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- Abstract -

During the present work, tile thesis discusses an investigation into the possible
crysta.llogra.ph}c ordering arra.ngemenlts that manganese can adopt within the chal-
copytite lattice of the separate pseudo binary alloy systems (CuGa);-.Mn,-Tes and
(AgGa)i-:Mna.Te,;. These alloys belong to the class of materials known as semi-
magnetic semiconductors, an intermediate type which lies between gon—magnetic
. and magnetic semicpnductors.

Samples with different compositions from both systems were‘produced'a.t the
U;1iversity- of Ot;:awa by the melt and anneal technique. Debye-Scherrer x-ray pho-
tographs carried out during the present work along with previous optical energy
‘gap and magnetic susceptibility measurements were used to accurately locate cer-
tain phase boundaries on the T(z) phase diagrams of the two systems. These de-
terminations ‘of the T(z) diagrams were made only after much of the present work
bad been completed. Samples were then used by a group at Merida to determine
the phase diagram of both systems by the Differential Thermal Analysis (DTA)
technique. : ‘ -

Magnetic susceptibi]ity.a.nd Electron Spin Resonance (ESR) work was performed
on various compositions of both systems. The presence of Mn-ordered and/or Mn-
disordered phases could be detected from the temperature at which magnetic peaks
in the susceptibility occurred and also by the value of the line widths in the ESR

spectra. It was found from this work tbat metastable phases may occur within



a sample depending upon the type of heat treatment used. Samples of specific
compositions of each system were therefore-annealed at temperatures within the
Mn-ordered ch;aléopyrite phase regions to allow the Mn-ordering process to take ‘
place. '

Neutron diffraction measurements were carried gut, in collaboration with Dr.
Tom Holden and Dr. David Noakes at A. E C. L. ’s Chalk River Nuclear Labs, on
specific compositions of each system in order to identify the type of Mn-ordering
structure that was occurring. Preliminary calculations were carried out for proposed
Mn-ordering arrangements where

a) the manganese enters only one of the cation sublattices

at random and

b) all of the manganese enters at random the planes at height &

and % within the chalcopyrite lattice thus exhibiting

a stannite-like structure.
These calculated intensities for the various types of reﬂectio'ns were then compared
vrith- the experimental diffraction spectra obtained in order to determine whether
either ordered structures occurred. It was again found that these systems -were
very sensitive to the heat treatment a sample undergoes during the annealing and
que::_tching periods. This was observed in the (4gGa),_.Mn,. Te, system, where
retention of high temperature phases during low temperature annealing periods
had occurred. S |

The diffraction spectra showed that the (CuGa)i..Mn2.Te, system probably
doesn’t have a Mn-ordered field in its equilibrium state as was shown later by its

T(z) diagram: The (AgGa);-:Mn2.Tes system’s diffraction spectrum did not show



signs of either of the M&l-ordéring types suggested above. This however could be due
to the type of heat treatment used in this case. However, the (AgGa)1-:Mns.Te,
saméle did-exhibit an interesting behavior that can be attributed to another type‘
of ordering in which the manganese totally fills a limited number of planes in the

chalcopyrite lattice that are perpendicular to the ¢ axis (planar-type Mn-ordering).
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.Chapter 1
Intfo duction

1.1 General Introduction

In recent years, there has bgen considerable interest ir. a group of alloys which form
an mntermediate class of materials between non-magretic and magnetic semiconduc-
tors. They are widely known as either diluted magneric semiconductors, (DMS), or
semimagnetic semiconductors, (SMSC) .

These types of materials are obtained by alloying an ordinary semiconductor
with a magnetic semiconductor. The presence of paramagnetic ions in the host
se;:ziconductor causes differences in the semiconductor’s properties [3,9,11]. Some
of these property changes include:

1- giant magneto-optical effects,
2- enhanced Zeeman splitting of the bands,
3- magnetic field dependence of the acceptor activation energy,

4~a spin glass behavior,



-

and other unique electrical and optical effects contained in the text and references

of several review articles which will not be dealt with in this report.

1.2 Crystallography

1.2.1 Adamanting Materials

Any material with a crystallographic structure derived from the tetrahedrally bonded
diamond structure can be called adamantine. Typical examples of these are the
Group IV elements which crystallize in the diamond structure, the II-VI compounds
which have the zinc-blende structure and various ternary compounds which crys-
tallize in the chalcopyrite lattice structure. These structures are adamantine if they

fulfill two basic requirements:
1. There must be an average of four valence electrons per lattice site.
2. There must be an equal number of anion and cation sites.

It is possible to produce alloys using the MnTe and chalcopyrite I-III-V L, com-
pounds which satisfy these conditions. Since these latter materials are the ternary
analogs tc the II-VI compounds, they are expected to have very similar crystal

structure.

1.2.2 The zinc-blende and chalcopyrite structures

The zinc-blende lattice structure of the II-VI materials is derived from the tetra-

hedrally bonded diamond structure in such a way that one of the fcc sublattices

{
|



is occupied by the cation (II), while the anions (VI) are positioned on the other
sublattice, giving an average of four valence ele‘ctrons per lattice site. The structure
of the zinc-blende lattice and a projection of the atomic positions aré depicted in
Figure 1. The Group II atoms are tetrahedrally bonded to the Group VI atoms
that are displaced by a/4 along the face diagonal. The symmetry of the zinc-blende
lattice is reduced from that of the diamond lattice because of the ordering of the two
different types of atoms. If all the atoms in Figure 1 wt;re 1dentical, the diamond
structure would be obtained.

The compounds and alloys formed from the combination of Groups I, III and VI
atoms are also adamantine and have a CuFeS, chalcopyrite lattice structure. Due
to the ordering of the two types of cations (I and III) on two different sublattices
along with one anion sublattice (Figure 2), the unit cell is no longer cubic. In this
structure atoms of Group I and III are tetrahedrally coordinated by four Group
VI atoms; where each of the Group VI atoms is in turn coordinated by two atoms
of each of the I and III Group. These materials have a body centered tetragonal
lattice with the c¢/a ratio equal to or less than 2, with its unit cell containing 16

atoms.

1.3 Manganese Ordering on the Zinc-Blende and
Chalcopyrite Crystallographic Lattice

Previous measurements performed on different types of these SMSC made by other
members of our research group at the University of Ottawa [24] showed that, despite

the apparent single phase condition of the x-ray photographs, two different magnetic
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Figure 2: Chalcopyrite lattice
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phases were observed. These are attributed to crystallographic ordering of the

manganese atoms. The lattice parameter values determined from x-ray photographs

for both zinc-blende and chalcopyrite in no way show any change of lattice parameter

as the Mn-disordered phase becomes Mn-ordered. The lattice parameters slowly

increase as the manganese concentration is increased, as is normally expected from
. these materials.

In the present work, -furt!aer measurements on the (AgGa);,_.Mn,,Te, and
(CuGa),_.Mn;.Te, systems were made at the University of Ottawa and, in col-
laboration with Dr. Tom Holden and Dr. David Noakes of the Neutron Physics
branch at A. E. C. L. ’s Chalk River Nuclear Laboratories, neutron diffraction
measurements were taken to identify the Mn-ordered structure. The indication of

this order-disorder transition appearing in the experimental measurements will be

discussed below.

1.3.1 Mn Order-Disorder in Magnetic Susceptibility

From magnetic susceptibility measurements made in the present work and by other
members of the group on these materials [1,12,16] two peaks were usually observed
in the susceptibility versus temperature curve. The lower temperature peak in the
measurement corresponds to the Mn-disordered structure in which the magnetic
ions are randomly distributed on the lattice site and the higher transition temper-
ature corresponding to the antiferromagnetic ordering of the magnetic ions in the
structure. A plot of the variation of each transition temperature as a function of
manganese concentration shows two separate straight lines for both the chalcopy-

rite and zinc-blende cases [24]. The relative size of a peak observed in the magnetic
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susceptibility curve is a result of the amount of phase present. By extrapolating the
ordered and disordered li111es down to lower temperatures, we see that the lines cor-
responding to the zinc-blé;:zde structure extrapolate to an experimental percolation
imit. This experimental percolation limit agrees with the theoretical percolation
limit calculated for. the zinc-biende structure.

The variation of 8, the Curie-Weiss paramagnetic temperature, with manganese
concentration was also plotted. However, the value of § was the weighted average
of those for the ordered and disordered phases and thus the values obtained lie

~between two theoretically predicted limits. The upper limit corresponds to thé
crystallographic ordering of the manganese and the lower hzmt to the completely
random manganese distribution. However, it is i:;nporta.nt to mention that in the
case of a few samples, the values of 8 were found to confirm the calculated value for
either one phase or the other. This depends on the degree of manganese order and

disorder existing in the sample.

1.3.2 Mn Order-Disorder in Optical Energy Gap

In measurements of energy gap, E,, made on different alloy systems by members of
the research group [1,12] each magnetic phase present in each structure (zinc-blende
and chalcopyrite) showed remarkably different energy gap values. When a diagram
of E, versus manganese concentration is plotted for say zinc—blez}de, we obtain a
straight line that drastically changes direction at some point. This sudden change in
slope is attributed to the phase ch.a.nge occuring between the disordered and ordered
structure, When all these lines are extrapolated to manganese concentration z = 1,

all lines give different energy gap values. These values represent the energy gaps
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that MnTe would have if it would crystallize in the ordered and/or disordered
chalcopyrite and/or zinc-blende structures. For all the different systems that were
analyzed [24], all the extrapolated lines give intercepts ( or theoretical MnTe energy
gap values) that were consistent for the appropriate structure. The intercepts were
as follows:
Mn-Ordered Zinc-Blende: 1.9 eV
Mn-Disordered Zinc-Blende: 2.85 eV
Mn-Qrdered Chalcopyrite: 1.35 eV
Mn-Disordered Chalcopyrite: insufficient data
It was found that the energy éa.p of these samples depend on whether the magnetic
ions in the samples are ordered or disordered within the lattice. This is described

in more detail by Woolley et al. [24].

1.3.3 Mn Order-Disorder in ESR

From the ESR measuremfents made by other members of the group (1,12} and in
the present work, two absorption lines were usually observed in each of the cha.lco-'
pytite and zinc-blende cases. The presence of two lines in the ESR spectrum verify
the results obtained in the susceptibility and the optical energy gap measurements
which indicated the presence of two different magnetic phases. The narrow sharp
absorption line was attributed to the presence of the ordered phase and the broader
line to tl e presence of the disordered phase.

Furthe- experimental measurements are being made to determine the ordered

structure of various SMSC [4]. | e
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1.4 ‘Investigation of the Mn-Ordered Structure

Now that the presence of two different magnetic phases (Mn-ordered and Mn-
disordered) in different SMSC has been established, a more detailed investiéatioﬁ
of the ordered structure has been undei'way._ This work will mainly deal with the '
investigation and possible determination of the ordered structure within the chal-
copyrite compositional range of the alloys of both CuGaTe, and AgGaTe, systems
respectively, with MnTe, t".b.rough;

I - further magnetic susceptibility, ESR and x-ray diffraction measurements

performed at the ‘U%iversity of Ottawa,
5

II.— investigation of the phase diagrams of both systems by Diﬁ'erentiallTher.:-
mal Ana.lysis'mea.surememts. made primarily at Merida 7[18] on samples
all prepared a.t; the University of Ottawa during this work (a similar
DTA apparatus was constructed at the University of Ottawa but was

not ready for measurements in time for the work in this thesis),

III - neutron diffraction measurements carried out, in collaboration with Dr.
Tom Holden and Dr. David Noakes at the Chalk River Nuclear Labs,

on specific alloy compositions of both systems with MnTe.

