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The T vs composition phase diagram of the alloy system Cd, (Culn),Mn, Te, (x + y + z = 1) was
investigated in the range 0 < z < 0.80 by differential thermal analysis and X-ray diffraction measure-
ments. Samples were prepared for various lines of constant x/y ratio and the 7(z) data determined for
each line. From the values of lattice parameters determined for all samples, the limits of single-phase
solid—solution were estimated. In addition to liquidus and solidus curves, the zinc blende—chalcopyrite
and Mn-disordered—Mn-ordered transition lines were determined, these phase fields being the ones of

interest in the measurements of optical energy gap and magnetic properties.

Introduction

Most of the work (7, 2) on semimagnetic
semiconductor alloys has been concerned
with alloys of the form II,_ ,Mn,VI. How-
ever, similar alloys can be produced from
the chalcopyrite I III VI, compounds, these
being ternary analogs of the II VI com-
pounds. The crystallographic and optical
energy gap values of a number of alloy sys-
tems of the form (I I1I), _,Mn,, Te, have been
investigated (3-7), and also the work has
been extended to the more general Cd, (I
I),Mn, Te, (x + y + z = 1) alloys (3, 4).
The magnetic and ESR results for various
(1 I1I); _ ,Mn,, Te, alloys have been reported
S, 9).

These chalcopyrite-based alloys are of in-
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terest because, depending upon the heat
treatment, the alloys can be produced with
the Mn atoms either at random or ordered
(or partially ordered) on the cation sublat-
tice. The optical energy gap values and the
magnetic behavior are very different in the
two different conditions (7-10). Before a
detailed investigation of the effects of this
ordering can be carried out, it is necessary
to choose the heat treatment of the alloys
so as to produce the required ordered or
disordered condition. For this purpose, a
detailed knowledge of the T vs composition
phase diagram is required. In the present
work, the investigation of the Cd-base alloys
has been extended to the study of the T(z)
diagrams of various sections of the system
Cdy,(Culn),Mn,,Te, (x + y + z = 1).
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Preparation of Samples and Experimental
Measurements

All of the alloys used were produced by
the usual melt and anneal technique (3, 6).
The components of each 1.5-g sample were
sealed under vacuum in small quartz am-
poules which had previously been carbon-
ized to prevent interaction of the alloy with
the anartz mealted tacather at 1150°C

the quartz, melted together at 1150°C,
cooled to room temperature, and then an-
nealed to equilibrium. As in all such multi-
component alloys, the appropriate tempera-
ture of anneal is not easily determined until
composition phase diagram is
known for each section. However, the re-
sults for the sections (Culn), _,Mn, Te, and
(Agln),_,Mn,,Te, (6), already investigated,
show that an annealing temperature of 600°C
should be satisfactory, and this value was
used here. It has been found that at least
20-30 days of annealing is necessary to ob-
tain equilibrium conditions at 600°C, since
long-range diffusion may be required after
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,Mn,, Te; alloys. Composition of alloys used in the

the initial cooling from the melt. Equilibrium
at fairly low temperatures is needed if peaks
corresponding to order—disorder and chal-
copyrite-zinc blende transitions are to be
observed in the heating DTA runs. How-
ever, once the equilibrium at 600°C has been
achieved, zinc blende-chalcopyrite and
order—disorder transitions, which involve
only short-range diffusion, can occur in

much chorter timeg. even thanoh thav nccur
muc snorier umes, even tougn incy oecur

below 600°C in these systems. In order to
produce useful 7(z) diagrams, samples were
prepared for the sections given by x = 3y,
x=y,y=23x,x =0,and z = 0 as shown
Since the interest of the program
is in semimagnetic semiconductors, values
of z up to an upper limit of 0.8 only were
used, and the Mn-rich phases were not in-
vestigated.

X-ray powder photographs, either Gui-
nier or Debye~Scherrer, were used to check
the condition of the annealed samples and
to determine the phases that were present.
Values of lattice parameter were determined

in Bis 1
i rig. 1.
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for the zinc blende and chalcopyrite phases,
these results having been reported pre-
viously (3).

