
quent refinement. The single lithium posi- 
tion had to be replaced by a partially occu- 
pied twofold position. This leads to 
coordination distances around Al(3) and 
Li(2) more reasonable than those in the 
model by Huang and Ardell (4) (Table II). A 
drawback of our model is the Li(2) position, 
for which the partial occupation of 1.3 at- 
oms per 2 positions occasionally leads to 
the improbable short distance of 1 A. This 
may be attributed to the insensitivity of the 
calculated structure factors to the exact 
lithium positions and to a possible addi- 
tional disorder not included in our model. 

The consequence of putting more atoms 
in the channel on x = y = 0 is that the unit 

cell contents become higher than Z = 3; we 
obtain Z = 3.3. In the light of the large dis- 
order observed in this structure it might not 
be impossible that a noninteger number of 
atoms is present in the unit cell. A second 
possible explanation is an additional order- 
ing of the lithium atoms in some supercell, 
for which the additional reflections are too 
weak to be observed. The calculated den- 
sity for the model proposed here is 3.48 x 
10 .3 g/mm 3, still within 2o- of the experi- 
mental value and compatible with an ex- 
pected underestimate of the experimental 
value. 

A second difference with the model by 
Huang and Ardell (4) is the value of the Z- 
parameter of A1/Cu(1), which they give as 
1/4. Here, the Patterson synthesis defi- 
nitely points to a value different from 1/4, 
which was confirmed in the refinement (Ta- 
ble I). The effect on the structure is that the 
nearest neighbor distances of Al(2) become 
shorter and those of Li(1) become longer 
than the distance of 2.735 A obtained for 
both for z = 1/4. This is exactly as in the 
cubic R phase, A15CuLi3, and the icosahe- 
dral T2 phase, A16CuLi3, in which the near- 
est neighbor distances of the lithium atoms 
are also longer than the nearest neighbor 
distances of the copper and aluminum at- 
oms (13, 14). 

References 

1. H. K. HARDY AND J. M. SILCOCK, J. Inst. Metals 
84, 423 (1955-1956). 

2. G. BOOM, S. LAST, P. M. BRONSVELD, AND 
J. TH. M. DE HOSSON, Inst. Phys. Conf. Ser. 
2(93), 503 (1988). 

3. K. S. VECCHIO AND D. B. WILLIAMS, Metall. 
Trans. A 19, 2885 (1988). 

4. J. C. HUANG AND A. J. ARDELL, Mater. Sci. 
Technol. 3, 176 (1987). 

5. J. L. DE BOER AND A. J. M. DUISENBERG, A c t a  
Crystallogr. Sect. A 40, C410 (1984). 

6. A. L. SPEK, in "Proceedings, 8th Eur. Crystal- 
logr. Meet . ,"  Belgium (1983). 

7. L. E. MCCANDLISH, G. H. STOUT, AND L. C. 
ANDRES, Acta Crystallogr. Sect. A 31, 245 (1975). 



298 VAN SMAALEN ET AL. 

8. D. T. CROMER AND J. B. MANN, Acta CrystaUogr. 
Sect. A 24, 321 (1968). 

9. D. Z. CROMER AND D. LIBERMAN, J. Chem. Phys. 
53, 1891 (1970). 

10. S. R. HALL AND J. H. STEWART (Eds.), 
"XTAL2.2 User's Manual," Universities of 
Western Australia and Maryland (1987). 

11. A. L. SPLIt, in "Computational Crystallography" 
(D. Sayre, Ed.), p. 528, Clarendon Press Oxford 
(1982). 

12. "International Tables for Crystallography 
(1983)," Vol. A, "Space-Group Symmetry" (T. 
Hahn, Ed.), Reidel, Dordrecht (present distributor 
Kluwer Academic Publishers, Dordrecht). 

13. H. B. ELSWIJK, J. TH. M. DE HOSSON, S. VAN 
SMAALAN, AND J. L. DE BOER, Phys. Rev. B 38, 
1681 (1988). 

14. M. AUDIER, J. PANNETIER, M. LEBLANC, CHR. 
JANOT, J.-M. LANG, AND B. DUBOST, Physica B 
153, 136 (1988). 


