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ABSTRACT

- A . -t
. r

Some of the crystallographlc, opti€al and magnetic

propertles of the pseudo- ternarylalloy system,.cﬁ ZnyMn Te, .
N 5
(x+y+z 1), have been investigated in this report. These

alloysfbelong to the class of materials known as semimagnetic

. —
semiconductors, an intermediate type which lies between

\ non-magnetic and magnetic semiconductors.

Samples with different compositions were produced and

\e,x~\233¥ﬁ Scherrer x-ray photographs were used to determine the

the lattice parameters for each. These values were plotted as
a function of composition aqd thus the range oﬁ single phase
solid solution was defermined.- R
The direct energy gap was measured as a function of

compositfaﬁland temperature by wavelength modulated
reflectance. A "blue shift" was observed at low tempe;ature
which increased with Mn concentration. The extra increase in
the energy gap was estimated by-ektrapelating the higﬁ
temperature behaviour. The results were then analyzed using
an equation which depended on the magnetic'transition
temperatures, Tg. -

. Measurements of magnetic susceptibility were carried
out using a SQUID magnetometer and the ?g values'were
determined as a functiog_of composition. As well, values for

the Curie-Weiss parameters, 8 and C, were determined. Non

Curie-Weiss behaviour was investigated and it was found that a

FE——
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qualitativg/EEBJanatioﬁ based on superparamagnetism and o -
¢ “ . - . ot
isolated pa¥amagnetic'ions, -copld explain the results. A
— X h

| . . R
study of the exchange interaction using the Tg values,

suggested that the magnetic spins were indirectly coupled to

each other by a,mechanism which involved-a virtual transition
i -
between the valence hand and a Mn 3d level. .Predictions of

~—
*

the exchange energy, based on these results, agreed with thos%,/ -

of other researchers. As well, predictions of the Curie-Weiss

temperature, also agreed with the measured values obtained in

' this work.
.

The ESR lirewidth was studied as a function of
composition and temperature. An asymmetric broadening was

observed at lower temperatures, the{onset of -which varied,

systematically with composition. The linewidth was observed
oo TN '
to increase with decreasing temperature and became too large

to measure at temperatures well above any magnetic transition
point. The results were analyzed using a theory based on

inhomogeneocus broadening.

~~
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/T, CHAPTER 1

“INTRODUCTION ) .

In récént féafs, there has been considerable interest in a
group of alloys which form an intermediate class of matefials
between non-magne£ic aqd magnetic semiconductérs. They hive become
known as eithgg semimagnetic semiCOnductoré, {SMSC), or és diluted
magnetic semiconductors, (DMS). The first term was ¢oined by
Galazka, (4}, while the second is a name suggested by Furdyna,
(130). The greatest part of the work has beenﬁé;%e on
éseudo—binary alloy systems containi??fﬁénganese such as

] .

Cdl_zanTe

an_zanTe
. _ Cd1
HglﬂzanTe

_zMnZSe

Hgl_zanSe

~with 0 < z'¢ 1.0. The electronic configuration of Mn includes
five tightly bpund and unpaired d-level electrons, (3d5), which
give the atom a net magnetic moment. In these systems, the cases
wheh z=0 correspond to ordinar§ semiqonductbrs qith well known .
properties. The cases for which z=1.0, correspond -to magnetic
semiconductors with magnetic properties which are also well
understood. Mixing these two types of materials results in a‘:new
kind of materiai, (80), with properties which are different from
both.

