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High-temperature silica-tube syntheses and room-temperature copper extraction experiments of the 

single phases found with the former technique have established five new ternary phases in the 

TI-Cu-Se system. The compositions were determined by microprobe analysis. The new phases have 

been crystallographically characterized by means of single-crystal and powder diffraction: TICulSeZ 

(CsAg& type), o = 15.2128(7) A, h = 4.0115(2) A, c = 8.3944(4) A, p = 1 Il.700”(4); Tl,Cu,,Se,,, (new 

type), C2im:‘) (I = 18.097(2) A, h = 3.9582(Z) A, c = 18. I lS(2) A. p = Il6.089”(7); TICu,Sel (new type, 

P&2?), u = 12.9023(2) A, c = 3.9905(l) A-; TICucm,Sel (new type, PnnZ?), LI = 12.43(l) A, h = 12.80(I) 

A, c’ = 3.93(l) A; TICulSel (NH&u,& type), (I = 10.4524(2) A, c = 3.9736(l) A. The latter phase may 
be considered as stoichiometric crookesite. ~3 tsx7 AC~~HDIC PIW. IK. 

Introduction 

No systematic study of the Tl-Cu-Se 
system has been performed; the individual 
phases have sometimes been insufficiently 
characterized. Elucidation of the TlCu#ez 
structure (I) served as an impetus for the 
study of the physical properties. According 
to Jellinek, copper is likely to be mono- 
valent in its compounds with the heavier 
chalcogens. Therefore, TICuSe should 
contain one hole in the valence band, giving 
it metallic properties, a hypothesis 1 had the 
pleasure to confirm when working in his 
group at the University of Groningen for a 
couple of years (2). A similar argument 
might hold for TICuSe (3), explaining its 
high electrical conductivity (4). As for the 
further phases where the structures are 
claimed to be known, TlCuSe also shows 

* Dedicated to Dr. Franz Jellinek. 

metallic behavior (4) while TICuSez is a 
chalcopyrite-type semiconductor (5). 

Additional phases lacking proper charac- 
terization (T13Cu$3e5, TICu3Sez, T1$3txSe5 
and TICu9Se5) were reported along the 
pseudobinary T&Se-Cu$e (6). Therefore, 
the current investigation was concentrated 
in this area of the phase diagram. Five new 
ternary phases were experimentally es- 
tablished and identified on the basis of 
X-ray diffraction and chemical analysis. 

Experimental Techniques 

Synthesis 

Solid-state reactions. The first synthesis 
stage encompassed the preparation of sin- 
gle-phase TlSe from the elements at 570 K 
(2). Beforehand, the elements had been 
purified where appropriate. 

The copper used for making the ternary 
compounds was added in the form of filings 
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from massive metal (HCOKOF, Outu- 
kumpu Oy, Finland; 4 N purity), etched by 
nitric acid. The selenium was added as 
shots (Highways International; 5 N). The 
mixtures of TISe, copper and selenium 
were charged into silica tubes. After evacu- 
ation and sealing, these were heated briefly 
in the torch flame to bring the mixtures to 
reaction and melting. A temperature of 670 
K was chosen for annealing the samples in 
the solid state. They were kept in a furnace 
for 4-7 weeks. 

Chemical treatment. If metallic copper 
comes into contact with an aerated ammo- 
nia solution, the equilibrium surface con- 
centration of copper ions changes owing to 
oxidation and complex formation. The am- 
mine complex indicates reaction through its 
typical color. It was found that the copper 
content of a selenide powder could be grad- 
ually changed by these means even at room 
temperature, as evidenced by formation of 
a dark blue solution accompanied by a 
change in the X-ray powder pattern of the 
powder. 

No attempts were made to chemically 
analyze the solutions quantitatively to de- 
termine the degree of copper extraction. 
The chemical treatment was stopped at an 
arbitrary stage, at which the reagent was 
decanted and the powder washed with dis- 
tilled water, alcohol, and acetone before a 
sample was withdrawn for diffraction 
analysis. 

