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Abstract

Some forty polycrystallinc- sampies of the Cdz,‘(CuGa)YanzTo.:2 (x'+y+gl)

s alloy system were prepared in order to investigate its crystallographic, optical and
. magnetic properties.

In the crystallographic analysis, Debye-Scherrer x-ray powder photographs
were used i) to determine equilibrium conditions, ii) to determine. lattice - parameter
values, and iii) to provide an approximate isothermal section of the alloy system,

approximate because the samples near the chalcopyrite field did not achieve

equilibrium.

Room-temperature measurements of optical absorption were made to give
values of optical energy gap Eg for all single phase samples. It- was found that

N H -,
discontinuities in the linear variation of Eg with composition were due to the

‘formation of an ‘ordered' zinc blende and an ‘ordered’ chalcopyrite phase field. The

nature of this ordering however has not been determined.
) Measurements of the clcctron spin resonance (ESR) were made as a function
of tcmperaturc in the range 4.2 - 500 K on single phasc samplcs The curves of
ESR linewidth, AH versus temperature were analyscd in terms of a relation
developed by Woolley et al. (87W2).

Measurements of low-field magnetic susccpubﬂlty in the temperature range 4.2

—250 K were made to give values of T the spm-glass transition temperature and 6,

~ the Cunc-Wc1ss temperature. Values of Tg and lattice parameter were analysed for the

zinc blende samples in terms of the indirect superexchange mechanism of the form
Jor) = I, r? exp(-or) propc@cd by Geertsma et al. (77G1). From that analysis, the

values of I, and o obtained were found to agree with those obtained for similar zinc
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blende alloys (87A1, 87M1, 87W2). Values of the ‘Curie-Weiss € for each sample
werg also calculated from the values of I, and a, and these were shown to agree

with the values determined from magnetic susceptibility measurements.
. .
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"CHAPTER 1 INTRODUCTION

E

1.1 Background : : onsd

This thesis deals with materials which have attracted considerable interest
recently, Scnﬁmagnctic Semiconductor (SMSC) alloys. These materials are formed by
) ﬂ{oying ordinary semiconductors with magnetic semiconductors, ie. by substituting
cations of ordinary semiconductors = with paramagnetic ions of magnetic
semiconductors. . j '

It is the introduction of the magnctic’ component in the semiconductor lattice
which causes differences in the scﬁﬁcopdﬁctof behaviour from that of a normal
semiconductor. One such difference, which is the most striking signature in these
SMSC alloys is the- spin-glass behaviour, whl:ch shows up as a cusp in the magnetic
susccptibility measurements. This thesis investigates the spin-glass phcnomcnor} with
magnetic susceptibility measurements ‘and ;'mcmpts to iptcrprctc the results by

considering some type of exchange interaction between the localized moments and the

mobile band electrons. o

Most of the earlier work on these SMSC 's has been conc-erncd. with
pseudobinary alloy systems such as Cd, ,Mn,Te, Hg, ,Mn,Te, Zn‘l_zanTc, and
Cd, ,Mn,Se, etc. and with pscudoternary alloy systems such as Cd, ,Mn,Te,  Se,,
Cd,ZnMn,Te, and Cd,Zn Mn,Se, etc. However, the research on SMSC's thas been
extended at the University of Ottawa, to include pseudoternary alloy systems which

— e ———

crystallize in a structure other than those investigated pn:v10usly, ie. the chalcopyrite
!
structure,

Some ‘of these systems that have been investigated at the University of

-
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Ottawa are: Cd,,(Culn),Mn,,Te, (86Q1), Cd,,(Agin),Mn,,Te, (85Q3),
Zn,,(Culn) Mn,, Te, (87N1), and Cd,,(AgGa),Mny,Te, (87AL). In this thesis, the

research deals with the semimagnetic properties of another pseudoternary alloy
. .S

system, Cdyy(CuGa),Mny, Te,.

i

1.2 Graphical Representatiqu of the Alloy System

To represent any sample c:onccntmtion of the pseudo-ternary alloy system
Cdzx((.'uGax)l‘,I‘./[nzzTe2 with x+y+z = 1, an equilateral triangular grap}; may be used,
figure 1.1. On this graph, the compounds CdTe, CuGaTe, and MnTe are located at
the x, y and z corners, respectively. The coordinates (x, y, z) or the concentrations
of any alloy composition are determined from perpendicular bisectors which are
drawn from the comers of the triangle. To obtain the whole range of alloy
compositions, the perpendicular bisectors are scaled from 100% at the comers to 0%
at the base. For example, the point dr:iwn on the figure 1.1 represents 25% CdTe,
25% CuGaTe, and 50% MnTe. Parenthetically, it is worth noting that this is
equivalent to 25% Cd, 25% CuGa- (or 12.5% Cu, 12.5% Ga) and to 50% Mn for
the cations; and to 100% Te for the anions. Thus, concentrations of any alloy
composition can be thought of as concentrations of cations, and may be written as
25/25/50.

Three binary systems are also represented along the edges of the triangle in
fignre 1.1, These are: Cd, Mn,Te, Cd.z(l_y)(CuGa)ch;,‘ and (CuGa), ,Mn,,Te,. The
former system was analysed extensively by Brun del Re ct'al. (83B1), by Triboulet
and Didier (81T1) and by Galazka (79Gl). Thus no wérk has been done here on

"
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FIGURE 1.1 Graphical representation of the Cd,,(CuGa),Mn,,Te, alloy
system with. x+ y + z= 1. Three binary systems and the
coordinates of the 25/25/50 composition are also indicated.



this binary systém. The second system was analysed by Woolley and Williams |
(66W1) and again no work has been done here, alt}}ough the results were used to
corroborate the results of this present investigation. The last system has not been
analysed anywhere and is part of this invcstigation.' This binary system is in fact
part of an investigation on chalcopyrite alloys of the form (I I}, ;Mn, Te, with I =
Cu, Ag and III - In, Ga as reported by Woolley et al. (87W1).

To obtain a rcprcscntati\;c set of samples for the present system,
compositions are chosen from a grid of the cquﬂatéral triangle in figure 1.1, see
figure 1.2: In this figure, the horizontal lines represent compositions of constant
manganese concentration and the vertical lines represent constant f ratio, ie. constant
coppcr+gauium to copper+gallium+cadmium rato, or y / x+y. This grid also permits
the analysis of various properties to be made as a function of a single variable. For
example, investigations of the lattice structure, energy gap, ESR linewidth and
magﬁétic susceptibility can be carried out as a function of f ratio and as a function
of z, the manganese cafcentration.