In the present thesis, result?’ra.nd data from the other members of the group at
the University of Ottawa will be quoted and used to complement and verify some
results of the presént work. In all such cases, appropriate references will be made.

The 'pment work deals mainly with the determination of the Mn-ordered struc-

ture in the chalcopyrite compounds by methodical analysis and comparison with
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proposed Mn-ordered structures. The dgtaminaf\ion of the actual ordered struc-
ture of these SMSC systems will help broa.déno\ur understanding of their properties,

especially those involving magnetic exchange igteraction:s.



Chapter 2

Preparation of Samples and Phase

Diagrams

2.1 Introduction

Lattice parameter, optical energy gap and magnetic measurement data on the
(AgGa)1—-Mn,.Te, system has been previously collected and analysed by Munkid
Al Najjar [1]. The same, measurements were performed by Roger Goudreault [12]
on the (CuGa)l__.M ny-Te; system. Magnetic measurements were also made on
various (I — III)]__;MT!Q_-_TCQ ;Iloys by other members of the group [15,16]. In the
present work, further measurements were made. on the two former a.lloy systems
concentrating more on the chalcopyrite alloys of both systems. )

The previous results [24] indicated that ordering of the ;na;nga.n&se ions on the
cation sublattice occurs in these alloys and that this has a significant effect on the

magnetic behavior and on the optical energy gap values. To examine these effects

et o)

16
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in more detail it is necessary to have information concerning the phase diagram and
the ordered structure of these alloys. '

For the purpose of this work, samples of both alloys were prepared and annealed
at the Uni\;ersity of Ottawa. The annealing temperature to be used in any given
cese was uncertain until the T(z) phase diagram had been determined. The DTA
measurements performed by a group at Merida [18] showed the presence, in the
(AgGa)y—:Mn.Te; case, of the manganese ordered and disordered phases as had
beer indicated from ESR, magnetic susceptibility and optictal energy gap results.

Speciﬁc compositions of these alloys were a.hnea_,led within the Mn-ordered tem-
perature region to encourage the ordering process. A fairly lengthy annealing time
was used é.fter which each sample was rapidly quenched to trap into the structure
as much of this Mn-ordered phase as possible. |

The quenched samples were then checked for reasonable equilibrium conditions
using the Debye-Scherrer x-ray diffraction method. They were also scrutinized thru
ESR (Electron Spin Resonance) measurements for the presence of the Mn-ordered
phase. It was found that lattice parameter values obtained further clarified the
T(z) phase diagram of each system. As will be discussed later, neutron diﬂ'ra.ction

measurements were then performed on the appropriate samples to identify the Mn-

-ordered structures involved.

2.2 * Preparation of Samples

To investigate the properties of interest of various alloys, about thirty samples of

different compositions were made using the melt a.x\1d anneal technique.
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- The constituent elements were sealed under vacuum in quartz tubes. The lengths
of the sealed tubes were generally between four and five cm. A total of nine grams
of each sample was found to be needed for the various types of measurements to
be made since the neutron diffraction study would require at least six grams of
material.

To avert having the quartz tubes crack during the m;l.tmg\and subsequent cool-
ing processes because of excessively large amount of materials pt-esent a set of three
samples of approximately three grams each was made for each specific alloy compo-

sition. The three samples in each set would later be combined after the annealing

" phase to become one big nine gram sample.

To prevent some of the elements, partic;ﬂarly manganese, from reacting with
the quartz during the melting process, the interior of the tubes were carbonized
in the following manner. After one end of an ampoule had been sealed, a piece of
a.cetoﬁe soaked absorbent paper was piaced in the open end of the a.mpoule.. The
sealed end was heated over an open flame. A layer of carbon would deposit at the
hot end of the tube as soon as the acetone vapour concentration was high enough.
The heating process was continued until the carbon layer was thick enough to be
opaque undeg, a strong light source. Afterward, each tube was flushed with acetone
to remove any foreign .material that could fla.ve entered.

| Having been carbonized, flushed a.n:l filled with the appropriate weight of each
element required, the tubes were then sealed under a vacuum of about 10~5 mm Hg.
The melting temperatures of the various elements which make up these systems are
listed in Table 1. These high melting points approached the highest temperature

which could be attained by the melting furnace. Consequently, the samples would
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[ Element | Melting Point (°C) ||

Cu 1083
Ga 29.78
Ag - 960.8
In 156.4
Mn 1240
Te 449.5

Table 1: Melting Temperature of Elements

have to be held at this highest temperature for a period of time to allow any portion
which had not melted to be completely di;solved.

Therefore the ampoules were placéd in the melting furnace and heated to about
1200°C and kept at this temperature for about 1 1/2 hours. During this process
the tubes were shaken periodically‘to ensure proper muxing of the contents. The
furﬁa.ce was then switched off with the samples left to cool to room temperature
inside it. Considering the size of the samples, this procedure helped avoid breakage
of the qua.rt-z upon solidification c;f the alloy.

» The samples were then annealed so as to make them into 2 homogeneous material
because of the possible segregation of elements and phases on cooling from the
_melting proé%s. A better homogeneity within a single phase region could be induced
if the a2nnealing temperature was high enough and the annealing period lt':ng enough

to facilitate the diffusion of the cornponents within the samples.

It was found that because the samples were in the
long annealing times were necessary to attain an equilibrium condition. As bad
been four‘d pz:evidusly for other alloys (23], equilibrium was reached much more
quickly if the samf)le was powdered after melting and the powder then compressed

and annealed. Thus, all samples were made then anpealed in the compressed



powder form.

The samples were annealed at about 600°C for 4-5 weeks then they were taken
out and cooled in air. As they slowly cooled, the alloys were able to retain a fairly
good equilibrium state right down to room temperature. It was found through
X-ray powder photographs that this particular choice of annealing time and tem-
perature produced rea.f.;ona.bly good equilibrium and homogeneity conditions in all
the samples. |

About 50-100 mg specimens for a range of sample compositions were extracted
from each ingot and used in DTA (Differential Thermal Analysis) measurements,
as will be discussed in Section 2. 3. |

After good equilibrium had been reached during the initial annealing p.eriod, as
confirmed by good resolution of the high angle lines in the x-ray photographs, all
the samples were re-annealed at different :emperatures. These annealing periods
were done at different temperatures to help find lattice parameter values and to
accurately locate vertical phase boundaries in the subsequent T(z) phase diagrams.

From the T{(z) pha.se' diagrams obtained and the other measurements performed
indicating the presence of Mn-ordered structures, the samples were reannealed at the
appropriate ordering temperatures to promote the short range difusion within each
lattice. These new structures were expected to be zinc-blende and/or chalcopyrite

with the manganese ions ordered and/or disordered on the appropriale sublattices.



2.2.1 X-Ray Analysis

To determine lattice parameter values and solid solution limits for the zinc-blende
and/or cha.lcopyrite structures present, room temperature Debye-Scherrer x-ray dif-
fraction photographs were taken using CuK, radiation. This powder method con-
sists of grinding a specimen to 2 fine powder and applying it to a glass holder with
grease. The holder is put into a camera and then rotated automatically while im-
mersed in a CuX, radiation beam for 3 to 6 hours. After exposure, the lattice
parameters can be determined by measuring the positions of the diffracted lines on
the film and finding the corresponding Bragg angles. ~

It is known that the angles so obtained are not always the correct Bragg angles
since various effects such as shrinkage of the §lm, absorption in the specimen, etc.
can displace the diffraction lines from the true positions. Two methods have been
used to eliminate these effects. They are the Nelson—Riley extrapolation method’

and the internal calibrution technique. These mbethods will be discussed later.

Analysis for the Cubic Zinc-Blende Structure

Once you index the cubic powder pattern, the lattice parameter a can be determined
by sing the Bragg condition for diffraction for the cubic case which is given by the

expression:

AN
e (1)

sin® 6 =

where 8 is the Bragg angle,

A is the incident beam wavelength,



N =h?+ k? + I is an integer
where k, k and ! are the Miller indices
of each scattering plane

and a is the lattice parameter.

For a simple cubic lattice, any possible set of (hk!) values can occur. For fcc
lattices, only certain NV values are allowed. For diffraction maxima to occur in a fee
lattice, the k, k and ! values have to be all even or all odd. Also, for the zinc-blende

case, the indices satisfy the conditions:

-~

h+k+l=4n . I o (Fuut)? = 16(fa + f5)°
h+k+l=4n+2 I o< (Fio)? = 16(F4 — f5)° (2)
h+k+l=2n+1 I o (Fhut)® = 16(f3 + f2)

where f4 and fg are the.atomic scattering factors and Fhy is the structure factor
of individual scattering planes and its square is proportional to the intensity of the
line. K

Theréfc.;re, indi;:idﬁal lines have differing intensities according to their Miller in-
dices and multiplicity factors. For zinc-blende, we can see strong reflection occuring
at N=3, 11, 16, 19, etc. and weak 1:eﬁection‘ occurs at N= 4, 12, 20, etc. With the
pr‘oper labelling of (hkI) MHa indices and subsequent Bragg angle determination
for the lines, the approximate lattice para.met;er values for the lines can be identi-
fied. To find the true lattice parameter, we apply the Nelsorn-Riley extrapolation

method. In this method, the lattice parameter for each Bragg angle is plotted as a
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function of the semi-empirical function f(§) where:

i 1 c0329 cos? @

£8) = 557 + =) 3)

This ﬁmction, f(8), corrects for the absorption due to the finite dimensi;ns of the
specimen on the holder. The true Ia'ttice. parameter is obt.a.ined by extrapolating
to f(6) = 0 on the lattice parameter axis. For high precision, the high angle lines
must be used and the lines must be sharp with the X, doublet well resolved. h

Analysis for the Chalcopyrite Structure

For chalcopyrite materials, which have the tetragonal symmetry, the Bragg condi-
tion is given by:

A2 RP4 kR,
s = Ty + ) 4)

where 6 is the Bragg angle,
A is the incident beam wavelength,
h, k and I7 are chalcopyrite Miller indices

and a and cr are lattice parameters.

The zinc-blende and chalcopyrite structures have the same a.tor;:ﬁc positions
when ¢/a= 2. Therefore all diffraction lines ot: f:he zinc-blende structure will occur
in the cnalcopyrite structure. In addition to the zinc-blende lines, the chalcopyrite
structure will also have a set of ordering lines occuring.

This can be explained in the following manner. If both structures exhibit the

same values of sin’ § when ¢r = 2¢zp then we must have that Iy = 2Iz5. Therefore,



[ Zinc-Blende | Chalcopyrite

N | (bkD) (Bkl)

125 = (161)

3 A11) (112)
3% — (103)

Z (200) (200), (004)
5.25 — (21

725 - (213), (105)

g | (220) (3209, (204)
9.25 = — (301)

11 (310 [312), (116)
11.95 — (303), (215)

12 (225) (224)
13.25 - (321), (107)
15.25 — (323), (305)

16 (400) (400), (008)
17.25 — (411), (217)

19 33D (332). (316)
1925 — (413), (325)

20 (220) (220), (404), (208)
31.25 — (307), (109)
53.95 — (415)

2 @22) [424), (229)
35.25 — (501), (431), (327), (219)

37 | (333), (511) | (336), (512), (1110)
2735 — (503), (433)
29.25 — (5213, (417), (309)

Table 2: Low angle Miller indices for zinc-blende and chalcopyrite structures.