The presence of localized moments in the semiconductor

crystal leads to an interaction of these electrons with the band
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eléqtrons and with impurity electrons.. Thig in turn ‘leads to ne@
effects iq those measurements which depend on the splitting of
these electronic levels in a magnet?c field. The most dramatic of
them being the observation of anomalously large magneto—A;:;;;}
phenomena such as giant Faraday rotation and Zeeman‘splitting o}f‘/
the electron bands-in Cdl_zanTe,'(S, 131). The magnitude

qf these effects are between 100 and 1000 times larger than those
associated with ordinary semiconductors, (80), and are affected nyr'
the intensity of the field-as well as the temperature and
composition. Thus the localized magnetic moments act as an
amplifying mechanism fo an.appliéd magnetic field. In magnetic
semiconductors, the styong interaction between the magnetic ions
dominates over the response to a normal magnetic field such as that
used in the exampleé mentioned above. Consequently, in order to
ovércome the internal field, a very strohéjéxternal field would be
necessary to control the magneto-optical behaviour. Another

exampl e of_a large anomalous effeét is observed in the transport
propertiés of Hg, _,Mn_Te crystals in a magnetic field, (132). 1In
this case, the effect of the interaction between the localized
electrons and the valence band leads to the observation of a giant
negative magnetoresistance. A more combletefdiscussion-of.this
élong with other unique electrical and optical properties of SMSC
in a magnetic field, is contained in the text and réferenceé of
several.feview articles, (4, 80, 130, 132-134), and will not be

" dealt with any further in thisvreport.

The magnetic properties of these materials have also



e
provoked.a great deal of, interest. Over a certain range of
temperature and composition, an interaction between magnetic
moments causes the spins to bécome frozen into randbm orientations.
This spin glass state was first obgérvéd in metallic ailoys such as
Au:Fe-and Cu:Mn, (39), where in eac? casé, the concentration of
magnetic impurity is between one and ten percent. Since then, a
large amount of effort has gone into trying to understand.this
behavipur usi;g a variety of measurement technigues. A
comprehenstve overview of spin glasses is presented in the.
following review papers; references -39, 52, 66, and 135.

Briefly, the characteristic properties of spin‘glasses are,
the observation of a cusp in the temperature dependent magnetic
susceptibility, the iaék of any feature corresponding to this cusp
in the thermal dependence of the specific heat, and the existenée
of a time dependent remanent magnetization at temperatures below
the cqsé'point. The sharpness of the susceptibility cusp implies
éhat some form of phase transition is occurring at a well Yefined
temperature. However, the existence of such a phase change is not
verified by the specific heat measurements. 1In fact, it seems as .
though the various bulk preperﬁies of spin glass materials can be
divided into two groups, those such as magnetic susceptibility, the
hall effect and the Mossbauer effect, which show definite anomalies
at the spin glass temperature, and those such as heat capacity,
thermcelectric power and ESR linewidth, thch do not. Thus, a good

deal of effort has been applied to trying to determine the nature

of the spin glass transition, (136). -—
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Most of the theoretical and experimental-wofk has been'done
on metallic.alloys where the interaction between the locaiized
spins occurs through the conductioﬁ ele;trons. _This RKKY,
{(Ruderman, Kittel, Kasuya, Yosida), interaction is responsible for
the spin glass state in these materials. The presence'of these
conduction electrdns also adds their own effects to the measurement
of the bulk properties. However, the opportunity to study spin
glasses without Fuch ef fects was. introduced py de Sez;, (23), when
it was shown that spin glass behaviour could be exhibited by
magnetic ions on a dilute face centered cabic, (PCC), lattice with
"only antiferromagnetic interaction. Skme of the éandidates for
such materials with very small ca;rier concentrations are the
Eseddo-binéry SMSC élloys, CdlrzanTe and an_zMnéTe.