The format of this thesis i5 as follows. In chapter 2, crystallographic results
by the Debye-Scherrer x-ray analysis reveal an isothermal section for the system
with, however, some uncertainties near the chalcopyrite field. In chapter 3, optical
energy gap measurements are carried out on the single phase samples determined
from crystallographic analysis. In chapter 4 and 5, magnetic properties in the '
presence of a magnetic field are investigatcd by ESR and low-ﬁcld' susceptibility,
respectively. . -3

e

~ 4
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FIGURE 1.2 Representative set of samples for the Cdax(CuGa)yMnz,Te; alioy
- ~ system.
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CHAPTER 2 CRYSTALLOGRAPHIC ANALYSIS
2,1 .Introduction

In this chapter, lattice parameter results obtained by’ thel, chyc-Sch?,rrcr
powder diffraction method on polycrystalline samples of =thc de(CuGa)yMnh'I‘cz
system that were prepared from pure clcmcnt.s are presepfed. However, because the
samples near the chalcopyrite phas;’ field did not achieve equilibrium, the above
crystallographic analysis is not complcte. As a éonsc'qucncc of this, oﬁly an attempted
phase condition can be drawn from the above incomplete crystallographic analysis.

prcvcr, Quintero et al. (§7Q1) measured a 'IQ) phase diagram of the edge
(CuGa),_Mn,,Te, (figure 1.1) by differential thermal analysis (DTA) and this is used
to bring modifi_éations to the above attempted isothermal section. The DTA
measurements were performed at Univcrsidad5 de Los Andes, Merida, Venezuela by

Quintero et al. in collaboration with Professor Woolley on the same samples that

were prepared” for this present research.

-

2.2 Sample Preparation
Some 40 polycrystalline samples were produced by the melt and anneal
technique. In this method, app?opn'atc amounts of each element are meited in an
evacuated quartz ampoule at 1150 £ 30 °C for one to two hours, annealed for
fifteen days at 750 + 20 °C and then quenched in water. (However, the choice of
the anncaling'tempcratﬁre became more complicated for some samples i:ecausc
different annealing temperatures produced different phase conditions. This is why only

e



an attempted isothermal section was posmblc This is discussed later.)
_ Gallium, one of - thc clements of the system, however, proved to be very
unmanageable during weighing, ie. it melted below 29 'C and was difficult to cut.
Therefore the compound Ga,Te, was used to provide the required molar fractions- of
'g.allilllm for each composition rather than elemental 'gallium. In this way, gallium was
weighed twice to produce two ten gram samples of Ga,Te, rather than some forty
times for the individual alloys. Because the atomic ratio of tellurium to gallium in
Ga,Te; was always less than that of any composition of the system, elemental
tellugium always had to b added to satisfy its molar requirement for each
composition. /

In ofdcr to find the masses of the constituent elements and Ga,Te; required
for each one gram sample, a computer program was written. The masses were-
calculatcd to a precision of 0.1 mg and the measurements were made on a balance
to a pmé‘sxon of 0.2 mg. ,

During the mclu;g process, the 'quartz ampoule was found to react with the
melt. To inhibit this reaction, carbonization, the deposition of a carbon layer on the
inside walls of the ampoule was found to be neccssa;ry. Carbon is produced by
cmcidng acetone at high temperatures according to the foll?wing reaction:

. - N
- -

(CH;),C=0 + HEAT —> 2C + CH, + H,0 ‘ (equation 2.1)

To obtain this reaction, acetone vapours had to be contained inside an open
end quartz tube before any heat was applied. This was done by inserting a tightly
rolled-up paper tov\;cl' inside a quartz tube containing 2-3 ml of acetone and by
tipping the tube until the paper was soaked by all the acetone. The acetone vapours
needled for the reaction were supplied by t{;p wet paper. A deposition of carbon on

(N



the inside walls of the tube was now created by heating the outside of the tube with
the oxy-acetylene torch. The deposition, however, was limited to the tip of the flame
$O that rotating the tube .in a screw-like overlapping fashion over the flame ensured a
unifdnn deposition of carbon. This deposition typically ran from the bottom of the
tube up to about 2.5 cm inside a tube of length 7-8 cm. The diameter of the tube
was 5 mm and the walls were 1 mm in thickness.

The choice of a melting temperature at 1150 + 30 "C was guided by the
melting temperatures of ' the clements and the compounds involved and by the
- temperature at which the furnace winciing would melt. The melting temperature of the

clements and the compounds are listed in the following table.

Table 2.1 Melting Temperatures of elements and compounds.

Element {Melting Temperature (C): Compound | Melting Temperature ('C)
Ga 29 - Ga,Te, 790
Cd - 3208 CuGaTe, . 870
Cu 1083 CdTe 1098
Mn 1220 MnTe 1165
Te 453 /

Because the melting temperature of 1150 % 30 "C did not exceed that of
every compound and element, the samples were shaken periodically for 1-2 hours at

that niclﬁr.g temperature in order to dissolve the compounds and the elements in the
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melt. The result v(ras that some degree of homoémcity was attained, The samples
were then transferred to anothu\ furnace to anneal for fifteen days.
| The cooling tmatmcnt of these samples after removal from the annealing
fumacc turned out to be of considerable importance. Initially, the samples wTrc
allowed to cool in thc furnace to room temperature which resulted in a very slow
‘ratc of cooling. This permitted the possibility of phasc changcs occurring during the
cooling treatment because it was d.lscovered later that different phases were possible
for some samples dcpcndmgh:m the anncahng temperature. Hence, to try to prevent
any phase changes, the samples were quenched in water to “give as quick a cooling
as possible. '
Also, since different annealing tcmpcxl'aturcs produced different phase
conditions, not all the samples could not be obtained in a singlc phase equilibrium
state because the annealing temperature for some samples remained unknown. A

J

After this work had been completed and the thesis was being written,

complete phase diagram of the system could provide such information.

Quintero et al. (87Q1) measured a T(z) phase diagram on the same samples of the
(CuGa), Mn, Te, edge. From this diagram, a better insight can be obtained for the
annealing temperature for-those samples but lack of tims prevented further analysis to
be made.

The samples which were in a single phase equilibrium state were then
anafysed by the Debye-Scherrer diffraction method to determine \the crystal structure

and the lattice parameter(s).
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2.3 X-ray Afmlysis

" The crystallographic structures expected in the present system are those of the

compounds at the comers of the triangle: zinc .blende for CdTe, chalcopyrite t:gr/\

CuGaTe, and hexagonal nickel arsenide for MnTe. H;)wcver, because the solid
solution of the hcxagohal nickel arsenide phase characteristically extends 'to “about
1-2% (85C1) in these systems and because it' does not form a spin glass, its
structure will not be discussed here.

The zinc blende struciure has two interpenetrating face centered cubic lattices
which are offset with respect to one another by one quarter ‘body diagonal, figure
2.1. One lattice is occupicd by tellurium anions and the other ‘is occupieq by a
random distribution ‘of Cd, Ga, Cu, and Mn cations, The amrangement is such that
each cation is tctrahéﬁrq.lly bonded to four anions and each anion is tetrahedrally
bbnded to four cati;;;s/ without any ordering. The typc> of bonding involved is
covalent with some degree of jonicity. - .