T
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all lines labelled hkizp in zinc-blende will be labelled hk2lzg for the chalcopyrite
case. For example, with N = 20, the Miller index in the zine-blende case is (420)
and that in the chalcopyrite case is (420), (404) and (208), because the index Iz
of the zinc-blende can be 4, 2 and 0 respectively. When the chalcopyrite ratio
c/a= 2, the (420), (404) and (208) diffraction lines would occur at exactly the Eame
Bragg angle §. For the case where c/as 2, these diffraction lines split show*ing‘ﬁb.ree
separate lines.

If we apply this analysis to the chalcopyrite ordering lines, we see that half
integral Izp values are obtained indicating that the Iz value is odd. Fff:r example,
if a chalcopytite ordering line has a value of N = 1.25 on the basis of a zinc-blende
analysis, then it must have hklzg values of (1,0,1). By doubling the Izp velue,
the corresponding (&,k,I7)values for the chalcopyrite structure are (1,0,1). Table
2 illustrates the low Bragg angle combinations of (kk{) values for zinc-blende and
chalcopyrite structures.

Having determined 8, the Bragg angle, from the x—r'a.y film and having labelled

each line with the proper Miller index, the approximate parameters a and ¢ can be

found.

Another method to determine accurate lattice parameters is the internal cali-
bration method. In this method, an internal standard sample with an accurately
knowr parameter is mixed with the sample being investigated. The value of the
Bragé angle for both materials can then be calculated from the film. A correction
curve of Asin?§ versus sin®@, to allow for absorption effects etc. , is calculated
from the da.ta. for the standard material. Hence, the corrected values of sin® 4 for

the unknown sample are obtained. Accurate lattice parameters of the sample being
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investigated are then obtained.

In the present work, the sé.mples with cubic zinc-blende structure had their lat-
tice parameters a.ccuré.tely measured using the Nelson-Riley method. Because of the
diffculty involved with this method in determining two accurate lattice parameter -
values in a tetragonal system where ¢/a# 2, the internal calibration method was

used with such chalcopyrite structured samples.

2.3 Phase Diagrams

2.3.1 Differential Thermal Analysis Teshnique

Differential Thermal Apalysis (DTA) is a ted:;.ui:;ue for studying the thermal tran-
sitions that a substance undergoes upon heating and cooling. It makes use of the
fact that structural changes are accompanied by evolution or absorption of heat. It
is merely a measure of a substance’s energy content as a function of temperature.

This method requires one to place a sample in a furnace, which has a predeter-
mined temperature variation capability, and measure the temperature difference,
AT, between the sample under investigation and a reference standard as a function
of temperature. The deviation of AT from its near zero value on the resulting
thermograms indicate the temperature at which transitions and changes in state
occur.

Although the DTA a.na_.lysis is a relatively simple technique it is important to
realize that in systems which prove difficult to achieve equilibrium, this thermal
method of apalysis must be treated with caution because “true” equilibrium may

not be attained at each temperature. One can verify the equilibrium state of 2
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sample by a.nneaiing it at high temperatures in the sub-solidus region for varying
lengths of time. If each DTA analysis for each different annealing time gi-ves identical
thermograms then the sample has reached a “metastable” equilibrium. Also, this
method is apt to be unclear when determining steep falling solidus or liquidus
curves. For these reasons, it is usually necessary to corroborate thermal analysis
studies with Xx-rays of specimens quenched from solidus temperatures in order to
confirm the composition of the crystalline phases.

A DTA apparatus was designed and built in Merida and used to investigate the
T(z) diagrams of the (AgGa);~.Mn,.Te; and (CuGa);-:Mn,.Te; systems from

room temperature up to 1000°C. A similar apparatus was built at the University of

Ottawa but was not available for measurements while the present work was being -

carried out.

In this apparatus, a 50 mg Ag standard and a 50 mg sample are contained
in evacuated quartz ampoules having re-entrant thermocouple wells at the bot-
tom. The ampoules are placed in a quartz holder that supports two chromel-alumel
thermocouples and one differential chromel-alumel thermocouple. The differential
thermocouple has two junctions oné placed in each of the standard and sample
thermocouple wells. The other regular thermocouples are in close proximity to the
samples, one used for direct temperature reading and the other for control of heating

system.

Heating is accomplished using an aluminum encased vertical resistance furnace

controlled by a saturable core reactor. With this heating arrangement, the samples

were heated at a rate of about 15°C/min. and then cooled at an average rate of

4°C/min.

9
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The thermbgrams are obtained by the conventional technique of plotting the
difference in temperature, AT, between the sample and standard on a two pen |
y-t recorder (Hewlett-Packard), versus time. A profile of the sample temperature
versus time is simultaneously obtained to give the temperature at which phase

7
changgs occur.

2.3.2 Phase and Crystallographic Resulis

DTA measurements were made by a group at Merida, [18], for a compositional
range of the (CuGa),_:Mn..Te; and (AgGa),_.Mn,. Te, systems. The samples
used were all prepared in Ottawa during this work and the measuremez;ts were made
after much of the preparation work had been completed. 50-100 mg specimens ﬁere
used that had all been prepared at the University of Ottawa during the present work. ’
Since the work in question was to investigate SMSC alloys, the compositional range
of each sj*stem was limited to 0 £ z £ 0.7 and the behavior of the Mn-rich phase
was not considered. Therefore, 2 maximum temperature of 1000°C was sufficient
for the work with silver used as thg reference material. Each sample investigated
was subjected to heating and cooling runs in the process.

The results of the DTA measurements for both systems are shown by the points
in Figures 3 and 4 where heating and cooling curve data are indicated separately.
The proposed phase boundaries that were obtained using these points are shown as
full lines and the phase boundaries estimated from the x-ray and energy gap results
are shown as dotted lines. In the present work, the phases shown in both diagrams

r are;

a: chalcopyrii':e phase
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B: zinc-blende phase

7: hexagonal NiAs structure of MnTe

7: CugTe-rich hexagonal phase

é: rock salt structure (high temp. MnTe)

In the case of the chalcopyrite (&) and zinc-blende (8) single phase fields, results
indicate that ordering of the manganese can occur at lower temperatures to give
ordered o and B’ structures. This manganese ordering has an appreciable effect

~on the energy gap E,. The two T(z) diagrams will be discussed separately in the

following sections.

(CuGa)I_:M ny.Te; Phase Diagram

The proposed phasé diagram of the (CuGa),-.Mn,.Te; alloy system is shown in
Figure 3. It was drawn combining the results of DTA and x-ray investigations
carried out on different samples with a step in z of 0.05 near lthe terminal points
and of 0.10 for the rest. The x-ray investigations were performea by members of
both groups.

It was not possible to obtain the phase boundary between the a and (a++) fields
from DTA data. Thus, samples were annealed at different temperatures and then
quenched rapidly to retain as much of the equilibium condition at the annealing
temperature. Afterwards, structure and lattice parameters were determined by x-
ray photographs and the values of a as a function of z for both chalcopyrite and
.zinc-blende were found as shown by Figure 5.

Small samples were annealed at 600°C and 650°C and then quenched rapidly
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in water to check the high temperature part of the phase diagram. Many ‘samples
were found to be a mixture of the phases occuring in the cooling process and ap-
peared to depend critically on the cooling conditions. However, obtaining lattice

parameter values, magnetic transition temperatures, etc. for a particular phase was

often possible.

F

As can be seen in Figures 5 and 6, all the sa.m.ples which had been slowly cooled
to 200°G were found to be two phase (a + +). The lattice parameter and energy
gap values of the chalcopyrite contribution to both phases‘sh‘owed that the t.ie lines
in this field probably lie in the plane of the diagra.r'n.

Samples with composition = = (.10 and z = 0.15 were annealed at 600°C and
‘quenched rapidly in an attempt to get the chalcopyrite single phasé. Both phases,
(@ + «), were still observed although faint lines of the single phase & condition at

o
600°C were seen in the = = 0.15 sample and its approximate a value calculated as

1s shown in Figure 5.

Various other samples, = = 0.2, z = 0.25, = = 0.30 and = = 0.35, were annealed
at 650°C and then quenched to retain the single phase 8. The z = 0.30 and z = 0.35
showed the single phase zinc-blende form with lattice para.met‘er and optical enevgx
gap values measured {12] and plotted in Figures 5 and 6.

The alloys of = =0.2 and = = 0.25 appeared mainly two phase (a + v) but also
showed the presence of small amounts of the single « or 3 phases respectiveljr. For
these non-equilibrium samples, a value of the lattice parameter a for the weak single
phase ccuditions was still obtained even though there was considerable difsﬁculty in
distinguishing between zinc-blende and chalcopyrite phases with the same a value.

However, another = = 0.20 sample similarly treated at 650°C but sealed in a thinner
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tube was found to be,. after quenching, of single phase chalcopyrite structure. For
this reasoﬁ, it is assumed that the a phase must extend beyond z = 0.20'in the
neighborhood of 600°C. Thus, the boundary between the o and (& + ) fields has
been drawn as shown in Fi-gure 3.
) From Figure 5, \we see that th\e values of a (whether for the zinc-blende or
chalcopyrite phase) lie™on, a straight line within exp;rimental error limits which
extrapolates to a value of a = 6.3354 at z = 1.0. This is in good .a.greement with
the corresponding valués obtained previously [16] for the (Culn);_.Mn,.Te, and
(AgIn);_.:Mn,.Te; alloys. The intersection of the a versus z curves of the single
phase chalcopyTite a and two phase (a + v) gives the limit of solid solubility in the
o phase ati200°C. This limit seems .to ie between z = 0.03 and =z = 0.04. This
value agrees with the solubility limit of MnTe in CuGaTe; suggested by Aresti et
al. [2]. ”

For samplcs water quenched from 650°C, which appeared to be single phase
cubic 8 in the x-ray photographs, major cusps occur in the susceptibility versus
temperature curve. This showed that ordering of the Mn was occuring as will be

discussed in detail in Chapter 4.

(AgGa),_.Mn,.Te; Phase Diagram

The proposed phase diagram of the (AgGa);_.Mn,. Tea alloy system is shown in
Figure 4.
™ For samples cooled slowly to room temperature after annealing, their structures

were determined from x-ray photographs taken during this work and previously by
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Munkid Al Najjar [1] to be either single phase chalcopyrite or two phase (chalco-

pyrite and hexagonal MnTe) structures. Thus, no zinc-blende field exists at lower

_ temperatures.

Lattice parameter values for the chalcopyrite phase of different compositions
show that the variation of a with = was of the same magnitude as the experimental
scatter in the data. In this case, the usual method of finding the limit of single phase
field using the discontinuity of the @ versus z curve cannot be used. Optical energy
gap data [1] indicates thak the z = 0.5 alloy is single phase while x-ray photographs
of the z = 0.6 sample clearly show two phases. Thus, the phase boundary at lower‘

temperatures in Figure 4 has been taken at = = 0.55. °
stures

2.4 Conclusion

The results obtained for the (A9Ga),_,Mn,.Te, alloys show that solid solutions of
zinc-blende and chalcopyrite have 2 wide range (0 < = < 0.55) and that Mn-ordering
in both structures occur in the 300°C—400°C temperature range.

The (CuGa);_.Mn;.Te,; alloys show a very narrow solid solubility range of

about 0 < z € 0.04 at ~ 200"_C with no Mn-ordered zinc-blende or Mn-ordered

- chalcopyrite phase in the equilibrium diagram. The DTA data 2lso indicated that

a 600°C annealing temperature for this system was probably not a good choice but

samples annezaled at different temperatures were found to give the same DTA data.

.