As indicated previously, most of the work on SMSC.has been
done on pseudo-binary alloys. This allows one to observe how the
properties of the Taterial change when the compqsition changes.
However, because there is only one composition variable, all of
these properties are inseparably céupled'and so cannot be
controlled independently of each other. This may be remedied
somewhaglby pomparing two similar alloy systems'such as Cdl_ZanTe
and CdleanSe. A better solution would be to provide a continuous
change in'coﬁbositian between two such alloy systems as was
done by Debska et al, (i43), for the alloy system CdngyanTe,
(x+y+z=1). The work which is to be presented in this report is

part.bf the work done by a research group working on SMSC alloys

such as;



ca;é?ayﬁ?{zs'e Y (ref. 92)
‘ cd) _,Mn,Te, _ Se, (ref. 91)
Cdzx(CuIn}yanzTe2 (ref. 114)
CdZX(AgIn) MpzzTe2 (rgf: 114)
| < (CuIn) anz 5 lref. 115) .
in egEB‘Déaziese cases,qany two properties of the material can be

controlled independently of each other.

In the presentwwork, an iﬁvestigation of some’of the-
optical anq magnetic propérties of the pseudo-ternary alloy system,
Eg;ZnyanTe, (with x+y+z=1), will be presented.r-ﬁhe composition
of this semimagnetic semiconductor ma¥ be represen;ed by a triangle
such as that illustrated in fig.‘l.l. Each point in the triangle
représents a Qarticular:value of x, y and z in triangular
coordinatei’and hence a particular composition. 1In this case, the
"left and right edges éf the triangle represent the pseudo-binary
SMSC-alloys, Cdl_zﬁnzTe and zn,_,Mn, Te, while the bottom
edge.represents thé pseudo—binary‘Semiconductor alloy Cdi_yZn?Te.
The cornefs of the triangle repreéént the pure compounds, MnTe,
znTe, and CdTe. Any.straight line drawn within the triangle which
intersects the point w?ere z=1.0, represents a particular y:x C .
composition ratio. For CdenyanTe, each of these ratios is |
also a pseudo binary alloy system. This feature will be used in
the next chapter to determine the limits of solid solutlon.

The measurements which were carried out were as follows.
First the variation of the lattice parameters with composition were

1

measured. In doing so, the limits of solid solution were also



MnTe."
z=1

FIGURE 1.1 Triangular Coordinate System. J
Any point-'P' in the diagram represents a sample of
compaosition (x, y, z).
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determined. Next, the variatipn of the enefgy gap was determined
both as a function of composition and of temperature. Finally the
magnetic susceptibility and ESR linewidth were measﬁred also as a
function of composition and temperature.

Polycrystalline samples were produced.rathéf than the
single crystals which other researchers, in this field, usually
used. Since a large number of samples of different compositions
were réquired,‘it was decided that growing single crystals for each
one would be too time consuming. Comparisons of some of the o
resulﬁs obtained in tﬁls work with those of other reééarcﬁérsﬂ
showed that in most of these cases, there was no significant
difference between the results obtained from pblycrystalline
gamples, and those obtained from single crystals. The sole .
exception of this was one aépect of the ESR measuréments and will

be discussed in chapter 5.



CHAPTER 2

-X-RAY'MEASURﬁMENTS

- 2.1 PREPARATION OF SAﬂPLES

To produce.the polycrystalline samples, the appropriate,
amounts of each element were weighed out to an accuracy of
approximateiy 0.2 mg.,'aﬁd meltea in a quartz tube, which was
sealed under vacuum. These tubes ﬁgé-an'inner diameter of 0.5 cm
with 0.1 cm walls. Tﬁe lengths of the sealed tubes wéreléenerably
beﬁween four and five cm. A total of half a gram of each sahple '
was found to be;enough, in most cases, for the vafious types'Of
measuéements that were to be made.

It wa;lfound that during the melting process, the material
reacted w%;h the quarﬁz to su;h an extent that the tubes broke open
and no sﬁmple could be obtained. To protect the samgles from this
reaction, the insides of the quarté'tubes were covered with a layer
of carbon. Tgf was accomplished by the following process. A
p}ece.of absdéien£ paéer, about two centimeters sguare, was folded
and inserted info the end of a gquartz tube whose otﬁer end had been
previously sealedﬁ' The end of the tube with the.absorbent paper,
was then placed in a beaker full of acetone and left to soak.