Howcvcr if ordering of the cations I = Cu and HI = Ga occurs in the zinc
blende structure then a chalcopyrite or body centered tetragonal structure results, '
figure 2.2. In this structure, two sublattices are occupied by cations of element I =
Cu i:;]d I = Ga and the other sublattice by anions of clement VI = Te. The
arrangement is such that each I and XII cation is tetrahedrally bonded to four VI
snions, but that each VI anion is tetrahedrally bonded to two I cations and two III
cations. Since cations I and III have different ionicity and hence bond strength, a
compression along the j/&i%msmm, causing ¢ / a < 2 |

The Debye-Scherrer pc_)wder method consists of grinding a specimen to a fine
powder, applying it to a glass holder with grease and exposing the sample to Cu?

K, radiation in a camera for 6 hours. After exposure, the lattice parameters can be
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determined by measuring the position 91)/ the diffracted lines on the film and by
determining the corresponding Bragg ariélcs, 6.

For cubic symmetry, the general Bragg reflection condition is: >

2. AN : 2 .2 2 :
sin"@ =" with N=h"+k™+1 (equation 2.2)
43 l ‘
where 0 is the Bragg angle {
A = 0.15405 nxx:)r Cu K, radiation
h, k, 1 are the Miller indices P

P
) and  ais the lattice parameter :

For the zinc blende structure, which belongs to the f.c.c. point group, strong
reflection occurs for N = 3, 11, 16, 19, 24, etc. and jw_eak reflection for N. =l 4,
1-2, 20, etc. (85Q1). Having determined the lattice parageter values for the lines
indexed with the proper Miller indices, the Nelson-Rilcy extrapolation method (45N1)
is used to obtain the true lattice parameter. In this method, the lattice parameter for
each Bragg angle is plotted as a function of f(8), equation 2.3.

N\
y
-

1 | cos?® cos*0 p
@)= = + (equation 2.3)

2\ sin® 0

> This function, f(8), comrects for the absbrption due to the finite dimensions
TS

of the specimen on the holder. The true lattice parameter is obtained by extrapolating
to £(6) = 0, see figure 2.3.

For tetragonal symmetry, the general Bragg reflection condition is:

PEY

.«\r_‘i
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FIGURE 2.3 Determination of the lattice parameter by
the Nelson-Riley extrapolation method for
the sample 35/35/30 whose structure is
zinc blende.
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‘ 2.2 2

. 2 h+k" 1 :
sin’6 = AZ 7t (equation 2.4)

4 a \?\c
L3
where 6 is the Bragg angle
A = 0.15405 nm for Cu K, radiation .

h, k, 1 are the Miller indices
aﬁd a and ¢ are the lattice parameters

The indices of the chalcopyrite structure may be derived from the zinc blende
ind.icés because the atomic sites in the chalcop}ritc structure have the same positions
as-in the zlnf: blende structure when c/a = 2. Following the method by Quintero
(85Q2) and Yoodcc'.(SSYl), the index l,, of zinc blende is doubled to obtain the
index 1y of chalcopyrite, the indices h and k being the same. For example, with N
= 11, the Millcr‘indcx of the zinc blende i.s (311) and that of the chalcogyritc is
(312) and (116), since the index L, of thc\ zine blcndc.cpuld be 1 and 3,
respectively. When c¢/a = 2, however, the 312 and 116 diffra;:tion lines occur at
exactly the same angle 6. Only when ¢/a < 2 do the lines split showing two
diffraction lines. The Miller indices for the chalcopyrite and the zinc blende structures
are listed in table 2.2, o

Having determined 6, the Bragg angle from the x-ray film and having
cstablished the Miller index for each diffraction ﬁnc, the lattice parameters a and ¢
are then detelminedb\ya least sqﬁares fit to equation 2.4.

Since smooth variation of lﬁtucc parameter values along any line (ie. along f

and z in figure 1.2) occurs only in single phasc regions, the boundaries between

single and~two phase regions may be determined from discontinuities along any line,

L]
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',, 2.4 Results and Discussion

. \Mcasumnwr;ts of latticc parameter were .madc on the samples choscnffrom the
grid of this system, figure 1.2. The results of the lattice parameter, a, as‘f function
of z concentration are shown in figure 2.4. In this figure, estimates of the
boundaries of the two phasc regions arc made based on:

i) results obtained from Woolley and Williams (66W1) on the extent of the
solid solution in Cdm_y)(CuGa)y'I‘c2 (z = 0 in figure 2.4),

ii) results obtained from Brun del Re et al. (83B1) on the extent of the solid
solution in Cd, Mn,Te (f = 0 in figure 2.4),

iii) discontinuities in the linearity of lattice parameter values as a function of
manganese concentration, and

iv) the inability to obtain good equilibrium conditions for the samples inside
the zinc blende + chalcopyrite region due to a lack of knowledge of the phase
diagram. .‘
These results will be used later to rc'prcscnt an attempted phase condition for the
alloy system whcn'annca.lcd at 750 °C -and.qucnched to room temperature.

Figure 2.5 shows the variation of the lattice parameter, a, with f ratio for
lines of constant manganese concentration. in this figure, it can be seen that as a
general rule, the lattice parameter decreases with increasing f ratio. This will become
important in subsequent chapters when the distance between magnetic ions becomes
important. Because of the compactness of figure 2.5, no indication of the pha:sc
bou‘ndarics involved can be possible. However, figure 2.4 provides a good picture of
the phases involved and these may bc translated to represent an attcmptedhphase

condition of the system, see figure 2.6.

In this figure, the extents of the single phase fields, zinc blende and
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chalcopyrite, are shown along with both two_phase ficlds, (MnTe + zb) and (zb +
ch). Apgain, the extent of the two phisc field (zb + ch) up to the x = O edge is
due to the fact that the samples did not achieve equilibrium which is because of the
suspected complicated phase 'diﬁgram in that area. In order to obtain a more accurate
form for ﬁgunﬁ 2.6, a complete phase diagram of the system would be required and
that in itself is enough work for another rescarch, according to Professor Woolley. -

Recently, however, after the above work had _becn completed and the thesis
was being wriiten, Quintero et al. (87Q1) measured a T(z) phase diagram of the
edge (CuGa); Mn, Te, with the same samples used for this investigation. figure. 2.7.
In this figure, the various phases involved for 0 < z < 0.6 are prescated. Some of

the important structures involved in this T(z) phase diagram are: o' which represents

_ Mn-ordered chalcopyrite structure, & which represents Mn-disordered chalcopyrite

structure, B and.[.’:1 which represent zinc blende structures of different compositions,
and 7y wﬁich represents the NiAs hexagonal structure. Most importantly, this figure
may be used to modify the attempted phase condition of figure 2.6.

' It'is seen in figure 2.7 that for T < 550 °C, no zinc blende -phasc and no
zinc blende + chalcopyrite ficld are present in that section. Hence, the phase condition
of the Cde(CuGa)yanzTez alloy system for T < 550 °C is more likely to be of
the approximate f;)rm shown in ﬁéum 2.8.