: X
It appears through magnetic susceptibility measurements that, for rapid@ﬁuenched

samples of this alloy, metastable phases do occur in different proportions according

to quenching conditions.
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Depending on the amount of phases present, an extrapolation of the énergy gap
value E, and of the magnetic transition temperature T, versus z curve for both
systems would g.ive the position of the phase boundaries and the phase stz;\.te of
the sfample respectively. All éctrapola.ted values agree with'previous measurements
made on other alloy systems {1,12,16].

The positions of phase boundaries, especially those between two phase and single
phase fields, were found through discontinuity in the lattice parameter a versus
composition z curve where possible.

The results indicate that ordering of the manganese ions on the cation sublat-
tice occurs in these alloys. Aresti et al. [2] have determined a phase diagram of the
(Culn)_.M ng:i"eg system but did not obtain any indica.tion of ordering tempera-
tures, etc. They suggest that in the range of chalcopyrite behavior, the Mn tends tb
order on a stannite type of arrangement. Earlier work performed at Merida [17] sup-
port this suggestion. The proposed orderéd structures of the (.49‘@@)1_:114 nq-Te;

and (CuGa)y—.Mnqy.-Te, systems will be dealt with in more detail in later chapters.



Chapter 3

—

Magnetic Behavior

3.1 Theory of Magnetic Susceptibility

When an electron is bound to a nucleus, it possesses a magnetic moment due to its
spin and orbital a.né‘u.la.r momenta. For atoms with more than one electron, it is
necessary to consider the combination of all the spin and orbital momenta.

When the vector addition of the quantum numbers is complete, there exists only
partially filled electronic levels possessing a non-zero resulfant momentum. As an
example, the five unpaired 3d electrons of Mn results in a‘yalue of spin momentum,
S, equal to ,f: Because of this, only atoms such as Mn can have a net magnetic
moment. |

According to their magnetic properties, materials may be classed into three
general categories;

1. Diamagnetic

2. Paramagnetic

38
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3. Exchange Coupled Magnetic'Systems
One method to distinguish between them is to observe their response in an applied

magnetic field. This is known as magnetic susceptibility measurements.

3.1.1 Susceptibility of Diamagnetics and Paramagnetics

For diamagnetic ma.t-erials, this magnetic suscepi:ibility, which is defined as

x=% ' ©)

where M is the magnetization
and H is the applied magnetic field,
is negative and independent of temperature.
Paramagnetic systems have a positive susceptibility. At high temperatures and

in small magnetic fields, they follow the Curie law:

_ NI+l _C
X= 3kgT T ®)

where C is the Curie constant;
N is the number of magnetic iﬁns,
kg is the Boltzman constant,
T is the temperature in Kelvin,
g is the spectroscopic splitting factor
and J is the total angular momentum quantum number.

Paramagnetism arises from the random orientation of permanent magnetic dipoles.
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When a magnetic field is applied there is a net dibole moment in the direction
of the field giving rise to a weak magnetization or paramagnetism. When dipole-
dipole interaction is negligible, experiment shows that paramagnetic materials obey
Curie’s law defined by Equation 6.

However, when dipole-dipole interaction is not negligible, the material’s suscep-

tibility can be fitted to the equation:

where § is the Curie-Weiss temperature and is a constant which depends on the in-
teraction between atomic magnetic moments. At low temperatures, this interaction

may result in some-kind of correlation amongst the various moments in the lattice.

3.1.2 Magnetic Susceptibility of Exchange Coupled Syst.ems

Exchange coupled syster.ns possess the common feature of having interaction be-
tween the atomic magnetic moments that result in some kind of a.h'gnmen@ or cor-
rela.tioﬁ among the spins of the lattice. The coupling occurs through an exchange
interaction which is a purely quantum mechanical phenomenon. It arises from the
Pauli Exclusion Principle and from the indistinguishability of the elecfrons and
depends on the overlap of the electronic wave functions.
The category of exchange coupled systems can be split into three important

classifications: .

1. Ferromagnetic Materials

2. Antiferromagnetic Materials

3. Ferrimagnetic Materials
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Ferromagnetic and Antiferromagnetic Materials

When the atomic moments are aligned parallel, then the material is said to be
ferromagnetié. As aresult, at low temperatures a spontaneous magnetization exists
in the material. Above a certain critical temperature T, the ferromagnetic Curie
temperature, the thermal agitation overcomes the exchange forces and the alignment
is lost. In this state, the material behaves like a paramagnet. At high temperatures
and in small magnetic fields, the susceptibility may be described by Equation 7
where @ is the ferromagnetic ordering temperature and is positive.

When an antiparallel arrangement of the stfongly coupled magnetic dipoles pro-
ducing no net spontaneous magnetization is favoured, the material is said to be
.a.ntiferromagnetic. In this case, the sublattices have antiparallel magnetizations
that are equal and thus results in no net magnetic moment. Above a certain crit-
ical temperature Ty, the Néel temperature, the antiparallel alignment is lost and
the material assumes a paramagnetic like state. At high temperatures and in a
small magnetic field, the susceptibility is also described by Equation 7 but with the

Curie-Weiss temperature § being negative. -

Ferrimagnetic Materials

When an antiparallel arrangement of the strongly coupled atomic dipoles give a
spontaneous magnetization below a certain temperature, the material is said to be

ferrimagnetic. In this case, the sublattices have antiparallel magnetizations that are
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;
not equal resulting in 2 net magnetic moment. It should be noted that the suscep-

tibility can resemble those of the ferromagnetic and antiferromagnetic materials at
different temperatures.

We see that in all three of the cases discussed, thé susceptibility at a high tem-
perature above any ordering point and in a small magnetic field is described by
Equation 7 with ¢ indicating the typé and strength of the exchange interaction.
A positive value means that the exchange is positive and the interaction is ferro-
magnetic while 2 negative value denotes a negative exchange and a.nti:éerromagnetic
behavior. | | v

Over the last two decades another distinct magnetic state known as spin g.la.ss

3 has been recognized. The name “spin glass” was first introduced by B. Coles [6] to
denote “the entire class of\*{a.ndom magn::tic alloys of moderate dilution in which the
magnetic structure no lon(ger resembles.that of pure metals”. In these matenals,

. the spins interact with each other in such a way that when the temperature is
low enough for this interaction to overcome the thermal agitation, the spins freeze
into a completely random configuration. _The absence of long Tange order from the
coupling is what makes this spin glass very different from the above mentioned .
systems. A new concept, “frustration”, was suggested by Toulouse [19] to explain
the behavior in spin glass materials. -

Where there is 2 conflict in the interaction between spins, frustration occurs. In a
typical SMSC, magnetic ions distribyted at random over the fcc sublattice interact
antiferromagnetically with each other. For e;ch magnetic ion, these interactions

result in contradicting demands conceming their spin directions. A spin that tends

to be aligned in 2 certain direction due to the influence of the nearest neighbor
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could be acted upon by another nearest neighbor in an opposite direction. This is
the result of the random distributipn‘?;f/the Mn within the sublattice. Therefore,
when the temperature is smaller than T}, the spin glass temperature, an equilibrium

position of the spins is reached where all the magnetic ions are frozen i: random

/ orientations. The random freezing of spins at T, was confirmed by M&ssba ier effect

[13] and neutron diffraction experiments [14].

In spin glass materials, the magnetic susceptibility measurements show a cusp
like peak at a well defined temperature T, a.nd- the behavior is similar to an anti-
ferromagnetic. Above T, the thermal processes overcome the freezing and a para-
magnetic behavior occurs. In order to understand this spin glass behavior, one has

to know the nature of the interactions between the spins.

3.2 Theory of Electron Spin Resonance

A free lon with a permanent magnetic moment has a resultant angular momentum
quantum number J with 2J + 1 different degenerate levels. The application of a

static field will lift this degeneracy and give 2J +1 different levels having an energy:

E = M;qusH (8)

where M is the magnetic quantum number,
up is the Bohr magneton,
H is the applied magnetic feld
and ¢ is the spectroscopic splif.ting factor.
This effect is known as Zeeman splitting.



When this ion is not free and forms part of a crystalline solid, its angular mo-
mentum is described only by.the spin quantum number S because the total orbital
momentum qumt@ number L is quenched, i. e. L=0. The application of a field
H will produce a splitting of the 25 + 1 levels each with an energy E = MsgusH.
This ¢ value is different from the Landé value because of the perturbing‘eﬁ'ect of
the crystalline field on the orbital angular momentum of the ion.

As mentioned above, the crystalline field shifts some of the degenerate levels.
This can be explained by the fine splitting. If we take the Mn?* ion for éxa.ﬁ:ple,
it has a ground state which is sixfold degenerate classiﬁedfas $Ss72. When such an
ion is placed in a crystalline environment, where the concentration of Mn®* is ver_iy'
small so that interaction betw;en these ions is negligible, tHe free jon ground state
sixfold splits into two levels. The upper level is fourfold degenerate and the lower
is twofold degederate. A magnetic field will lift the degeneracy of the doublet and
quartet.

There are additional interactions to be considered. Since the nucleii possess an
intrinsic spin angular momentum, the electron spin magnetic dipole will interact
with it. Magnetic nucleii have corresponding multiplicity of nuclear spin states of
2I + 1 where I is the spin quantum number. ‘This coupling of the nuclear magnetic
and electron moments produce extra splitting at each level. This is known as the

nuclear hyperfine interaction.

3.2.1 Effects of Applied Magnetic Field

¥
In Electron Spin Resonance, (ESR), transitions between these energy levels can be

induced by the application of an electromagnetic oscillating field whose energy fAw
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hw = —gugH (9)

where all thé terms have the same meaning as previously stated. Resonance may
be observed by fixing the frequency w and varying H or vice versa. In normal ZSR,
the former is used with the frequency fixed at some point in the microwave range.
: A selection rule from quantum mechenics operates so that only the transition
between adjacent levels for which AMg = +1 are possible. If the photon energy hv
matches the energy level separation, then Equation 9 meets the resonance condition.

However, in the materials being studied, there is the additional effect of the fine
and hyperfine structure to be considered. Transitions between the degenerate levels
of the fine structure in an applied magnetic field will produce five resonant lines in
the ESR spclectra. Because of the additional hyperfine coupling in the magnetic ion,
the resonance spectrum is again split into six sets of the quintet mentioned above.

In general, the absorption does not occur at a sharply defined magnetic field.
Instead it is spread out over a range of H. The size of the spread may be related
to several different effects including various relaxation phenomena such as spin-spin
and exchange interaction [20,21]. Also, a factor which may affect this linewidth,
AH, is inhomogeneous broadening. This broadening is a result of the overlapping
of any fine or hyperfine structure due to the presence of inhomogeneous fields in the
crystal.

ESR has also been found to be a (very useful technique to study the different
relaxation processes and the spin-spin interaction. These properties can be revealed
further by studying the positions and widths of the resonance lines as the temper-

ature is varied.

\
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3.3 Experimental Measurements and Results

3.3.1 Experimental Set-up

The ma.gnefic susceptibility measurements were made ;ming a SQUID magnetometer
with magnetic fields in the range of 10 to 25 G, and over a temperature range of 4.2
to 25b K. The results allowed values of transition temperature T, and the Curie-
Weiss ‘paramagnetic’ temperature 8 to be determined. ESR measurements were
also made, a symmetric Mn?* resonance line with ‘g’ value of 2.0 being observed
at room temperature for each sample and the linewidth AH was measured as a
function of temperature in the range 10 to 500 K, at X band microwave frequency
(=9.4 GHz). The first derivative pattern of the resonance line was recorded and
-the peak to pt;.a.k bnewidth AH measured .with a gaussmeter. Both experimental
set-ups are described in more detail in the thesis of other members of the group at
the University of Ottawa [5,8).