After a few ﬁinutes, the tube was removed and the sealed end heated
over an open flame. When the cqncentration of acetone vabouré

inside the tuﬁe was high enough, a layer of red hot carbon would
begin to collect at the hot end. Care was taken to keép th? hot

end from coming in contact with the acetone liquid. The soaking

and heating processes were repeated until the carbon was thick
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endugh to. make that end of the tube opaque undeg a strong llght.
The meltlng temperatures of the varlousﬂelements and

: compounds which make up this system are lls€2d/;n Table I, (43).

Melting temperatures for various'canqentrations of the alloy

system} CdenyMuZTeare not expected to differ much from the

range of values suggested by the binary compounds, CdTe, ZnTe and

MnTe. in the table. For the case of Cdi_zanTe, Triboulet and

bidier, {45), have determihed that the mélting temperature is
lowered by ho more than about 40°c when Mn is substituted‘for\

| cd ih CdTe. These high melting points approachéd the hlghest
temperature which could be attalned by the meltlng furnace.

"ponsequently, the samples would have to be held at this highest

temperature for a period of time to allow ahy'portion mhich had not

melted to be completely dissolved. ’

The temperature.of the melting_furnace was between 1150 and.

:1200°c. To insure that uniform materials were prpdueeq} the

samples were left at'this'temperature,fer.20 to.30 minutes.

~ Subsequently, the quartz tubes eontaining the samples were

transferred to another oven and left to anneal at 800°¢ for two

weeks. The temperature controller kept.fhe samples to within
N :

25°%¢ of this over the anneallng perlod

The above process usually ylelded good solid samples, which
could be sliced for modulated,reflectance measurements. There were
-some problems with some ot the'samples_from the Zn side of the
paeudo-ternary.diagram with‘high Mnteencentrations,'(fig. 2.1). 1In -

these cases, the reflectance signal due to the optical energy gap

B
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Melting Point (°c)

cd - 450

Mn 1200
Te. 1600 L
Zn o 500
CdTe ' 1098 "~
| ZoTe 1293
. MnTe 1165

TABLE I  Melting points of the elements and compounds of the
CdenyanTe alloy system, (ref. 43).
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was too small to be detected except at the lowest temperatufes;
‘ : :
This failure to detect the energy gaps may be partly a result of
- ‘ 0

the higher melting points required for these materials. Attempts

_were-made to improve these samples by trying to reach as high a

melting temperature as was possible and also, to use different

-

annealing times and annealing temperatures, but these did not

- .

r?sult in any—imgrovement with'the detection Af the energy gap.
The other sets ?E/mgasﬁrements, susceptibility and ESR were found
to be successful for all cases. ' e

For x-ray measurements, pieces from_eachlsample were
crushed to a fine powder. The colour of this powder was black for
msst compositions. However, when ZnTe dominated the alloy, the
powder was reinsh in appearance. Most of the samples were in good
equiiibrium. ‘The exceptions were those with hiéh Mn
concentrations, (greater than 70%). Diffraction lines observed in
the Debye Scherref x-ray powder photographs of these samples,
showed a blﬁrring and faintnesslwhigh was not present in the alloyé
with smallef concentrations of Mn. This blurring was not serious
enough to’prevent measurements of the positions of the lings\from

being carried out. It is likely that a better state of equilibrium

could be attained by annealing under different conditions.
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2.2 RESULTS. OF x—RAL,‘(NALxSIS

The ranée of sample composition which was studied is shown
in fig. 2.1. 1In general, the compositions Qere.choSen so-tﬁét-
properties along lines of constant z and along lines of ¢onstant
X:y ratio could be studiéd. Two regioﬁs, with different crfstal‘
behaviours were observed, in'the'ternary-phase diagram. The broken
line, iﬁ fig. 2.1,.rep:esehts the boundary betweén the two regions.
Samples which lie below this line were.found to have a zinc blende
structure, fig-2.2. 1In this sﬁrudﬁufé the anions, which in.this J
case happen to be Té, lie.on ghe-si;es of face ceﬁtered cubic
sublattice. The cations, which are a mixture of Cd, Zn and Mn, lie
on the sites of a different FCC sublattice. A translation of a
quarter body diagonal separates Ehe twb_sublaftices. lThe cations
and anions are tetrahedrally bonded to each othe; in this diamond
like structure. Above the broken line in fig. 2.}} the'samples
were found to consist of two phases;'a zinc blende bhase and an
hexagonal nickel arsenide phase.