In this figure, the chalcopyrite phase field is seen to increase up to f\’fO%

. along the c*:dge, and the two phase field (zb + ch) is seen to decrease towards the

bottom of the diagram. The extent of these phases, however, towards the interior are
approximate and other DTA mca;ummcnls should give more acurate results.

Having obtained an approximate phase condition from various sources, this
figure is further modified ‘as a result of optical energy ;gap measurements as

described in chapter 3.
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CHAPTER 3 OlﬂTICAL ABSORPTION

ot : ~
3.1 Introduction
) o
In this chapter, energy band gap results by optical absorption at "the
fundamental edge arc \p:mcntod. The procedure followed is described by Goodchild et
al. (82G1). From the graphs of energy band gap against z and y concentration, the
phase diagram drawn from crystallographic analysis and DTA results in the previous
chapter is modified to include an ’c;rdcrcd' ﬁnc blende structure as was previously
" reported by Quintero et al. in the alloy systems Cde(AgIn)yanzTcz (85Q3) and
Cd,,(Culn) Mn,, Te, (86Q1).

3.2 Theory

Optical energy band gap results were obtained on single phase samples of the
Cd,’x(CuGa)yMnlzTc2 system by following the method described by Goodchild et al.
(82G1). In this method, the energy gap is determined from the relation of the
absorption coefficient and the photon energy at the absorption edge (79P1):

ahy = A ( hy - Eg) n {equation 3.1)

!

where @ is the absorption coefficient
hv is the photon energy
A is a constant

Eg is the energy band gap
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and n = 1/2 for direct allowed transition

.n = 2 for indirect allowed transition

312 for direct forbidden transition

=
1

= -
1

3 for indirect forbidden transition

Hence, from equation 3.1, the value of the encrgy gap may be determined as
a linear extrapolation to the abscissa in a graph of (cthv) M, with a suitable value of
n,. as a function of hv, the photon energy. However, in order to draw this graph,
the value of o, the absorption coefficient, mu;st be determined as a function of the
photon energy.

To do this, the incident and transmitted light intensity, I and ki, are
measured on a sample of thickness d for wavelengths near the absorption edge since
to a good approximation (68G1, 80H1), a

Lh=1Io (1-R2)exp (-od) (equation 3.2)
where R is the reflectivity and is assumed constant.

It is convenient to rewrite equation 3.2 by taking the natural logarithm to give:
W

I’l‘
In ( i }=-0d-Ink ' {equation 3.3}
0 . '

"where k is a constant since R is a constant.
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Or, rearranging equation 3.3 in terms of a gives:
L o "
o=y In 'L-I:' - b {(equation 3.4)
where b is the background signal + In k
Thus, from equation 3.4, a graph of 1/d ln(Ig; Ir) minus an extrapolated
|
background in the appropriate wavelength range near the fundamental edge gives the

absorption coefficient as a function of photon energy. Then, the value of the energy

gap is determined by a graph of equation 3.1.
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" 3.3 Experiment

The scheﬁmtic diagram of the apparatus used to measurc the enéfgy gap is
depicted in figure 3.1. The apparatus consists of a 30 W tungsten ribbon lamp, a
choi:pcr with a frequency sct at 800 - 900 Hz which is in a quiet part of the
external noise spectrum (83H1), a Spex 1702 monochromator with a Bausch and
Lomb grating blazed at 1.6 pm which provided wavclcngths appmpriate for relatively
wide gap semiconductors (700 - 1100 nm), a concave nurror whlcb focuscd the light
on a Dumont 6911 photomultiplier which was used as a dctcbtor a PAR-186A
lock-in amplifier and a chart recorder. \

In order to make measurements of I, and 1, adequate, transmission of light
had to be obtained through the samples. This meant that the specimens had to be
made as thin as possible, without breaking thcm This was done by cutting the
samples into slices and thetL by’ grinding down these slices to 30- 200 pm with

silica powdcl; on a rotaung pohshmg tablq There were two machines that could be
ed to y(t the samplcs mto slices. Onc was a wire saw and the other was a
rotating dlSC saw which were both very time consumming.

Riccardo Brun del Re, a graduate student of the same semiconductor lab
suggested using the cutters (that were used in the preparation of samples to obtain
appropriate weights of the elements) to ‘cleave sliges from the ingot. His method
worked for samples that ‘did not easily crumble and a lot of time was saved,
especially when the sample had to be cut several times because of breakage during
the mo(p;‘lting, etc.

-Thc slices were then ground down to thin discs of thickness 30 -200 pm
with the polishing table and silica powder before bciﬁg mounted .On to an aluminium
holder' to cover a small hole that had previously been drilled. The cdges' and any
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visible holes in thé samplt;s were blocked with silver print.
) Measurements of I:;and I were then carried out as a function of wavelength
in intervals of 1-2.5 nm near the at:sorptioﬁ edge and in intervals of 5- 10 nm
beyond the absorption edge to permit the calculation of the Back%rouhd siénal. The
thickness d was m\;.',asumd after the cxpcruncnt with a micrometer.

Figure 3.2a shows the graph of {;quation 3.4 which allows the absorption
cocfficicqt{”a, to bc determined a&\s a function of hv, the photon energy for the
sample 35/35/30. In this figure, the range of o which was measured was limited at
the upper end by the signal to noise ratio (SNR} of the detection system and at the
lower end by the background effects of the sample.

As can be seen in figure 3.24, a typical value for 1l/d*ln (Iy/1;) was of the
order of 1400 cm'! with the present system and a typical value for the background
measurements was of the order of about 400-50'0*}{11". Despite this, the range ‘of
the absorption coefficient obtained was adequate to d::‘tcrminc the energy band gap
with sufficient accuracy, see figures 3.2b and 3.3

'I_'hc background effects can be a;:dbutcd to various scattering centers such as
impurity atoms, polycrystalline grains, or random amrangements of cations. They can
also be attributed to free carrier effects or to impurities with lower energy band
gaps. )

| 'Having obtained o as a function of photon energy, the energy gap for a
direct transition is then determined from a graph of equation 3.1, using n - 122
Figure 3.3 shows .thc graph of (ahv)? as a function of photon energy which allows
Eg, the energy gap to bc determined for the sample 35/35/30.

d

X
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3.4 Results and Discussion , j
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Figure 3.4 and figure 3.5 show the energy gap values as a function of z
and y 'concentraﬁorIl respcctively' for lines of constant f ratio. On these graphs, the
lines of constant f ratio for the zinc blende and chalcopyrite structures extrapolate to
points other than those for disordered structures which suggests that some type of
ordering occurs in the zinc blende and chalcopyrite phases of this system. These
ordered phases have also been observed in Cd,x(Culn), anzTe2 (86Q1)
Cdzx(AgIn) Mn, Te, (85Q3), Cdz,‘(AgGa)yM11_2Z'I'<:2 (87A1) and in
anx(CuIn)yMnthz (87N1), although the exact type of ordering has not been
determined yet.