X-ray Diffraction 

The synthesis products from the high- 
temperature or room-temperature treat- 
ments were investigated by X-ray powder 
diffraction using a Guinier-Hagg focusing 
camera equipped with CuKar radiation [X 
= 1.540596 A (7, S)]. The high angular 
resolution (at least 0.015”), paired with a 
low background, enabled minute line split- 
tings to be detected, essential for the inter- 
pretation of unknown powder patterns. Sili- 
con or germanium (a = 5.431028 A (8, 9) 

and a = 5.657805 A (7, lo), respectively, 
both at 295.6 K) were used as internal 
calibration standards. 

Where single crystals could be found, 
they were studied with a Weissenberg cam- 
era. The symmetry and systematic extinc- 
tions for allotting the space groups were 
judged from three consecutive reciprocal 
layers on rotation about the unique axis, in 
some cases supplemented with a zero-layer 
film taken in a different setting. 

The ultimate cell parameters were ob- 
tained from a least-squares procedure 
based on the Q values (powder data) and 
the Miller indices, proper account being 
taken of the individual errors of the Bragg 
angle measurement and their nonlinear 
propagation to the weights of the Q values 
in the refinement (II). 

The line positions were measured either 
by hand (film projection, typical error 
-~0.003”) or in an automated film-scanner 
system (12). The latter procedure also per- 
mitted the intensities of the powder lines to 
be established. In some cases, the observed 
intensity data were compared with calcu- 
lated values based on proposed structure 
models as input into the LAZY- 
PULVERIX program (13). 

Chemical Analysis 

The elemental contents for each phase 
found in this study were quantitatively 
analyzed with an electron microprobe 
(ARL- SEMQ). Point analyses (0.5~pm 
beam) were performed on different parts of 
metallographically polished samples (Epo- 
fix; alumina and magnesia powder) to as- 
certain homogeneity. At least three points 
were taken for each phase, the mass per- 
centages of the elements adding up to 99.2- 
100.4%. When taking the average of the 
contents, each element value was normal- 
ized to give a sum of 100%. A single crystal 
of TICu$ez, coated with graphite, was used 
as internal standard; Cuba, TILa, and 
SeKa radiations were recorded. The neces- 
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sary calculations and corrections were 
made by computer using the MAGIC IV 
program (14). 

Results: Phase Characterization and 
Relationships 

In Table I, the crystallographic charac- 
teristics of the thallium copper selenides 
found so far are presented, supplemented 
with chemical analysis data on, preferen- 
tially, the new phases evidenced in the 
current study. 

As can be seen from the analysis data, 
the agreement with expectation is very 
good. The errors given correspond with 
counting statistics only. The actual errors 
might therefore be somewhat greater. The 
space group and structure type assignments 
were based on diffraction data, including 
intensity calculations. 

Stability relationships have as yet not 
been studied in detail, and no claim is made 
that Table I covers all ternary phases in the 
system. In particular, the phase relation- 
ships near TlCuSSe3 and TICuSe are com- 
plicated owing to homogeneity ranges (vari- 
able copper content) and vacancy ordering 
phenomena in that context. 

The only previous study of the phase 
relationships concerns the section T&Se- 
Cu$e (6). A pseudobinary diagram was 
presented based on DTA, EMF and micro- 
hardness measurements, and X-ray powder 
diffraction. The present study confirms the 
existence of TlCuSe and TlCu3SeZ (4, 6). 
The proposed phases TlzCuaSeS and TlCu9 
Se5 (6) are to be identified with respectively 
TlCu5Se3 and TlCu$Se+ From the available 
data it cannot be concluded whether the 
proposed phase T13Cu7Se5 would be identi- 
cal with T15Cu14Se10, although the latter lies 
slightly off the tie line. The exact stoichi- 
ometry of the starting materials for that 
study (T12Se and Cu$e) is unknown. Both 
Tl#e (15) and Cu$e appear with apprecia- 
ble homogeneity ranges. In fact, a tie-line 

T15Se3-Cu*Se would contain TlsCuj4Selo. 
According to the X-ray line diagram pub- 
lished, the CuzSe does not differ signifi- 
cantly from the strictly stoichiometric com- 
position. 