The x-ray diagrams cf some of the two‘phase sampiés were
measured, but only to determine thellimits of solid solution. This

will be described fully, later in this section. All of the other
-~ a : . - -

types of measurements were performed only on samples which lay in

‘

the single phase region.
Lattice parameters were determined from the x-ray powder
photographs by making use of the Bragg condition for diffraction,

which, for a general cubic structure, may be expressed as follows,

{(31);
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" MnTe

CdTe

kY

FIGURE 2.1

Samples studied by powder x-ray photographs. The
curved line at the top of the dlagram represents the
limits of solid solution.



\-1 _ (  FIGURE 2.2 Zinc Blende Structure
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N)\2 .
a‘ = e—— (2.1)

4 sin29

where "a" is:the 1att§ce parameter, A\ is the x-ray wavelength, and

© is the Bragg angle. N is an integer and is equal to (h2+k2+12).
where H;uk_and 1 are the Miller indices for the écattering planes.
In a simple cubic lattice,!all possible combinations of h, k énd_l"
are allowed, but for a face centered cubic lattice, systematic

Absences will appear in the sequence of values of N. Lines for
which h, k'and 1l are neither all odd nor all even will not occur,
(315. Furthermere, the reduction in symmetry 6f a zinc blende
lattice as.compared to an FCC la;tice cauges some of‘theSe lines to
become quite faint. This results in the following sequence of
values of N; 3, 8, 11, 16, etc., each representinéva gtrong line in
the x-ray diffraction pattern, (32). Each successive value is
obtained by alternately adding three or five to the preceding
value. For a given-x-ray wavelength, the maximum value of N
depénds.upon the lattice parameter. 1In the present case, the
largest value of N turned out to be 59. The wavelength used in all
X~-ray pggtographs was d.15405nm. .

Due to absorption effects; the values of "a" obtained froﬁ
equafion<2;b after measuring 8, tended to.increase as N increased.

90°. ‘The-Nelson—Riley

n

This absorption disappéars at @
extrapolation method, (1), was used to predict what value "a" would

have at 8 = 90°. values of "a" were plotted against a funcﬁion

f(o);
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1 cosae cosza
f(e) = - + s (2.2)
2(sin & 2] _

The straight line intercept on the "a" axis, where 6 = 90°, gives

the value of the lattice parameter.

— .
The lattice parameter results are shown in figs. 2.3 and

2.4; First of all, fig. 2.3, in which the variation of_"a" with vy
for constant z waé plotteé, shows that the variation is linear, in
agreement wiéh Vegard ‘s law, (l13). These lines of "a"‘§s. y turn
out to be parallel to each btﬁér, within experimental limits. The
broken line on the graph is drawn so as to intersect all the lines
at' the points where x=0. This line can be extrapolated to y=0, the
lattice parameter of MnTe in the zinc blende phase.

Looking now at"fig.—2.4, the results for five different x:y
ratioé are shown. They also turned oﬁt to be straight lines, again

within experimental limits and therefore in ag;eemedt with Vegard’s

law, (113). But in this case, the lines extrapolate to a single

point at z=l1. This would also be the lattice parameter of MnTe in

the zinc blende phase and is comparable to the value obtained in

- .

fig. 2.3. The error bars for each point weré*estimated-from
uhcertainti;; in compositioﬁ which were derived from the error in
weighing the correct mass.of the constituent elements, mentioned .at
the beginning of this chapter.