Neutron diffraction investigation, ;owcvcr, should give the type of ordered
structure for these systems, but particularly for the an{(CuIn)yanz'I‘e2 system since
it does not contain’ cadmium. Cadmium, because of its high neutron absorption
impedes the scattering measurements in neutron diffraction. Investigations into this
problem are presently being carried out at Chalk River by Daniel Bissonnette, another
graduate student of the same semiconductor lab.

Returning to figure 3.4 and 3.5, the constant f ratio lines extrapolate to
energy gap values in which the compound#nTe (z = 100% in figure 3.4 and y =
0% in figure 3.5) would have if it were in an ordered zinc blende structure ( ~1.9
eV) end in an ordered chalcopyrite structure (~1.35 ¢V ). These extrapolated points
are found to be consistent with the values previously obtained in the above systems
(85Q3, 86Q1, 87A1, 87NI).

If lines are drawn to the extrapolated values for the disordered zinc blende
and the disordered chalcopyrite structures determined . from the above systems ( ~ 2.8
eV and ~2.25 eV respectively 5, then the boundaries between the ordered and

i
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disordered zinc blende s-md chalcopyrite phase fields can be determined from the

points whcm changes of slope occur in the various lines. .

These points where changes of slope occur have been used to give an
approxunatc indication of the boundary of the ordered phases, see figure 3.7. In this
figure, the ordered zinc blende phase is seen to cover most of thc diagram, much as
1n the other alloy systems discussed above, te. Cdzx(CuIn)yMn‘:MTe2 (86Q1),
Cd,lx(AgIn)),anzTe:2 (85Q3), Cdu(A%Qa)yhdnng% (8751) and Zr’nz,‘(CuIn)),anz_Te2
(87N1). However, more work is needed in orélc-r to delimit with more accuracy Lht;.
ordered chalcopyrite and the (zb + ch) phase fields. Such work could be done by
differential thermal analysis (DTA).

Figure 3.6 shows the/variation of the energy gap with y concentration for
lines of constant manganese goncentration. From these curves, it is observed that the
energy gap is reduced abruptly from y = 0% to ~18 %. But this is due to the fact
that the lattice undergoes a structural chang% ic. the disordered zinc blende lattice

>

becomes an ordered zinc blende lattice.

Now that the final form of the isothermal 's¢ction has been obtained, the
magnetic properties will be discussed starting with ESR analysis in chapter 4 and

with mathtic susceptibility analysis in chapter 5.

i
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CHAPTER 4 ELECTRON SPIN RE?ONANCE ANALYSIS

-

4.1 Inl'troduction
\

‘Measurements of ESR linewidth AH as a f_t;pgtion\‘?f temperature T ﬁavc
n made on single phase samples of the prcse-n-t sys_.iterr/llﬁ‘Their purpose was to
‘invcstigatc the causes of broadening in linewidth as a Ff‘_ﬁhction of tcmpcraturé and
corflposiﬁbn. Webb et al. (84W1) and Sayad & Bhagat (85815 suggested that in the
disordered alloys, the main cause is spatial- inhomogeneity. Webb et al. {(84W1)
showed that in that case the variation of AH can be 3cprcscntcd by an empirical

form of temperature dependence given by:

T T 4
AH = Texp| " T j {equation 4.1)
o - .
s

S

3

Chehab \ét al. (B6CI1) and\/Woollcy et al. (87W2) suggested that a
paramagnetic contribution comes into effect at higher temperatures and should be
added to AF. Therefore, the resultant relation of I\incwidth variation with temperature

for the disordered alloys looks like:

~

TY T
AH=I"cxp(""f') +B{l-cxp("r_)} (1'%) (equation 4.2)
) 0

N
¢ ot -
wheré T is proportional to the width of the distribution of the local field seen by

mm@csc ions in the lattice, : ,

» T, is proportional to the potential barrier separating two neighbouring ground
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. ’A
states of the disordered spin system.
B is the linewidth due to paramagnetic effects at high temperatures.

and 6 is the Curie-Weiss paramagncﬁc temperature.

In this report, the results of linewidth, AH as a function of temperature are
P . .
analysed in terms of equation 4.2 and the values of I, T, and B are determined by

a least squares fit to the above equation. ’

4.2 Theory
K

According to atomic physics, the manganese ion, Mn2* in the
C'dzx(CuGa)),Mnn'l‘e,2 alloy system, has a total angular momentum quantum number,
J which'is associated with a net magnetic moment. It is this net magnetic moment
which is responsible for the magnetic properties in these SMSC's, In Mn?* the_total
angular momentum quantum number, J is equal to S, the to}a}/ spin angular
momentum quantum number because the total orbital momentum quiantum number is

quenched, ie. L = 0.

Also, according to at?qic physics, a free ion which posslesses a total angular
momentum quantum number, J has 2J + 1 degenerate levels which may be split by
the application of a magnetic field H, sec figure 4.1(a) for the case of manganese.
This is known as the Zeeman effect. 'I‘hc\‘cncrgics of these degenerate+levels are

» ‘ .
described by: '

E=gp MjH : (cquaﬁon 4.3)
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where g is the gyromagnetic factor.
Mg is the Bohr magnctdn. ! |
My (= -5/2, -3/2, -112, 1/2, 3/2, 5/2 for Mn?*) is the magnetic quantum
number,

and H is the magnetic field applied.

In Electron Spin Resonance, transitions between these cnci'gy levels are
induced by an electromagnetic radiation of angular frequency ®, in the 'pmscncc of a
magnetic field. In the lab, the resonance is observed by fixing ® in the microwave
range and by varying the magnetic field, H. According to quantum mcchﬁnics, the
selection rules are such that only transitions between adjacent levels are allowed so

that for the free manganese ion in figure 4.1(a), 6nly a single resonance line will be

observed, given by: s
AE = gpH=FHa ' _ AR (equation 4.4)
where o is the angular frequency. .

and . h is Planck’'s constant. ~

Ju SMSC alloys, however, the manganese ion cannot‘bc treated as an
isolated free ion and hence perturbing external effects must be considered. For
cxample, in the presence of an octahedral crystal field, the single resonance line of
figure 4.1(a) splits into five lines, sec figure 4.1(b). ‘Othcr cffects such as the
hyperfine couplling have also been shown to split the resonance specttum of the

manganese ion into six sets of quintets (72W1).