Phase transition temperatures were ob-
tained from DTA measurements (/1), using
a closed tube configuration and with silver
or gold used as the reference material. The
charge was a powdered alloy of approxi-
mately 100-mg weight. The temperatures of
the sample and of the reference were mea-
sured with chromel-alumel thermocouples,
the difference signal between sample and
reference and also the temperature signal
being simultaneously registered on a two-
pen chart recorder. Each phase transition
temperature was determined from the base-
line intercept of the tangent to the leading
edge of the peak in the difference signal.
Both heating and cooling runs were made
for each sample.

Results and Discussion

In previous work on the Cd, (Culn),
Mn,,Te, alloys (3), lattice parameter values
for samples slowly cooled to room tempera-
ture were used to determine the composition
ranges of the various single-phase and two-
phase fields involving the zinc blende and
chalcopyrite phases. With regard to the Tvs
composition data, the T(x) diagram for the
Cd,,(Culn), _,Te, section, i.e., z = 0, was
given in earlier work (12) and that diagram
has been repeated here. The diagram of Ref.
(12) indicates that a narrow (¢ + B8) two-
phase range occurs; this is indicated by
dashed lines in Fig. 2 of that paper. How-
ever, the values of lattice parameter given
(3, 13) indicate that, at each value of x in
that range, the chalcopyrite and zinc blende
phases show the same value of a. As was
pointed out in recent work on the lattice
parameter values and T(z) diagrams of the
Zny, (Culn),Mn,, T, alloys (14, 15), the vari-
ous results indicate that the apparent two-
phase behavior is due to an order—disorder
reaction which is very slow because of the
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FiG. 2. T(x) diagram for Cd, (Culn),_,Te, section
(i.e., z = 0). ais the chalcopyrite and 8 the zinc blende
structure. O, heating run; @, cooling run; V, from X-
ray data.

relatively low ordering temperature. Thus
the apparent two-phase field represents non-
equilibrium conditions. In Fig. 2, the T(x)
diagram of this section indicates the esti-
mated boundary between the « and 8 phases
as a single line. Recently the 7(z) diagram
has been obtained for the (Culn), ,Mn,,Te,
section (5), i.e., x = 0 and for comparison
purposes this diagram is shown in Fig. 3.
For the case of the Cd,_,Mn,Te section,
i.e., y = 0, these data have been given by
Triboulet and Didier (16).

The T(z) diagrams for the sections y = 3x,
x =y, and x = 3y are shown in Figs. 4,
5, and 6, respectively. In these diagrams,
boundaries determined directly from DTA
measurements are shown as solid lines.
However, some boundaries cannot be deter-
mined from the DTA data and these need to
be estimated from the lattice parameter and
energy gap values determined previously
(3). These boundaries are shown as
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Fi16G. 3. T(z) diagram for the (Culn), _,Mn,,Te, section
(i.e., x = 0). a is the Mn-disordered chalcopyrite, o'
the Mn-ordered chalcopyrite, 8 the Mn-disordered zinc
blende, B’ the Mn-ordered zinc blende, and y and 3 are
the NiAs and NaCl structures of MnTe, respectively.
O, heating run; @, cooling run; V, from X-ray data.

dash—dotted lines in the 7(z) diagrams,
while dashed lines have been used to indi-
cate lines which are estimated only.

As has been shown previously (17), Cu
InTe, has the chalcopyrite structure « up to
670°C and then becomes zinc blende S up to
its melting point at 770°C. Figures 2, 3, and
4 show that in the sections z = 0, x = 0,
and y = 3x both the a and B phases are
present. For the x = y and x = 3y sections
(Figs. 5 and 6), the chalcopyrite phase does
not occur, but a wide range of zinc blende 8
phase is observed. With regard to the lower
temperature range, i.e., mainly in the range
of the single phase solid fields, for the z =
0 section (Fig. 2), it is seen that the « phase
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FiG. 4. T(z) diagram for the y = 3x section. « is the
Mn-disordered chalcopyrite, &’ the Mn-ordered chal-
copyrite, 8 the Mn-disordered zinc blende, 8’ the Mn-
ordered zinc blende, and y and & are the NiAs and NaCl
structures of MnTe, respectively. O, heating run; @,
cooling run; V, from X-ray data.