-

3.3.2 Results -

 The results from- work done by Woolley et al. [24] indicate that the manganese
atoms are distributed at random on the cation sites for chalcopyrite materials but
that at room-temperature the manganese can show crystallographic ordering. A -
good investigation of the behavior and arrangement of the ordered structure in the
chalcopyrite range would require an almost completely _ordéred sample.

In the present work, magnetic ’smceptibility and ESR measurements were made
on the (AgGa);--Mn,.Te; and (Cz.zGa)l_gM np-Te, systems with compositions

within the zinc-blende and chalcopyrite ranges. Some measurements showed that
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the samples exhibited oniy a certain degree of crystallographic order of the Mn
atoms on the appropriate lattice with other phases also present. I: was found
that the ESR curve was more sensitive to the presence of two phases and so room
temperature ESR measurements were mostly used to check the condition of each
sample.

To begin with, two samples of (AgGa),_:Mny.Te; of composition = = 0.4, which
bad been prepared as described in Chapter 2, were annealed at 600° C. One sample
was quenched rapidly in water and the other left to cool slowly in air down to room
temperature. When the curves of magnetic susceptibility x versus temperature for
both samples were studied, it was found that one fa.ii‘ly.strong peak was observed
corresponding to some transition temperature, but that secondary smaller peaks

were dlso found. Also, from the ESR spectra for each sample, it was found that

. 2 combination of two lines, one broad and one narrow, was observed rather than

the s;ngle line expected. The relative amplitude of the pezks in the susceptibility
measurement and the Hz;es ;ﬁmthe ESR spectra depended on the rate of cooling from
the annediﬁg temperature.

The depende.ﬁce of the amplitude of the peaks is illusirai;ed. by the curve of ¥
versus T shown in Figure 7 for the samples of (AgGa)l_:J\E'{ng:Te; where z = 04
and annealed at 600° C and (a) quickly quenched in water and (b) left to cool slowly
in air. Curve (a) shows a-n;a.jor cusp at 35 K with smalt subsidiary peaks at 6 K
and 63 K. Curve (b) shows the major cusp at about 38 K with a subsidiary peak
at 65 K and the appearance of another peak at 12 K.

These peak temperatures, T,,, are shown in Figure 8§ together with the corre-

sponding values from other quenched samples obtained by other members of the
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Figure T: ’I‘emperatﬁ::e dependence of the magnetic msceptibiiity for samples of
(AgGa)1-:Mna.Te; with z = 0.4 and (2) quickly quenched in water and (b) cooled
slowly in air.
group (24]. It is seen that the points fall on four separate lines, whick, as shown
previously [24], can be attributed, in descending order of T, to Mn-ordered chal-
copyrite, Mn-ordered zinc-blende, Mao-disordered zinc-blende and Mn-disordered
Mmpyﬁte. The Statter in points for the samples of any composition is proba-
bly due to variations in the degree of order in the samples rather than to different
chemical composition.

The results together with those from ESR measurements indicate that the sam-
ple wzter quenched from gingle phase 3 field at 600° C. contains some a.moun&s of

three possible single phase structures at » = 0.4. The size of the peak in the x
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vs T curve-indicates that the cubic material in the sample is mainly Mn-ordered.
However, the susceptibility data also indicate the presence Qf a small amount of
the Mn-ordered chalcopyrite phase and probably a still smaller amount. of the Mn-
disordered &dcopyﬁte phase. Although the phasc diagram of (4gGa),_.Mn,,Te,
does not contain any Mn-disordered chalcopyrite phase at z = 0.4, it is possible that
any Mn-disordered zinc-blende material quenched into a Mn-ordered cha.lcopyrit;

+ field (thus not being in equilibrium) will tend to rearrange itself into Mu-disordered

chalcopyrite.

For the sample that had been left to cool slowly. iﬁ air, having initially undergone
m@ng at 600° C, a major peak at 38 K (Figure 7 ) indicates a large amount of
Mn-ordered zinc-blende and the little-peaks at 65 and 12 K show the presence of
smaller amounts of Mn-disordered zinc-blende and Mn-ordered chalcopyrite. The
presence of these phases is consistent with the equilibrium diagram of Figure 4 in
Chapter 2 at z = 0.4. -

Thus, it was concluded that by quenching at a proper cooling rate, the sam-
ple was able to keep a good equilibrium condition right down to room tempera-
ture and retain some of the phases it passed thru. A “cc;mpletely” Mn-ordered
(AgGa)1—:Mn,.Te, sample of z. = 0.4 could ¢onceivebly be obtained by annealing
the sample at 200° C within the o' region of the T(z) diagram (Figure 4 in Chapter
2). ’ x '

”

A z = 0.4 sample of the above mentioned system was annealed within the
temperature range (200° C) expected to induce the Mn-ordered chalcopyrite phase.

Magnetic susceptibility measurements on this sample showed the presence of only

one discernable peak at T,, = 61 K as shown in Figure 9. Using the results shown
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Figure 9: Magnetic susceptibility of (A9Ga);..Mn,.Te, sample with z == 0.4 an-

‘nealed at 200° C.

previously [24], it seems that only the Mn-ordered chalcc;pyrite phase is present.
This was corroborated by the fact that an ESR spectra of this sample indicated
only one narrow line, which has been previously associated witk ordered structures.

Various ESR measurements were made during the present work with energy
Zap measurements made by Roger Goudreault [12] on varicus compositions of the
(CuGah_:Mn,.Te; system. All measurements were performed before the T(z)
phase diagram (Figure 3 in Chapter 2) was available. Prelirﬁinary energy gap and
magnetic susceptibility measurements made by R. Goudreault while working on his
Master’s thesis at the University of Ottawa had indicated that samples of z = 0.2
composition of this system which had been rapidly quenched from 650° C down to

?
room temperature could be of the Mn-ordered chalcopyrite structure.
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The x versus T diagra.rg of this sample showed only one peak of medium intensity
at T' = 10 K. When plotted on the T, versus z diagram (Figure 8) as done previouély
[24], the samples’ structure was determined to be Mn-ordered chalcopyrite. ESR
spectra taken during the present work on the above mentioned sample gave only
one narrow line, again indicating an ordered structure. However, as seen from the
T(z) diagram (Figure 3 in Chapter 2) and as will be shown by neutron diffraction

measurements, the equilibrium condition of this sample is two phase.

3.4 Discussion and Conclusion

The results stemming from the present work agrees with similar previous results [24]
and indicates that the manganese atoms in the chalcopyrite and cubic structures
are distributed at random on the cation sublattices at high temperatures. We also
see that the manganese tends to order within the lattice at lower temperatures.

This is again consistent with previous measurements performed on similar systems

* [17] that showed ordered fields at lower temperatures on theii* phase diagrams.

It is clear from the degree of ordering present in the (AgGa); .. Mn,. Te, sample
EC;f composition z = 0.4 that was slowly cooled, that a longer annealing period within
an ordered field would produce more ordered material within the sample. This is
shown by the ;em:lts from the sample that had been annesled at 200° C, which was
found to be of single phase Mn-ordered chalcopyrite structure,

The initial measurements of magnetic susceptibility and ESR [12] on the z = 0.2

sample of (CuGa);_.M ng:Teg. indicated that an ordered structure was present, in

that from the susceptibility T, values lying on the Mn-ordered line of Figure 8 were
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observed and also in the narrow line for ESR. Hence samples were set to anneal
at 300° C to enhance the ordered form with the aim that these would be used for
neutron diffraction work. Only after the neutron diffraction measurements had been
started did the T(z) data for this system become available and this combined with
the results of the diffraction work clearly showed that the equilibrium condition at
300° C was two phase as indicated in Figure 3 in Chapter 2. It is clear that the
ordered form iﬁitia.l]y observed represented I;.igh temperature phases which were
still present after cooling from 600° C. These phases would be lost ai'ter the long
anneal at lower’\emperatures

In view of the initial results given above, nine gram samples of z = 0.2 of the
(CuGa)y—:Mn,.Te; system and = = 0.4 of the (AgGa),_.Mn..Te, systems were
annealed for a long period at 300° C and 200° C, respectively, and were used later
for neutron diffraction measurements. The choice of these two particular systems

for neutron work will be made clear in the next chapter.

3.4.1' Possible Ordered Structures

Since no extra ordering lines have been observed on the x-ray results for both
systems, a possible ordering scheme is that the manganese atomns enter culy the
I or III sublattices, allowing the other sublattice to accept the displaced atoms,
as suggested by Woolley et al. [24]. In thg case where very faint ordering lines
have been observed in a similar system [16], it has been suggested [2] that Mn-
ordered chalcopyrite field have a “stannite” type structure. If you characterize the
« field by two extremal structures, ché.lco;:yrite at z = 0 and stannite at =z = 0.5,

. the differing degrees of order can be attributed to periodic structures realized by
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entirely replacing the planes of the cha.léopyrite structure by Mn atoms. The many
compositions (=) would consists of suitably alternated (I, I1II) and Mn planes.

To investigate this ordering more closely, neutron diffraction measurements
woul_c'l° be taken during this work to locate the positions of the Mn within the
ordered chalcopyrite lattice. Other samples of varying compositions were also made‘
during this work in view of future neutron work to be performed by Riccardo Bmﬁ

del Re [4].



Chapter 4
Neu,tron Diffraction

4.1 Introduction .

The small velocities of thermal neutrons makes possible the investigation of atomic
motion in crystals. The specific applications of neutron diffraction can be reasoned
from the general types of interaction of x-rays and neutrons with physical matter. .
Because of the neutron’s magnetic moment, the determination of the a.rrangemenr:
of the magnetic moments in magnetically ordered materials is possible. The de-

terminations of magnetic structure are largely based on symmetry considerations

which are an exciting development of the classical methods in crystallography.

n
(4]
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4.2 Theory

4.2.1 The Neutron Advantage

The neutron has been used in scattering experiments on crystalline solids since 1946.
Neutrons have no electrical charge, 2 mass almost equal to'tha.t of the proton, 2
nuclear spin of 1/2 and a magnetic moment. Since the thermal neutron has a
wavelength of the same order as the lattice spacing, the te@que of Bragg reflection
can be used to obtain beams having a sharp energy.

The preferential Bragg reflection condition is;

mA =2dsing (10)

where A is the wavelength corresponding
to the sharp energy F,,
m is the order of the reflection
and d is the lattice spacing.
The neutron energy for a first-order Bragy reflection is essentially determined

by the angle of incidence ¢ and is given by;

B2 &

En = oot e

(12)

where m, represents the neutron’s mass. Since the de Broglie wavelength of neu-
trons ranges from about A = 0.1 to 104, over the energy interval E, = .001 to 10

eV, they lend themselves to diffraction studies of the structure of materials with



techniques akin to those developed for x-ray work. ~

However, there is one fundamental distinction between the two methods. Whereas
x-ray scattering takes place on the electrons of the atoms in the crystals, the coherent
scattering of thermal neutrons takes place on the guclei. Important consequeﬁces

arising from this distinction are;

e Because slow-neutron scattering cross-sections have roughly the same mag-
nitude for all elements, there is no differentiation between light and heavy

element scattering as one finds with x-rays.
5

e Since the neutrons possess 2 spin and some target atoms possess a magnetic
moment, the scattering intensity will depend on a) the orientation of the
nuclear spins and b) the relative orientations of the neutron spin and magnetic

moment, if the scattering interaction is spin dependent. X-ray scattering is

altogether independent of atomic orientation.

o Neutron diffraction effects are much more sensitive to surface characteristics.