Experimentally, however, the resonarnce spectrum of these SMSC alloys does
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not occur at a sharplyldcf'mcd magnetic ficld. Instead it is spread out over a range

of H. The size of the spread depends on relaxation phenomena, such as spin-spin

- and exchange mtcracuons It also depends on inhomogeneous broadcmng which is

caused by an overlapping of Any hypcrﬁnc structure, as well as by thc presence of
inhomogeneous ficlds in the crystal. ‘

In other words, inhomogeneous broadening occurs when the static or the
time averaged magnetic ficld seen by each magnetic dipolc m;)ment or spin in the
crystal is not the same. This results in a superposition of a large number 61’"
individual componcnts,,or spin packets, cach slightly shifted fmm the others in the
resonance line with a resultant envelope of an approximate gaussian shape.

In the present materials, the inhomogeneous d‘fccts are much larger than the
relaxation effects \\md so the relaxation effects can be neglected (87W2). Thus, for
disordered alloys, . the ‘é'mpirical relationship between ESR linewidth and temperature
must take a f;rm which takes into a'ccount inhomogeneous broadening, ie. equation

4.2:

T T 0 .
AH =T exp| T |+ By 1-exp| T ( I_T) (equation 4.2)
o 0

-

In this equation, the first term is due to inhomogeneous broadening and the

second term is due to a paramagnetic qcffcct which becomes significant at high

temperatures.

Using the experimental data of AH and T, and using the experimental value

of the Curie-Weiss temperature, 6 obtained from magnetic susceptibility measurements

(chapter 5), the values of I, T, and B are calculated by a least squares fit to

i
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equation ;.2.

The values of T, obtained are plotted as a function of z conccntral:i(m~ since
these values are expected to.vary linearly with manganese concentration. This is
because T, is proportional to the potential baricr separating two neighbouring ground
states of the disordered spin system.

The values of B obtained are also plotted as a function of z concentration
since these values are also expected to vary linearly with manganesc concentration.
This is because B which is the linewidth due to paramagnetic cffects at high
temperatures is expected to be a function of the ‘iﬁangancsc concentration.

However, the values of I’ SSI’Jtaincd in this analysis arc found to vary
non-linearly with z. ThlS is to be expected bccause I' is proportional to the width of
the distribution of Lhc local field seemyby a Mn ion in the lattice. Since the relative
width of any random arrangement is proportional to z(1-z) and since the total number
.'m the distribution”is proportional to the number of Mn atoms in the system; the
actual width might be expected to be proportional to z? (1-z), ie. T should vary as
T = D 22 (1-z) (8TW2). '
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4.3 Experiment

The resonance absorption for different compositiong was observed over a
wide temperature range (10 - 500 K). The actual measurements were performed by
Bei Wah Chan of the ESR lab. Since the responsibility for the instruments rested in
his hands, the apparatus will be described briefly.

}Thc apparatus consisted of a microwave source, which supplied radiation at
X-band frequency, about 9.4 GHz, and a waveguide system, which directed the
waves into and out of a resonant cavity. Samples placed in the cavity would absorb
the radiation when the resonance condition, equation 4.4, was satisfied. This was
detected as a reduction in the intensity of the microwaves leaving the cavity. An
electromagnet supplied the constant field which was applied to the resonant cavity.
The ficld intensity could be adjusted from zero to about seven kilogauss, al}owjing
for a2 maximum linewidth measurement of about 5.5 kgauss. Determining th'c': width
of a broad absorption linc is simplified by measuring its derivative, so the static field
was modulated by a small oscillating ficld. The linewidth was taken as the peak to
peak distance of this derivative curve.

The experimental values of the linewidth, AH as a function “of T, the
temperature are plotted in figures 4.2 to 4.5 for the lines f = 0.25, f = 0.50, f = _
0.75 and y = 0.50. Figure 4.6 gives the values of linewidth AH as a fu;nction-

> temperature for different f ratio, but for constant Mn2+ concentration.

-
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4.4 Results and Discussion

From figures 4.2 to 4.5, the general observation that can be made is that the
magnitude of the linewidth, AH increases with z, the manganese concentration. But
this is to be expected since the manganese ion is solely responsible for the magnetic
effect. ‘ |

Figure 4.6 gives‘ the values of linewidth AH as a fun;:ﬁon of temperature for
different f ratios, but with constant Mn?* concentration. From this figure, it can be
seen that the linewidth is proportional to the f = y / x+y ratio. .&at is, as f
increases, the linewidth is seen to increase also. But this is to be expected since
from figure 2.5, the lattice parameter decreases for increasing f. This means that the
many inilomogeneous fields which are responsible for inhomogeneous broadening are
closer together as f increases, and hence contribute more,

Figure 4.7 and figure 4.8 respectively illustrate the variation of B, the
linewidth due to paramagnetius effects at high temperatures and the variation of T,
the potential barrier separating two neighbouring ground states of the dis'ordcrcd spin
systerﬁ, as a function of manganese concentration. From figures 4.7 and 4.8, those
parameters are seen to vary linearly with manganese concenn‘ation‘as is to be
expected,

Figure 4.9 shows the vatiation of I" as a function of zZ (1-z). Woolley et
al. (87W2) mentions that the slope of that graph appears to be characteristic of the’
crystal structure involved. A value of ~56 kgauss is given for the zinc blende
structure for their three systems analysed. The value obthined for the zinc blende
structure of this system is ~73 kgauss which is close to that of Woolley et al
considering thé smaller number of points used and the experimental scatter seen in

figure 4.9. .
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Some énomalics were encountered during the measurement of linewidth AH
for some samples of this system. A first anomaly was that the samples with ‘high f
ratio, ie. f = 0.875 and f = 1.0 all displayed an asymmetri linewidth AH as a
function of temperature. The result is that these linewidths could not be measured
"and no further mﬂysis was pos;iblc for tﬁcsc samples. It is thought ‘that an
anisotropic crystal field which forms near the chalcopyrite phase field may be
responsible for the asymmetry. This is sﬁil under investigation at the University of
Ottawa.

Another anomaly encountered during the mcasurc{':acnts of linewidth AH as a
function of temnperature is the presence of an extra lincwidth’AHo, where AH,, « AH
with every sample of the system. It is thought that this ordered linewidth is due to
the presence of an ordered zinc blende phase in the sample which can~be eliminated
from a disordered zinc blende phase depending on the annealing temperature during
the preparation. Atteﬁipts gre presently under way in the semiconductor lab to try to

control the relative amounts of ordered and disordered phases prcsént in safnplcs.

Again, this phenomenon is still under investigation at the Univcrsity of Ottawa. »
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CHAPTER 5 MAGNETIC SUSCEPTIBILITY ANALYSIS !

L
Mt .

5.1 Introduction
.

Measurements of magnetic susceptibility in the range 4 - 250 K were ma.dc to
give values of T, the spin-glass transition temperature and @, the Curic-Weiss
temperature. - Because the values of T and 0 depend on the concentration of the
manganese ion present, the experimental values of T, and 0 obtained are plotted as a
function of z, the manganese concentration for various f ratios. The significance of
these parameters will be explained later, _

By equating kTg, the thermal energy at the spin-glass transition to the
superexchange interaction energy proposed by erﬁm et al. (77G1), the appropriate
parameters of the exchange mechanism are ’éctcrmined. These values are compared _Lo
other results obtained from other similar SMSC systcn*s (8TM1).