Some phase relationships are indicated 
from the results of copper extraction where 
the neighboring two-phase area may even- 
tually be entered. Powder diffraction on 
TlCu3SeZ treated with an aerated ammonia 
solution showed that besides TlCu3Ser, te- 
tragonal TICuzSeZ was formed. On further 
extraction, single-phase TICuSe? was 
eventually obtained. The coexistence of 
these two phases was also established in 
one of the microprobe samples where a 
microstructure indicative of a crystallogra- 
phically related intergrowth was observed. 
The absence of monoclinic T15Cu14Se10 as a 
possible product of copper leaching indica- 
tes that this is a high-temperature phase or 
it does not nucleate as easily as TICuzSez. 
TlCu3Sez grains were also found embedded 
in TlCuSe which supports the suggestion 
that no phase exists between those two. 

Copper extraction in a phase mixture 
TlCu7Se4/Cu2Se gave interesting results. 
Both phases released copper, the latter so 
that the initially monoclinic(?) phase (16) 
was subsequently transformed into cubic 
berzelianite, Cu7Se4 (17), tetragonal uman- 
gite, Cu3Sez (18), and eventually hexagonal 
klockmannite, CuSe (19). The TICuSe 
phase changed practically only its tetrago- 
nal c axis in the process. Thereby, the 
initial small line splittings disappeared at 
the stage where a/c = -\/;i = 2.65-yielding 
a “cubic appearance” for the powder pat- 
tern-to occur again in a displaced manner 
when c had decreased further. The reaction 
could be enhanced by using H202 rather 
than air, but the neighboring three-phase 
area was virtually not entered. The cell 
volume decreased up to I% in the process, 
the powder lines remaining sharp. 

TICuSe reacted similarly to ammonia 
with a decrease in its tetragonal (’ axis at the 
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TABLE I 

CHARACTERISTICS OF THE TERNARY PHASES IN THE TI-Q-Se SYSTEM 

Compound 

Composition 
(WV%) 

Theory Found 
Structure 

We 
Cell parameters 

6) Space group” 

TICuSe TI 48.0 
cu 14.9 
Se 37.1 
TI 58.9 59.2(6) 

cu 18.3 18.1(l) 
Se 22.8 22.8(2) 
TI 41.8 41.5(4) 

Cu 26.0 26.5(2) 
Se 32.2 32.0(3) 
TI 29.4 29.8(4) 

Cu 36.5 36.5(2) 
Se 34. I 33.7(3) 
TI 37.8 38.1(4) 

Cu 32.9 32.8(2) 
Se 29.2 29.1(2) 

CuFeS, 

TICuSe PbFCl 

TICuzSe, ThCrzSiz 

TICudSe, KCu,Sel 

New 

TICu,Se, Tl 37.0 37.2(4) 
Cu 34.5 34.2(2) 
Se 28.5 28.6(2) 

CsAg,S, (22) 

TICu$e, TI 26.9 27.5(4)’ 
Cu 41.9 41.2(2) 
Se 31.2 31.3(3) 

New 

TIC& ,Sei’ New 

TIC&Se, TI 21.2 21.3(3) 
Cu 46.1 46.1(2) 
Se 32.7 32.7(2) 

NH4Cu,S4 (23) 

Nore. The italic numbers within parentheses denote references that may be consulted for 
information on either the structure type or the cell parameters. Data not followed by a 
reference number are the results of this work. The figures within parentheses are the 
estimated standard deviations based on statistics. Cell parameters are given in the order (I, 
(h), c, (0). 