This is due to much higher absorption cross-sectigns than that of x-rays.

Neutron diffraction therefore makes it possible to find the positions of the atomic

nuclei and is an important complement to x-ray diffraction methods.

4.2.2 Neutron Diffraction T&:’hnique

The Debye-Scherrer x-ray powder diffraction technique is also applicable to neu-
tron diffraction. It consists of producing and analyzing the diffraction pattern of a

monoenergelic thermal neutron beam. One determines the structure of the pattern
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with a neutron detector mounted facing ‘the target a.nd free to swivel about it. The
position of the intensity maxima that correspond to different orders of Bragg re--
flection from various lattice planes can be established. The peaks are then labelled
according to the respective Miller indices of the erystal planes from which reﬂec.tio:n
occured.

A crystal lattice is characterized by a set of interplanar distances dii given by
the quadratic form; '

© angle bet.
i coord. ares
— . 2
dhk‘ f( a'.' bFC b a'.’ AB’T ) (1 )
untt cell
' pertods

The angular position of a particular maximum in the pattern is given by the

Wulff-Bragg equation;

9
\ = 2dhi

sin 9},;:; (13)

Because a number of different planes 2l contribute tora. single maximum due
to ;.-quiva.lent interplanar distances, it;;/;uﬁcient to determine the contribution of
any one of the equivalent planes to the intensity of a particular maxdmum and then’
multiply by the recurrence factor jau. We must also consider the scattering power
of the unit scattering entity and interference effects in the a.t-om when estimating a
reflected beam’s intensity.

The scattering power of each center is characterized by .a.n atomic scattering am-

plitude f; f* for nuclear neutron scattering and f™ for magnetic neutron scattering.

This important parameter is dependent on the magnitude of the permissible values
. ~
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for the energy of the nucleus or, more precisely,’of the compound nucleus formed
from the incident neutron and the target nucleus. The contribution to the scatter-
ing from this resonance effect varies haphazardly from atom to atom in the Periodic
Table. In the case of a few elements, such as hydrogen, titanium and manganese,
the scattering amplitude is negative. This mea.r;s that, in addition to neutrons being
scattered as with most nuclei, there is an additional phase change of 7. Since with
x—rayé it is difficult to distinguish Mn from other neighboring el;ments in the Ped- .
odic Table, this resonance-like effect in manganese is the main reason that neutron
diffraction measurements are being used to investigate crystallographic ordering in

1

our systems.

4.2.3 The Structure Factor

The intensity of each reflection for all forms of scattering is related to the structure
of the atoms in the unit cells of the target by way of the structure factor, Fri. The

structure factor can be expressed as;

2 uniteell

: 2
Fi = (umzu“ fucos2x(hz, + ky, + Iz,,)) + ( S fosin2n(hz, + ky, + Izy))

’ - (14)
where z,, ¥, and z, are parameters determined by the position of the scattering
center v and f, is the corresponding atomic scattering amplitude.

The case of magnetic scattering is much more complicated and involves many

vector relationships. The magnetic scattering structure amplitude also differs from

~on
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Ld -

its analog in nuclear scattering in that the summation extends only over the mag- .
netic atoms and not all the atoms in theunit cell. The relative orientation of the
mé.gnetic moments must also be taken into account by the sign of f,. Its structure

factor is thus expressed by;

~

uniteell 2 funitcell . | 2

Fh = ( > %f.cos2r(hz, + ky, + l:,)) +( S :f:f, sin2=(hz, + ky, + Iz,))
| | (15)
The structure factor of any reflection for nonpolarized neutrons constitutes the

-~

sum of the nuclear and magnetic structure factors.

Fha = Fi + Fifpesm o (16)

The present investigation (.;>f the crystallographic ordering did not include mag-
netic scatte.ring considerations because neutron diffraction measurements were done
at room temperature, well above the magnetic ordering temperatures of any of these
materials. This work is not directed toward the observation of magnetic ordering
but of crystallographic ordering in certain compounds. In our systems, the ‘mag-
netically ordered structure will be investigated by other members of the group [4]

which will require low temperature neutron diffraction measurements.

4.3 ‘Experimental Set-up - .

] . .
" In comparison with x-ray tubes, & nuclear reactor’s flux is v%y small and for this

reason neutron experiments must be optimized in order to attain the necessary
3 , 7 ‘ . -
resolution with the available flux. . _ .
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The first possibility of optimization is fitting the spectral distribution of the neu-
t;:ons.to the experiment in question. One must limit the béa.rﬁ’s angular divergence
by means of a collimator a.nd select a2 wavelength band by means of a monochroma-
tor. The necessary resolution is obtained with the help of collimators in the primary
beam before the monochromator, betwe_.en tize monochromator and the sa.m.pl:e a;nd
between the sample and the counter. For measurements on crystaJli;ﬁe powders, one
haé to consider how the measurements shouid be carried out to obtain the best com-
promise between resolution and well-defined integrated intensities. The necessary
incident neutron wavelength selection and appropriate beam collimation procedures
were done by Dr. Tom Holden and Dr. David Néa.keé. .

The experimental arrangement must be able to resolve some chaicopyrite Bragg
peaks that have very close Bragg angles and also minimize the background at higher
Bragg angles where the superlattice reflections tend to have weaker intensities.

Since the spectromet-:gr used in the present investigpa.tion has a scanning capability
of only 26 ~ 110° scatteﬁng angle, a neutron beam monochromated by reflection on
the (331) plane of a 5i prism with a wavalength of A = 1.87874 was found to make
the chalcopyrite reflections of Table 2 ob.serva.ble under a 110° scan. The search for
the Si (3;31) plane reflecting the highest neutron fux for better dj;Ergction intensity
was undegtaken. The Si (331)_1513.9.; was found to reflect the ’h.ighest neutron Hux
at the chosen wavelength. |

Afterwards, the geométry of ti:je set-up, 2. g. collimation ratios of the neutron
beam before and after the reflection from tht‘e sample, was orga.t:;ized. In this case,

‘the resolutior or FWHM (full width at half maximum), A, at different Bragg
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angles is [10,7,22)

Al =Utan?6+ Vtanf+ W (17)

where

U_

" tan?6,..n,

4 (afa3 + aif? + a3f?)
(af + a3 +467)
__ 4 (afa] + 2¢36%)
tan? Opon, | (af + a2 + 4432)

W= [afag + alad + adad + 46%(a2 + a§)]

As shown in Figure 10, the collimators are positioned so that:
a;: is the angular divergence between the pile and monochromator,
az: is the angular divergence between the monochromator and sample,
a3: is the angular divergence between the sampie and detector
and B: is the mosaic spread of the monochromating crystal. )
I:"gr the present; work, both a; and 8 were constants at 0.85° and 0.20° respectively,
and the a5 and -cz3 collimation factors were varied to obtain the best possible com-
promise between resolution and intensity. By setting ap = 0.31° and a3 = 0.3675°,
the resulting diffraction pattern would have a minimum resolution of A1fomin = 0.41°
_ witha rmmmum in background occuring near the middle of the scan at 2 scattering
angle of 297,,,,,-,1 ~ 58°. This would assure us of a reducged bad:g;-ound intensity at
higher scattering angles thus providing a clearer image of high-angle low-intensity
Bragg peaks.
One of the restrictions imposed by the nature of the experiment was on the mate-
rial to be analysed. Indiﬁm and cadmium, because of their high neutron absorption

cross-sections, were not included in any system to be investigated by neutron dif-

fr_a.ction. The (CuGa);.. M n—;»:Tcz and (AgGa),—:Mn,. Te, systems would be the
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Figure 10: Schematic diagram of neutron beam collimation on diffractometer ap-
paratus. '

only alloys to be studied by this technique during this work.

The samples used were the = = 0.2 of the (CuGa);..:Mn,.Te; system and the
z = 0.4 of the (AgGa);_.Mn,.Te, system that had been aanealed, at 300° C and
200° C respectively. The powdered samples were put.ir:t:o aluminum cylindrical
containers suﬁcientlly small m diameter to be fully bathed m tfze neutron beam.
Each sample was carefully positioned on the rotating table of the diffractometer at
the start of each scan. The sample would rotate throughout the scan time so as to
- cover the whole range of plane orientations within the powde{%ed sample in wb.ic_:_h .
there is any contribution to a particular reflection.

The counter was then programmed to scan a range of Bragg angles of 26 = 10°

up to 26 = 110°. The counting period used was approximately %“minutes for
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every 20 = 0.1°. After approximately 44 hours, the data obtained was fed into a

pen-recorder and a diffraction spectra was plotted and ready to be analysed.

4.4 Structure Ampiitudes

As indicated in Chapter 2, the present work examines the chalcopyrite phases of
both the (4¢Ga);-.Mn,.Te, and (CuCa)I_:M ng.Te; systems. In the chalcopyrite
structure there are two cation sublattices each occupied by one type of cation and
one anion sublattice. For the hypothetical system (AB)C; with an ideal chalcopyrite
structure where A, B and C are the elements making up this structure, the atomic

-positions, (z,, ¥,, £,), of each atom within the lattice are given by;

As 000) (D) Goh) (08

B = (330} (003) (031) (303

111 31 313 133
C= (s (39 G (i

| i) G G G
In the present systems, the anions are shifted by a small factor u from the ideal
positions within the lattice. As discussed earlier in the chapter, each atomic site
within the lattice has associated with it an atomic scattering amplitude f4, fgz and
fc. By way of Equation 14 and by substitu;iion of all the appropriate scattering
amplitudes and lattice coordinates, we see that the structure factor, Fpu, which is

related to the diffraction intensity, is non-zero only for reflections on types of planes

having specific k, k and ! combinations. Non-zero reflections occur at;

Type A = h and k odd, { singly even
Where 'f(zhkl) = 16[(fA + f3)2 Ei- 4fé]
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Type B = h and k even, ! doubly even with A+ k + % singly even
_ where F7,) = 16{fa + f — 2fc|*
Type C = h and k even, { doubly even with A + &k + é doubly even
Type D = h and & are one odd, one even, [ is odd
where -7'-(2&1::) =8(fs - fa)°
All other conditions give Ff},, = 0.

Type A, B and C reflections are known as the structure refiections from comparison
to the cubic case and Type D as the chalcopytite ordering reflections because of the
ordering of the cations on the appropriate sublattices. |

If we apply these structure factor equations to the alloy systems to be investi-
gated ((AgGa)l_zMnngeg and (CuGa)-.Mn,.Te;) in the case where the man-
ganese is disordered (i. e. Mn enters the cation sites at random) in the chalcopyrite
lattice, we obtain the four types of reflections described above but which now have

a structure factor that depends on the manganese concentration z.

Type A = F2 = 16{(1 — 2)(Fag/cu + foo) + 2 fata® + 42.]
Type B = P = 15{(1 — z)(fag/cu + foa) + 22 fatn — 2frc)?

Type C = F? = 16[(1 — =)(fag/cu + fGa) + 22 farn + 2f1e)? :
Type D = F2 = 8((1 — 2)(fagjcu — fou)I?

The fag/cu factor imdicates the appropriate scattering amplitude depending on

which of the two systems we are dealing with. The structure factor values for



chalcopyrite of differing compositions for both systems are shown in Figure 11.
From the Mn-disordered structure of both systems, one must proceed to postu-
late the many possible ordering arrangements that the manganese can take within

the lattice.