appears at 672°C for x = 0 and that the field
achieves a width of approximately z = 0.25
at T = 300°C. For the higher temperature
range of this section, the 8 phase occurs at
all compositions, and for x > 0.30 it occurs
at all temperatures below the solidus curve.
In the x = 0 section, the lattice parameter
data (3) indicate a range of solid solubility
in the adamantine phases of z = 0.59. For z
greater than this, there is two-phase behav-
ior with the y phase of MnTe with the NiAs
structure being observed. As shown in pre-
vious work (6), the adamantine single phase
fields consists of four different ordered
structures, a the Mn-disordered chalcopy-
rite (dc), o' the Mn-ordered chalcopyrite



460

1000

800

600

T(C)

400

200

] | L

Fi1G. 5. T(z) diagram for the x = y section. 8 is the
Mn-disordered zinc blende, 8’ the Mn-ordered zinc
blende, y and & the NiAs and NaCi structures of MnTe,
respectively. O, heating run; @, cooling run; V, from
X-ray data.

(oc), B the Mn-disordered zinc blende (dzb),
and B’ the Mn-ordered zinc blende (ozb)
forms. However, in the previous T(z) dia-
gram, the limit of the oc phases a’ was
shown as z = 0.35, but later measurements
of magnetic susceptibility (I8) and optical
energy gap (19) showed that the &' could be
present to the limits of solid solubility in the
adamantine phases. Reexamination of the
DTA data showed the presence at tempera-
tures in the range 100-200°C of small peaks
corresponding to the a'~8’ transition. This
modified boundary is shown in Fig. 3. In
addition, a further transition was observed
for z > 0.2 at temperatures of the order
100°C, and the resulting line is also shown
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F1G. 6. T(z) diagram for the x = 3y section. 8 is the
Mn-disordered zinc blende, 8’ the Mn-ordered zinc
blende, and y and & are the NiAs and NaCl structures
of MnTe, respectively. O, heating run; @, cooling run;
V, from X-ray data.

in Fig. 3. At present, there are no data to
indicate the phase conditions below this
boundary.

The form of the boundary between the
chalcopyrite and zinc blende phases, being
an (¢ + B) two-phase field for z < 0.20 and
a single line for z > 0.20, has been attributed
to the ordering of the Mn atoms (6), the
change at z = 0.20 corresponding to the
point where the a—a' boundary meets the
ala’)-B transition. Very similar results to
those described above for the x = 0 section
have been observed for the (Agln), _,Mn,,
Te, diagram (19).

The behavior of the section y = 3x (Fig.
4) in this lower temperature range is similar
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to that of the x = 0 section. Again, «, o',
B, and B’ fields occur and, at temperatures
below 200°C, the oc ' phase extends to the
limit of solid solubility at z = 0.60. Also, at
temperatures around 100°C, the boundary
corresponding to the unknown transition
mentioned above is again observed. In the
cases of the x = y and x = 3y sections (Figs.
5 and 6), no chalcopyrite phase occurs but
there is a wide range of solid solubility in
the zinc blende structure, to z = 0.65 for
x = yandtoz = 0.72 for x = 3y. For both
of these sections, the boundary correspond-
ing to the unknown transition is observed at
approximately 100°C, as is shown in Figs. 5
and 6. Thus this transition is not limited to
the chalcopyrite phase, but occurs for the
ordered form of both of the adamantine
structures.

At temperatures above the limit of the 8
field, the diagrams are more complicated
and the designation of the phases in the vari-
ous fields has been guided by the work of
Aresti et al. (5). At the higher values of z,
two-phase fields involving a phase & occur,
and this has been identified (5) as the rock-
salt structure shown by MnTe above
1050°C, but which exists at lower tempera-
tures elsewhere in the general diagram. It is
clear that, in general, none of the sections
shown are pseudo-binary in character.
However, for the x = 0 section and for tem-
peratures below 600°C, pseudo-binary con-
ditions appear to be satisfied to a good ap-
proximation.

Conclusions

The DTA and X-ray results for the Cd,,
(Culn),Mn, Te, alloys show that a wide
range of solid-solution occurs for both the
chalcopyrite and zinc blende structures, and
that for both structures an ordered form,
attributed to the Mn ions ordering on the
cation sublattice, occurs below approxi-
mately 550°C for values of z < 0.5.
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