Values of the Curic—Wdiss t,cn;pcraturc, 6 may also be calculated by using
the mcaﬁ field thoorp} and the superexchange parameter calculated above. These values |
dre then fitted by a least squares method and the resulting line obtained is compared

to, the experimental values of 6.

5.2 Background : o

A spin glass is a 'fro6%ing’ of spins into random orientations. This freezing
is accompanied by a cusp in the magnetic -susceptibility measurements made as a
function of temperaturc. However, no comesponding anomaly is observed in the

specific heat (82G2). In semimagnetic semiconductors (SMSC's), the random
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orientation of the .spin glass  is- due to ﬁ lattice induced 'frustration' of the

antiferromagnetic interaction (84B1). This frustration results from the competing

influences <;f t‘\",vo‘ncighbouring spins of opposite direction. This situation is depicted
in” figure 5.1. i ‘ )

In SMSC's, the resultant antiferromagnetic interaction between spins is a
consequence of different exchange interactions (80L1). However, not every exchange
interaction that is known to occur in spin glasses can occur in SMSC's because of
some of its properties which will be discussed now.-

" The direct exchange, which depends on the overlap of :P;c wévq functions of
the magnetic ions, is one that can be ruled out, because the spacing of the magnetic
cations in alloys is too large to allow any significant overlap. In fact, tellurium
anions always lie beiwccn cations and act as a screen,

Thus, some type of indﬁect exchange must be considered. One such indirect
cxchaﬁgc is the RKKY (Ruderman-Kittel-Kasuya-Yosida) exchange, which represents
an indirect coupling of the spins via the conduction 'c:,lcctxons. This interaction
oscillates between decaying -positivc and negative values as the distance between
n,cara\ neighbours increases (82F1). However, because of the low carr'icr.
concentration in these SMSC's, its contriblition i; negligible compared to other
mechanisms.

Another indirect exchange mechanism is superexchange. This type of
superexchange occurs in MnO. In this material, the transfer of interaction between
nearest neighbour Mn?* ions is made. via localized orbits of the oxygen anion.
However, in the present SMSC's, thgborbita;s of the tellurium ion are delocalized
and form bands. For this reason, this type of interaction can also be ruled out.

£

Another type of superexchange mechanism that occurs when bands are

formed is the Bloembergen-Rowland mechanism (55B1). In this mechanispr.a Mn2*
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jon interacts with the valence band to virtually promote an electron from the valence
to the conduction band and it is this electron in the conduction band which interacts
with other Mn2* jons. This mechanism depends on t.he‘energy gap of the materials
and since the energy gaps of the present samplcs‘are mlauvely wide, its contribution
is expected to be at most 5% (87B1) ' ¢

The indirect superexchange interaction that is lmbwn to occur in these
SMSC's is that proposed by Geertsma et al. (77Gl). In this mcchanis;m,- the
interaction between ions takes place via a virtual transition between the valence band
and the delocalized state of the manganese jon. This is the mechanism that will be

-

analysed here.
.

" 5.3 Theory
The temperature at which a SMSC changcfs from a paramagnetic to a spin
glass phase occurs at Ts, the spin glass transition temperature. Equating the thermal
cnergy at that temperature with the exchange cnergy between two magnetic ions

separated by a distance r gives (81El, 84B1):

kTg

I

-S (S+1) J (@ ‘ ! (equation 5.1)

where k is the Boltzman constant.
S = 5/2 is the spin of each manganese ion.

and J(r) is the exchange parameter. . @

)

R*S
Using the exchange parameter of the superexchange mechanism proposed by
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Gcc_l_'tsnm et al. (77G1), equation 5.1 gives: - 1
exp (-, ) _
k Tg = - §(S+1) Io —_— (equation 5.2)
rm
2

where a=2(2m*e/h )112 is a constant
m* is the valence band effective mass.
€ is the difference in encrgy between the 3d° level of Mn?+
N with the full valence band and the 3dS level of Mn?* with a
hole in the valence band.
r,. = d z1? is the mean distance between Mn cations.
d=a/Vy2 is the ﬁearest neighbour cation distance.
a is the zinc blende lattice paramcicr.

z is the manganese concentration.

and I, is a negative constant. 1

Rearranging and taking the natural logarithm of equation 5.2 gives:

a2 T ( a )
—E£!l = A - 13 o (equation 5.3)
2 23 ﬁ z
SS+D1
where A= -—-—E—-c’- is a constant.

Thus, a plot of In (a’ T, / 2223) as a function of a /V2 z!/ résults in a

straight line whose slope, -a (which depends on m* and €) and whose intercept, In
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A (which dcpc‘ﬁds on I,) are expected to be similar to the results of other SMSC ‘

alloy systems.
With the values of o and A derived from the graph above and with the
superexchange interaction parametcrlJ (r), values of the Curie-Weiss temperature, 0

can be calculated since from the standard mean field theory (63S1):

B =.§_ S (8+1) 2 n L (equation 5.4)

where 2 represents the summation ovér consecutive sets of neighbours in the
cation sublattice.

and n; is thé number' of neighbours at a given distance.

)
Substituting for the superexchange parameter and replacing n; by zn; gives:
-9 n, cxp(—ari) )
6 = 3 Az Z 5 (equation 5.5)
1 l'i
S (S+1) I0
where A= - — is a constant.

and r; is the distance between cations.

Using the values of n; and r; calculated out to the seventh nearest neighbours
(table 5.1), values of © are calculated and compared to experimentally determined

values.

8

Fld
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Table 5.1 Values of n; and r; for the zinc blende structure (86W1)

nj T

12 a/ﬁ
6 a

24 Ma
12 J; a

24 5/2a
8 ﬁ a

48 7/2a

[N
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5.4 Experiment

The measurement of susccptibility was performed using the ‘cquipmcnt of Dr
' G. Lamarche. A Bricf description of the .equipmcnt is given by Doug Beckett
(86B1). A schematic diagram is given in figure 5.2. It consists of a
variablc-tcmpcraturc cryostat into which a moveable sample holder is ingerted.
Surr:)\unding this is’ a cryostat kept at liquid helium temperature. This outer cryostat
contains a superconducting niobium cylinder to trap magnetic fields of knovfh\
strength, and two superconducting coils wound in opposite directions. Fhese coils arc
connected to a SQUID (Superconducting Quantum Interference Device).