4.4.1 Proposed Mn-ordered Structures

One proposed Mn-ordering arrangement [24] within the chalcopyrite structure is
where the manganese enters only one of the cation sublattices at random. In a
neutron diffraction study, this arrangement leads to the observance of the structure
reflections (Types A, B and C) with chalcopyrite ordering reflections (Type D) that
now have a much greater intensity than in the Mn-disordered chelcopyrite case.
This intensity change of the Type D reflection can be seen in its structure factor
. equation that now has a dependence , not only on the Mn concentration but also
on the Mn scattering amplitude, fa,, as shown below for the case of Mn ente‘ring
either the Cu/ Ag or Ga sublattices at random. For the Type D chalcopyrite order-

ing reflections,

1) for the (C uéa)l_,M ny.Te; system where Mn enters
a) Cu sublattice at random
F? = 8[(1 - 32)feu — (1 ~ 2)fga + 22 fara)?
b) Ga sublattice at random
F? = 8[(1 = 32)foa — (1 = 2)fou + 22 fara)?
2) for the (AgGa),_%:Tcg system where Mn enters
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CHALCOPYRITE {CuGa(1-2)Ma(22) Te(2)}

a)

0.0 0.1 02 03 0.4

CHALCOPYRITE [AgGa(1-z)Mn{2z)Te{2)}

Typa C
e T T T

-
-

(log)

b)

2
F
o
1
—f
3
m

4 Type D

0.0 0.1 0.2 0.3 0.4

Mn concantration 1,/

Figure 11: Structure factor values for the chalcopyrite structure where Mn
i3 disordered on the cation sublattices for the a) (CuGa);— . Mn,,Te, a.nd b)
(AQGQ)I_‘MT?.Q:TCQ systems.
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a) Ag sublattice at random
F? = 8[(1 = 32) fag — (1 — 2)fGa + 22 fgn)’
b) Ga sublattice at random
F? = 8[(1 = 3z) fou - (1 = 2)fag + 25 fua]*
For the reﬂectmns of Type A, B and C, the structure factors remain equal to those
of the Mn-disordered chalcopyrite case.

Thus, for manganese entering a chosen cation sublattice at random, the struc-
_ ture factors at different Mn concentrations for both systems behave as shown in
Figure 12 for all structure reﬁections. (Type A, B and C) and chalcopyrite ordering
reflections (Type D).

Another _possible ordering scheme for the manganese within the c.ha.lcopyritt;
lattice could resﬁlt in the stannite-like structure as suggested by Aresti et al. [2].
Such crystal arrangement leads to the manganese entering, at random, both planes
at height -;-c and %c which could be equally occupied by any one of the cations within
the chalcopyrite lattice. In the present systems, the manganese would, at random,
enter the Ag/Cu and Ga sites at planes of 1c and 3¢ height within the lattice. The

atomic positions within the lattice for the ideal case of concentration z = 0.5 are;

Ag/Cu= (000) (ii1)

Ga=  (003) (330)

Mn= (011) (Z01) (013) (l02)

Te= (i1 (331) (313 (23
(l.l_é 335 317 (.1.23)
448 {48 448 448

Using the structure factor equation, we find non-zero reflections occuring at six

types of (hkl} combinations. We found that Type A, B and C reflections have the
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- Figure 12: Variation of structure factors with concentration for the case where
the Mn enters a preferred cation sublattice in the a) (CuGa) -, Mna.Te; and b)
(AgGa);-.Mn,.Te, systems.
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same structure factors as that of the chalcopyrite structure. The Type D reflection
has the same structure factor form as that of the chalcopyrite but is reduced in
intensity. Two new reflections, Type E and Typg F, occur in the stannite case due
a‘to the ordering of the Mn within the chalcopyrite lattice. Type E and Type F
reflections both have the same structure ‘factor values as shown in the equa.t'ions

below.

Type D = h and-k, one odd, one even, { is odd

F? = 4(fagica - qujz
Type E = h and k even, ! singly even

F? = 16[z(fagscu + fos — 2fma)]?
Type F = k and k odd, ! doubly even

jﬂ = 16[z(fagscu + foa — 2frn))?

The variation of the structure factors for differing concentrations of Imanganese in
both systems, for the stannite ordered arrangement, are shown in Figure 13.

Since the structure factor is proportional to the intensity of the reflected beam,
the ratio of structure factors of different postulated Mn-ordered structures with
experimental Bragg peak intensities will Be found. The additional Bragg peaks
that appear in the stannite type of ordered arrangement (Type E and Type F) will
also be looked for in the diffraction spectra of both systems at specific manganese

concentrations.
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Figure 13: Variation of structure factors with manganese zoncentration =
for the stannite ordered arrangement of the a) (CuGa);_.Mn;.Te: and b)
(AgGa),-. Mn,.Te, systems.



4.5 Results and Analysis

Each “vrell defined” Bragg peak, in both neutron diffraction spectra obtained, were
fitted to a Gaussian distribution and the appropriate FWHM and Bragg angle were
recorded. The “integrated intensity” of each one of these peaks, where possible,
was calculated. | . |
Tile structure factors for the (r)-_ﬂectiogs of the proposed Mn-ordered structures
were calculated and their ratios with the experimental intensities tabulated. Be-
cause of the proportionality between intensity and the structure factor, these ratios
should produce a constant value for any reflection if-the particular ordered structure
1s truly observed. The experimental positions of the Bragg peaks for the proposed

ordered structures were also found and compared to the experimental results.

-

4.5.1 (CuGa)-:Mny.Te, system with z = 0.2 et

-
s

As had been discussed earlier, the z = 0.2 sample for this system clearly shows two .
phases from the neutron diffraction measurements, cjhalcopyrite and MnTe. This
confirms the results obtained in the T(z) diagram (Figure 3 in Chapter 2) that the
equilibrium condition at T = 200° C and z = 0.2 is two phase. For this reéson, any
analysis related to the ordering of the manganese in this system was discontinued.
From the neut.ron spéc_trum obtained for this system as shown in Figure 14,
and using the lattice parameters obtained from the (400) and (008) Bragg peak
positions on the diffraction spectrum, we found that the Bragg peaks labelled 1 to
11 correspond to the structure ‘reﬂ)ections (Type A, Band C). Using the calculated

chalcopyrite struc\ture factors, the intensity of the “well resolved” peaks (3,4,8 and

I
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10) were found to fit very well with the calculated intensities for these Bragg pea.ks\‘<-

expected in the chalcopyrite structure. The other Bragg peaks for the chalcopyrite

phase could not be analyzed using intensity considerations ‘due to bad resolution,

But, by comparing the experimental Bragg peak positions with those expected for

this case, all observable peaks were in a.greément. The values of the lattice param-

eters obtained from the diffraction spectrum showed the same composition of the

chglcopyrite phase as that obtaided when ﬁ;\dmg the two phase reglon bounda.ry :

for the eqml.{!bnum diagram of this system in Chapter 2.

By ca.lcula.tmg the Bragg peak pos:t:ons for M nTe using its tabulated hexag-

- onal cell lattice pa.rameters of a = 4.14294 and ¢ = 6.70734, they were found to

correspond exactly with the second phaSe’g experimental Bragg peak positions on
this particular diffraction spectrum.
B . ‘< v .

4.5.2 (AgGa)l_;J‘»f ny.Tes system with z = 0.4
_ ' r R .
From the neutron diffraction spectrum of a z = 0.4 sample for this system, Figure

15, we can see that the larger peaks seem to have that distinct chalcopyrite feature

where line splitting increases as Bragg angle increases. The Bragg peaks numbered

1 tcé 6.and 8 to 15 correspond to the expected Bragg peak positions of the Type

A, B and C reflections of the chalcopyrite structure using its experimental lattice

- parameters [1]. This is shown in Table 3.

Relative intenéity p;obleﬁis between Bragg peaks of the same type and intensity

, disagréemeni‘.s between calculated and experimentél Bragg peaks of all types were

encountered and will ‘ig_e discussed in more detail lé.ter.

Now we can look for any indication of the proposed Mn-ordered structures. -

¥

N , ' \ v
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Peak # | Type | (Akl) | Calculated | Experimental
plane | Pos’n (°) Pos’n (°)
1 A | (112)| 3032 30.26
2 B (200) 34.53 34.73
3 C (220) 49.63 49.82
) C | (204)| 5L04 51.02
5 A (312) 99.28 59.35 ¢
5 A [(116)| 6L79 61.65
7 D [(321) | 65.60 65.61
8 C | (200) | 72.82 73.00
9 C {008) 77.33 76.98
10 A (332) 80.87 81.00
11 A | (316) | 83.08 83.20
12 C | (424)| 945 94.43
13 C | (228) | 97.63 97.49
14 A | (512) | 10L.17 | 101.35
15 A | (336) | 103.39 103.30

76

Table 3: Table showing the ewperimental and calculated positions of the ﬁra.gg
_peaks for the chalcopyrite structure of the (AgGa);—.Mn,.Te, sample 'with z=04

composition.

ad
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For the case where the Mn orders at random on the Ag or Ga sﬁblattices, the
structure factor equation for the Type D reflections give values of 2 of 5.84 and
.11, respectively, for this composition as shown in Figure 12(b). Since these values
are almost equal to that of the Type B reflections, and if thi‘s'ordering scheme is
to be observed, we can expect Bragg peaks at the appropriate positions on the
spectrum that have just about the same intensity as the Type B peaks. We can see
from the neutron diffraction spectrum for this system, Figure 15, that Bragg peak
#7, which is 2 Type D reflection, does not have an intensity even closely resembling
that of 2 Type B reflection (Bragg peak #2). From this observation, we can say that
thé/ Mn does not order at random on the Ag or Ga sublattices in the Mn-ordered
chalcopyrite state. \

For the proposed stannite type of Ma-orderéd arrangement, the F? values for
the Type D reflections is 0.075 and that of the Types E and F reflections is 10.97
(earlier we showed that Type E and F reflections have the same structure factor
values) as shown in Figure 13(b).

We must be careful when trying to ic‘ientify the Type D reflections for the stannite
like arrangement. The reasoning behind this is that the Type D reflections for the
chalcopyrite structure case will be positioned at exactly the same Bragg angle and
its’ F-va.lue, Being 0.15, is the same order of magpitude as the above mentioned
one. Trying to categorice the peak (1 e. deciding whether the Bragg reflection is
due to the chalcopyrite arrangement or the stannite type arrangement) solely on
intensity considerations is not suffictent. Thus, wé are left with the identification
of any Type E and F reflection Bragg peaks to uphold the proposed stannite like

Mn-ordered structure. n
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Since the Type E and F reflections’ F? value is an order of magnitude greater
than that of the Type B reflections, the presence of the former reflections’ Bragg
peaks should be quite clear in the spectrum. With careful calculation of the expected
positions of the Type E and F Bragg pesks, we see from the diffraction pé.ttem,
Figure 15, that no such peaks occur using the present sample. As an example,
there would be peaks at 26 = 53.21° and 26 = 77.97° corresponding to the (222)
'and (226) reflection planes respectivelfy', but, no such reflections are observed.

Therefore, the proposed stannite like Mn-ordering arrangement does not occur
in the present sample.

As was mentioned earlier, intensity disagreement was also observed in the Type
A, B and C reflection Bragg peaks. This can be seen on the diagra.tﬁ of Figure 16,
made by Dr. David Noakes at the Chalk River Nuclear Labs, using a Rietveld fit
analysis of the neutron diffraction data for a chalcopyrite structure of tl;is sample.
The full line represents the calcilated "expected spectrum for this sample having
the chalcopyrite structure. The dotted line represents the actual data obtained.
From this figure we can see that the intensity of some experimental Bragg peaks
(labelled 1, 2, 3, 5, 8, 10, 11, 12 and 14) is always larger than that tabulated for
pure chalcopyrite. ' .