 Since MnTe has an hexagonal nickel arsenide structure the

extrapolated point represents a fictitious value. However such a-

value can be useful when investigating other alloy systems derived

- .

from MnTe which also have a zinc blende phase. Examples of such
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FIGURE 2.3 Lattice parameter as a function 6f'y. The solid lines

were fitted using the polynomial equation. The-
broken line represents the x=0 edge.
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FIGURE 2.4 Lattice parameter as a function of z. The solid lines
. were fitted using the polynomial equation. The
broken lines represent the two phase region.
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ailoys include systems investigated by other members of this
research group such as Cd2x(Cu‘In)yMn22Te2 and C?zx(AgIn)yanzTez,
(114).as well ‘as ang(CuIn)yMnZZTez, (115). In these cases,‘an-
extrapolatioh of the lattice parameter in the zinc blende phase to
z=1.0, should coincide with the value obtained in fig$. 2.3 and
2.4,

The x-ray diagrams of the two'phase sam@les contain many
lines in addi€ion to the zinc blende 1iné§, fig. 2.3(b). These
extra lines belong to thH® hexagonal st?uctﬁ;e of MnTe. An x-ray
picture of MnTe was taken to be used as a comparisﬁn in order to,
confirm this. The two phase region of the composition diagram
consists of a MnTe phase and a CdenyanTe phase. Since the
alloy system‘is a pseudo-ternary, the boundary between the single
phase ahd tﬁ% phase regions may be determined from these two phase
samples. . '

Consider the guaternary alloy system made up Cd, Zn, Mn and
Te. The system being investigated represents the special case for
which the molar concentratién of Te atoms is equal to the combined
molar concentrations .of the other elements. To be considered a
pseudo-ternary, suéh a system must have all of its phases sa;isfy
this last cbndition. A violation of tRis might occur in a
multi-phas€ concentration range by one or more of the phases.

To explain fhis_further, take the example of a simplé'
binary system, AxBl-x' If a two phase region e#isted for say x
between 0.4 and 0.7, then the two phases would consist of A0.4B0.6

and A which are the compositions of the extremities of the

0.780.3
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miscéibility region. A change in x within this region results oniy
in changing the relative concentrations of the two constituents
without changing their compositions. An example of a pseudo-binarQ_,w
might be the A_B,_,C system, which is a section of a ternary
diagrQE for which the concentration 6f one of the elgménté, C, is
constant, (fig. 2.5). 1In order for it to be classified as a
pseudo-binary, the phase“relationship between the two phasesagre
the same as they would be with an ordinary binary diagram. So all
phases in the pseudo—biﬁary must lie on the line drawn in fig. 2.5.
If this last condition is not obeyed, then the éystem cannot be
consiaered a pseudo-binary.

In the preseht case the limit of solid solution for y=0
‘occurs at z=0.72? Since this seétion is a pseudo-binary, the zinc
blende phase within the two phase region, retains the composition
which it possessed at the phase Boundary no matter what the initial‘
amount of Mn. This is represented by the sudden leveling off at
the phas% boundary of the lattice parameters in fig; 2.4. The séme‘
result occurs for the otherllineé in the diagram. Since the
composition of the zinc blende phase remains constant for a
particular x:y ratio, the value of the lattice parameter will
remain constant and equal to the lattice parameter of the last
singlé phase material on £hat line. Hence the position of the
horizontal lines in the figure, can be determined by measuring the
lattice parameters of the zinc blende phases of various two phase
samples. This in turn will give the'positioﬁ of the boundary '

between the single phase and two phase reéions by extrapolating
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A

FIGURE 2.5 An example &t the relation between a pseudo-binary"
and a ternary system. The triangle represents the
ternary system A, B,C,, .. The heavy line represents

the pseudo-binary system ﬁchth.
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'
back to intersect with the original fitted lines. The boundary is

'represented, in the figqure, by the broken curve crossing the ‘
. juncture of the fitted lines and the horizontal lines.