The sample holder is lowered at a slow speed thrdfugh the two coils. This
results in current cha’ngcs in the coils to counteract the flux change arising from the
magnetization of the sample. .Thcse currents are amplified through the SQUID, and
the output voitagc fed into a computer. The computer averages ‘the values for an
upward and then downward pass of the sample holder, converts the voltage into
units of susceptibility and stores the results along with the temperature reading. -

The spin-glass transition temperature, Tg is determined from d.c. magnetic
susccptibility measurements in the range 4 - 250 K. This transition temperature
appears as -a cusp in a so‘mcwhat. smooth curve of susceptibility, % as a function of -
temperature, see figure 5.3. However, for some samples, the cusp is blurred out and
is not too evident. Consequently, the susccptif)ility measurements are made on
samples that are: i) cooled in and ii) cooled out of the magnetic field because the
values obtained from field cooled and zero-field cooled are different at temperatures
below T8 and converge at Tg, seec figure 5.4,

The Curie-Weiss temperature, 0 is determined cxpcrimcntally' by plotting the

inverse of the magnetic susceptibility as a function of temperature. At high
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temperatures, the samples behave paramagnetically and according to the Curie-Weiss
law (S0M1):

X = —— | - (equation 5.6)

b

- or, taking the inverse, equation 5.6 gives:

(T-6) (equation 5.7)
~ Y

Thus, an extrapolation to the temperature axis should give experimental values

11
X C

T

of the Curie-Weiss temperature, A ty;)ica.l graph of 1/ as a function of temperature

-

™
hY

)

is shown in figure 5.5 for the sample 35/35/30.
. \

3

N
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55 Reéﬁlts and Discussion
l e ’

Figure 5.6 shows the variation of the spin- glass transition tcmpcrann'c as a
funcnon of mangancse. concentration. A linc drawn through the thoon:ueal nearest
neighbour percolation limit of 0.196 for the fcc lattice structure (79G2) suggests that

next nearest neighbour interactions are significant for z < 0.30. The percolation limit
- defines the ‘concentration below which the system cannot sustain any freezing process
thaé arises from nearest neighbour interaction. . .

Note tbat in figure 5.6, all the data is takcn from samples of the zinc blende
structure because ‘not enough information was obtained from the chalcopyrite samples.
Hence, no chalcopyritc; comp'an'son can be 'made with other systcnis although
Munkid Al-Najjar of the same semiconductor group did obtain a different slope for
chalcopyntc samples (87A1).

A’lso, others obtained two Tg values in the susceptibility measurements of
similar systems (87A1, 87N1), although only ‘one was observed in this system. ‘It is
thought that this is due to varying degrees of ordered material and disordered

material in the sample, which may be controlled by the annealing treatment.

~,
e

However, onlyaonc cusp was observed in susrccptibility measurements of the samples
of this system and the phase thought to be rcsl;%nsiblc_ for this is the ordered zinc
blende .phase. The reason for this is that the 516PC of the Tg versus mangancse
conccntration graph in the Cd.‘ZnyanTc alloy system (86D1) which crystallizes in
the dlsordcrcd zinc blcndc structure was different. This indicates Lhat a different zinc
blende structure is present. ic. ordered zinc blende. Similar results were obtained in
Cdu(AgGa)yMnZZTc2 (87A1) and in ZnZX(CuIn)YMnuTcz (87N1).

. Figure 5.7 shows the variation of the experimental Cune-Welss temperature,

0 as a function of temperature. Because all the values of € were negative, this
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implics that-an antiferromagnetic type of coupling between the spins dominates in

these SMSC's. J -

-

The line in figure 5.7 represents the contribution to 8 due to the
su;)crcxchangc mcchaﬁism, equation 5.5. This line agrees fairly well with the
‘expéi‘imental values of 6, but it should be bomn in mind that if two phases are
present in the sample, ie, an ordered and a 'éordcrcd mi;ctum, then the 6 value
observed is essentially a weighted mean of thdi_ separate O values. Thus, this may
provide a way to chc the proportion of the ordered zinc blende phase in the
disordered zinc blende material,

From the plot of In(a?T,/22%3) as a function of (a/V2z'®) in figure 5.8,
the values of o and A lmay be determined cxpcrimcntall)f from the slope and the
intercept, r;specﬁvely, see equadon 5.3. The values obtained in this case for the
ordered zinc blende phase are A = (150t 15) Knm? and a = (5.2 0.2) nm'!.
These results may be compared with the results obtained from other similar systems.
In Cdzx(AgGa)yMnthz, Munkid Al-Najjar obtained A = 128 K nm? and o = 4.489
nm! (87A1). Although no error estimates were given, the present results for the
ordered zinc blende structure for the Cdm(Cu(-]a)yanZ'I‘t:2 system are consistent with
his.

The values of A and a were also obtaincd.for the -disordered zinc blende
samples in CdenyanTc+Cd1_QAnzTcl_yScy (86W1) and in Cdx_HgyanTc (87TM1).
The respective values obtained for those systems are A = (203 +50) Knm? and o =
(6.1 £0.4)nm!, and A =232 Knm? and « = 6.18 nm'l.vi
Thus, the values of A (which depends on 1)) and (1’r (which depends on m*

and €) obtained are found to depend on the crystal structure involved.
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CONCLUSION f

/
}

14 .

In this report, érystallographic, optical and magnetic properties of the
th(CuGa)yanzTcz (x+y+z=1) alloy system have been presented.

From the crystallographic analysis, the samples were found to crystallize in
two structures: a face-centered cubic zinc blende structure and a body-centered
tetragonal chalcopyrite structure. However, not all the samples that were prepared
could be analysed due to a lack of knowledge of the appropriate annealing
temperatures which prevented equilibium conditions from being achieved. Tt is
suggested that additional DTA measurements on all samples of the system could
‘provide this information.

From room-temperature measurements of optical absorption, energy gap values
were obtained for single phase samples. From ﬂzcsc values, the boundaries of the
ordered and disordered phases could be obtained. However, due to the insensivity of
the x-ray measurements to the presence of order and disorder in a sample, the naturc
of this type of ordering could not be determined. It is suggested that neutron
diffraction measurements could determine the type of ordering on a similar system
Znn(Culn)yMrn,lzTc2 because it does not contain cadmium.

From ESR measurements, two absorption lines were observed. The broader
linewidth, AH was due to a djsordered phase and was analysed in terms of a
relation derived by Chehab et al. (86C1) and by Woolley et al. (87W2). The other
linewidth, AH, was thought to be due to an ordered phase.

Fm'm measurements of low-field magnetic susceptibility in the temperature
range 4.2 - 250 K, values of T,, the spin-glass transition temperature and 6, the

Curie-Weiss temperature were obtained. Values of T, and lattice parameter were

g
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analysed for the ordered zinc blende samples in terms of the indirécﬁﬁpcmxchangc
mechanism of the form Kr) = I, r? exp(-or) proposed by Geertsma et al. (77G1).
From that analysis, the values of I, (or A) and & obtained were found to agree
with those obtained for other ordered zinc blende alloys I(87A1). It was concluded
that the values of I, and o obtained wﬁre dependent on the structure involved.

Values of the Curie-Weiss 6 for each sample were also calculated from the

values of I, and o, and these were shown to agree with the values determined from
»

magnetic susceptibility measurements.
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