. By trying to adjust the intensity of the calculated Bragg peaks by some constant
factor, the correlation between both plotted spectra became even worse. Because
of the positions of the intensity errant experimental peaks, it was suggested by Dr.
Noakes and Dr. Holden to include the contribution of a cubic phase to that of the

chalcopyrite phase. ‘Because no Rietveld fit programm being able to combine two
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Phases was available, a modelling of the cubic structure factors as merely the chal-
copyrite ones for ¢/a=2.0 was used. Estimates of the cubic Bragg peak intensities

v supermposed to the chalcopyrite peak intensities gave very good correlation be-
tween the observed and calculated intensity ratios for the above mentioned Bragg
peaks. _

This = = 0.4 sample of the (49Ga)i-.Mns.Te; system is thus a mixture of
the chalcopyrite and cubic zinc-blende phases. No a.ppa.rent. ordering of the types
proposed was observed during this analysis because of the annealing and quenching
conditions used to prepare this sample. )

One interesting aspect of the diffraction specf;rum for this sample is that the
reflections occuring on (hk!) planes where [? > A% + k? seemed to have their Bragg
peak intensities suppressed. This can be seen from Figure 16 where the reflections
from planes (004), (224) and (208) should occur with intensities matching those of
Bragg peak #2 .

From ESR data, it was suggesfed by Dr. Woolley that an Mn-ordering of the
type where the Mn totally fills certain planes perpendicular to the ¢ axis in the
chalcopyrite structure could be occuring. Depending on the manganese concentra-
tion, only a certain number of planes could be totally filled over a number of ‘¢’ axis
lattice lengths. This increased ¢ lattice parameter in this ordered structure would
alter the reflections a.l-ong the ¢ axis direction thereby reducing the intensity of any
reflection involving a large ‘I’ Miller indice. This will be discussed in mo:le det’a.il‘ in

the conclusion and discussion.
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4.6 Conclusion and Discussion

‘ From the néutron diffraction results and analysis of the (CuGa),_.Mn,. Te, -system
with z = 0.2 composition annealed at 300° C, we see thé;t_it had a two phase strue-
ture, chalcopyrite and MnTe. Initial measurements of magnetic susceptibility and
EZR on this sample had indicated that an qrdered structure was present. It is clear
that the ordered form'tha.t was initially observed represented higher temperature
phases which were retained at room temperature as a result of quenching conditions
and which were lost after the annealing period at lower temperatures. This sam-
ple probably doesn’t show-a.ny type of Mn-ordering in an equilibrium state. Even
though the present results do not include anything pertinent to the ordering state
of this sample, they do in fact support the results mentioned earlier in Chapter 2
‘or the T(z) diagram, Figure 3, that had only been made available after the present
diffraction work, indicating the two phase equilibrium condition at T= 300° C for
the z = 0.2 composition in this system.

In the case of ti;e sample of the (A¢Ga);_.Mn,.Te, system with z = 0.4 com-
position annealed at 200° C, it was found that two phases are present, chalcopyrite
and cubic zinc-blende. This can also be explained when considering this system’s
T(z) diagram, Figure 4 in Chapter 2. This sample had initially been annealed at
600° C, within the cubic phase regioﬁ, and then quickly quenched. A second an-
nealing period at 200° C was performed within the Mn-ordered region. The first
annealing period and subsequent ;quench.ing éerta.inl}' produced a sample in which
some cubﬁc structure was retained. This phase was not completely lost after the

second annealing period at a lower temperature. It is probable that at 200° C the
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diffusion rates are too small and so little érysta.llographic change can occur. Thus,
it is obvious that a different heat treatment is necessary to observe any Mp-ordered
structure.

This sample also did not show any Mn-ordering of the type proposed because
of an annealing temperature that was too low but did in fact exhibit a curious
bebavior with regards to the intensity of the reflections from planes having high !

¢ Miller indices. As wa.s_méntioned earlier, this could be expected if the Mn entered

totally into some (001) planes,of the chalcopyrite lattice, giving another type of

Mn-ordered structure. Work presently being done b,}; Riccardo Brun del Re [4] for

his Ph. D. thesis at the Umverszty of Ottawa seems to indicate that, in this system,

a different type of Mn-ordenng is occunng at temperatures of 200° C and below

" His magnetic susceptibility measurements show signs of planar Mn-ordering at these

temperatures. The behavior observed in the present sample would tend to support
this .

The proposed types of Mn-ordering presented earlier (stannite-like) cannot be
excluded because of the annealing temperatures and quenching ccndlitions used to
produce the present {AgGa)y..Mn,.Te, sample. These .typ&s of ordering arrange-
ments and the planar type of ordering mentioned above will be investigated further
using heutron diffraction by a.n;)ther member of the group at the fJniversity of

Ottawa [4].

~x



Chapter 5
- Conclusion

An investigation into the proposed types of aystﬁogmpﬁc ordering arrangements
of manganese within the chalcopyrite lattices of the separate binary alloy systems
(CuGa);_.Mny.Te, and (49Ga),_.Mny. Te, has been présented. The main types
of n;easurements that were pfertirnent to this work were lattice parameter determi-
nation, magnetic susceptibility, ESR linewidth and neutron diffraction.

In Chapter 2, it was shown that the (CuGa),..Mn,.Te, sy-'stem has a.-very
narrow single phase solubility range of about 0 < z < 0.04 at ~ 200° C. From -
the phase diagram, Figure 3, that had been made available only after the present
work, it was fOU-.nd that no Mn-ordered zinc-blende or Mn-ordered chalcopyrite
phases exist in the equilibrium diagram, though it appears that rapidly quenched
samples retain “metastable” phases in different proportions according to Quenching
conditions. | "

The phase diagram, Figure 4, combined with preparatory x-ray work show that
- /the (AgGajl_,M na:Te; system has a wide range of solid solution (0 < = £ 0.55) |

-

- 83
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with Mn-ordering occuring in both zinc-blende and ckalcopyrite structures in the
300° C - 400° C temperature range. '

The results from Chapter 3 indicate that ordering of the manganese ions on the
cation sublattices occurs'in these a.lléys at lower temperatures, in agreement with
[24]. ESR measurements made on the (CuGa);—:Mny.Te; sample with z = 0.2
that had been quenched from 650° C to room temperature showed very narrow
linewidths indicating an Mn-ordered arrangement. This ordered state, also initially
observed in magnetic susceptibility measurements {12], wz;\s shown to represent a
high temperature “metastable” phase which was still present after cooling from 650°
C. This phase was lost after annealing for a long period at 300° C, in preparation
for neutron diﬁractio;;, resulting in a two phase ethbnum condition.

We also notice that the (4gGe)1--Mnq,Te; system is very sensitive to anneal-
ing aﬁd quenching conditions. We found from ESR and magnetic susceptibility
data that the sample of z = 0.4 from this system, quenched rapidly from higher
tempera.tuies down to room temperature, produced a sample that retained some
of the high temperature phases. A sample quenched slowly in air down to room
temperature retained less of the high temperature phases and-more of the low tem-~
perature phase. A similar sample annealed at 200° C initially showed the éresence
of the Mn-ordered chalcopyrite structure from magnetic results but neutr;on diffrac-
tion measurements later indicated that a little of the high temperature cubic phase
was still retained. The possible Mn-ordered arrangement observed was not of the
preferred cation sublattice type nor the stannite-like type but likely to be a planar-

type—ei\f)rdering.

* Chapter 4 dealt with the neutror diffraction measurements on the z = 0.2
»
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(CuGa)y_..M nQ,Tég sample annealed at 300° C and the = = 0.4 (4gGa),_.Mn,. Te,
sample annealed at 200° C. Structure factors for all the proposed Mn-ordered struc-
tures were calculated and used iﬁ a comparison procedure between observed inten-
sity and caicula.t'ed intensity of most Bragg peaks obtained. Both systems sho*:ved
the characteristic gradual Bragg peak separation common to the c.haicopyrlte struc-
ture as the scattering angle is increased.

The z = 0.2 (CuGa),_.Mny,Te; sample was found to be of a two phase struc-
ture, chalcopyrite and MnZTe, and thus did not contain any Mn-ordered structure. |
The presence of an ordered structure in this sample after having been quenched
from 650° C down to room teraperature, as shown'in previous magnetic measure-
raents, was probably a result of quenching conditions that introduced “metastable”
phases which were lost éfter an annealing peﬁod at 300° C. Because of the narrow ,
range of single phase solubility in tzx' system (Figure 3 in Chapter 2), this system
probably does not show any Mn-ordering in its equilibrium state.

The '(AgGa)l_:M nz:Tez sample of z = 0.4 composition that had been annealed
at 200° C was found to be, through neutron diffraction measurements, a mixture of
two phases, ck;a.lcopyrite and cubic. This is consistent with the equilibrium diagram
(Figure 4 in Chaptler 2) when you consider that the first annealing period at 600°.
C and subsequent quenching had caused the sample to retain a little of the cubic
phase down to room tempetatu.re The second annea.hn%fpenod at 200° C d1d not
completely get rid of this cubic phase. This is also cohsistent with the magnetic
measurements made on this sample. At 200° C, the diffusion rates are too small
to greatly affect the crystauographic structure. Thus, different heat treatment is

obviously necessary to encourage the Mn-ordering process. Because of the too low
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annealing tempexzature, this sample did not show any signs of Mn-ordering of the
preferred catikqn sublattice type or the stannite-like type. The observed intensities
of the Type D Bragg peaks did not correlate with any of the calculated intensities -
for these reflections for the case where the manganese enters ;Jné cation sublattice at
random. Al.so: the Type E and F reflections that occur in the calculated stannite-like
ordering arrangement did not appear in this sa.mple’é diffraction spectrum (Figure
15 in Chapter 4). There was in fact the absence of iBragg peaks for reflections
occuring on the (th) planes that had ? > h® + k2. This interesting behavior |
could be the result of the manganese entenng totally into some (001) planes of the
chalcopyrite lattice, showing another type of Mn—ordered‘structure _ f,_*-.\ .

By comparing the above mentioned planar Mn-ordering with other work px;"es;-ntly
being done on this system [4]; the results seem to indicate that this second type of
Mn-ordering (planar-type) exists at temperatures below 200° C. In light of these
results, we cannot exclude the stannite-like type of Mn—ordenn} because of the cho-
sen a.nnea.lmg temperatures and quenching condxt:ons used to produce -thc’present
(AgGa);..Mn, Te, sample.

CTtis cleé.t that this investigz;.tion into the Mn-ordering in the (CuGa);_.Mny.Te,
'a.nd (AgGa)y--M nz:Te; sysfems presented in this thesis has yielded important in-
formation regarding the types of Mn-ordering arrangements within these materials
and also showed the major role that heat treatment takes on when studying such_
systems. The investigation of the Mn-ordering in the (AgGa);_ Mno.-Te, system
~ will keep going through the work of Riccardo Brun del Re as part of his Ph. D.
research at the University of Ottawa. Better heat treatments in producing the sam-

ples are now being used with heavy emphasis on obtaining a sample that ﬁoé'seéhes N
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a planar-type of Mn-ordered structure. The work presented here along with the
preseni work b‘eixig' done is part of an ongoing program for this group at the Uni-
versity of Ottawa to study and better understand a wide range of semimagnetic

semiconductor systems.

-

-
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