’ Asterisks indicate that the space group assignments are only tentative, based on 
extinction rules and structural considerations. 

‘The chemical analysis refers to a sample from the three-phase area also containing 
TICurSej and Cu,Se,. The cell parameters of this phase were a = 12.9034(4) A and c = 
3.9776(2) A,, the shortened c axis indicating copper deficiency. The analysis results rather 
correspond to TICu,,Se,. 

’ No large-grained material suitable for a microprobe analysis was obtained. This 
orthorhombic phase occurs on copper extraction of the tetragonal TICuSe+ 

5.8 
I I .6 (5) 

4.08(l) 
8.16(l) (21) 

3.8572(2) 
l4.038( I) (2) 

3.975(l) 
9.834(l) 

18.097(2) 
3.9582(2) 

18.118(2) 
116.089”(7) 
15.2128(7) 
4.0115(2) 
8.3944(4) 

I I I .700”(4) 
12.9023(2) 
3.9905(l) 

12.43(l) 
12.X0( I) 
3.93(l) 

10.4524(2) 
3.9736(l) 

P4lnmm 

I4immm 

PWtnmm 

c2/m* 

C2lm 

P&2* 

Pnn2* 

14 
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initial stage, but continued copper extrac- 
tion led to the appearance of a new pattern. 
That could be indexed on an orthorhombic 
cell (0) which bears a simple metric rela- 
tionship with the original tetragonal cell (t), 
such that u, = h, = u,, c, = ct (see Table 1). 
This new phase might be a vacancy ordered 
variation of the structural theme assigned 
to T1CuSSe3. Its composition obviously lies 
somewhere between those of TICu5Se3 and 
TICu4Se3. Density considerations would 
suggest TlCu4.3Se3. The composition 
TICu&e3 was obtained from microprobe 
analysis on powder. 

Conclusions 

Syntheses in the Tl-Cu-Se system have 
shown that there are more phases than 
previously anticipated. In particular, the 
method of copper extraction introduced in 
this work presents a very convenient way 
of making subtle composition changes and 
is also a means of investigating phase rela- 
tionships. It is very striking how easily the 
compositions of T1Cu7Se4 and TICu5Se3 
may be changed without disrupting the 
structures. It is possible that copper defi- 
ciency is paired with valence-band hole 
formation. Preliminary measurements of 
the thermoelectric effect of TICu7-,Se4 in- 
dicate metallic behavior and a decreasing 
positive slope of S vs temperature (S being 
the Seebeck coefficient) for increasing x. 
This hypothesis might explain why neither 
TlCuSe nor TICuSe is affected by the 
ammonia solution. The latter compound 
has one hole in the valence band per for- 
mula unit and tolerates no more. In the near 
future a more extensive study of the physi- 
cal properties of the various phases is inten- 
ded, preferably on single-crystal material. 
In that context, the microprobe analysis 
method has proved a very excellent tool 
with which to correlate composition with 
other properties. 

In Table 1 suggestions are given as to the 

structural identity of the new phases. Sin- 
gle-crystal diffractometry must establish 
the structural parameters. Intensity calcu- 
lations have proved the structure types of 
TICuSe and T1Cu3Sez. According to pre- 
liminary suggestions based on a consistent 
crystal chemistry of the phases, the struc- 
ture of TISCulpSelo is intimately related to 
the structure of TICu3Se2, and the struc- 
tures of TICu5Se3 and its copper-deficient 
orthorhombic variety are related to that of 
TlCu7Se4. Such structural hypotheses have 
given a good qualitative agreement when 
comparing powder intensities. Single-crys- 
tal diffractometry work will be started 
shortly and reported in a forthcoming 
paper. 

Finally, this study has also led to miner- 
alogical offspring. Two TI-Cu-Se minerals 
have been reported, crookesite and saba- 
tierite. Their compositions in relation to the 
current studies are discussed elsewhere 
(20). 
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