The results obtained in this work for the solid soldtidﬁ
phaée_diagram of the Cdl_zanTe system agree with .that of the
previous!work on these materials by Triboulet and Didier, (45%.  As
well, values of the lattice parameter for this edge agree with

those reported by Galazka, (2). The results.of Furdyna et al.,

{137), for an;zanTe alloys also agree with those obtained here.

2.3 FIT TO .X-RAY DATA

To draw lines of constant "a", the data may be fitted to an
equation which is a function 6f the composition. The equation is
derived from a general power series. The linear variations of the
lattice parameter, discusséd.abpve, will alone reduce the power
series to an equation containing only linear termé;

a=A+By+Cz+Dx
This can be further reduced fo;

a=A+By+Cz .(2.3)
by the relation; x+y+z=1.

.In additiop to detérmining the'lines of constant "a", the
gollected data ma;EEe used to test the interpplation equétions‘
proposed by Williams et al., (3) for a-pseudo—terngry system.
These equations allow one to predict the values of lattice
parameter for the interior of the combosiﬁion triangle using only

the data from the edges. The same procédure was also used with the
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room temperature energy gap results-to be'presented in chapter 3.
In the methodrproposed b& Wwilliams et al, complete solid

solution is assumed so that any glven parameter w111 vary ‘smoothly

with comp051tlon. The lattlce parameters are then linearly

interpolated from the followrng binary equatlons; |

(x) = xB, + (1-x)B,

T12 2 |
T23(y) = yB3 + (l-y)BZ jr o (2-4?,,
T-l(z) = zB1 + (l—z)B |

which represent the variation in lattice parameter for the *

following pseudo binary systems,

1—x X

1 yZnyTe

l;ZMHZTe &

cd, .2n_Te

cd
The value of the parameter for the pure compounds, {(the corners of
the compesition triangle of fig. 2.1) are represented by By, B,

and B

3 in equation 2.4. For any point in the system, the value
"of the lattice parameter may.be written as; .l A
Q(x'y 2y = Xy T,(u) + yz T23(v) + zZX T31(w) (2.5)
Xy+yz+zx

where u, v and w are determined by;
u = (l-x+y)/2
v = {l-y+z)/2 o | (2.6) h
w= (1-24x)/2 ’ | '

-

The exact origin of this equation is not explained by Williams et
al. |

I1f equations (2.4) and (2.6) are substituted into equation
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(2.5), then'the expression is reduced to equation (2.3) with the

constants in the equations related as follows;

.

By =A )
1.32=A+B
By = A + C

So 1n this case there is no dlstlnctlon between the two methods of
jdetermlnlng the 11nes of constant lattice parameter. A least
squares fit of equation (2.3) to 47 data points gives the following

result;

-.0.0388y - 0.0150z nm (2.7)
The lines shown im\figs. 2.3 and 2.4 are fitted from this equation.
The broken lines in both diagrams represent extrapolations to the
- expected value of the lattice)\parameter of MnTe if it existed with
the.zinc blende structure. The\standard deviation of the
éxperimental points from ;his equation was calculated to be 0.0005
nm.'-

A test of the "goodness" of the fit was done using the
reduced chi-squared function, (104), which is defined as follows;

2.
1 (y,-y(x:)}
2 _ .- i i
Xy = ” E' 5 _ (2.8

%
In this equation, the measured values are represents by x./and
Y; while the fitting function is represented by y(xi). he
number of degfees of freedom, v, is given by U = N-n-1 where N is
the number of sets of values and n is the number of constants in

the fitting equation. The uncertainty for each set of data is

taken into account by %: The sum is taken over the complete
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/;et of data points. In simple terms, eq. 2.8 represents a ratio of
the déeviation of the experimental values, from what is predicted, -
to the experimental uncertainty in determining these points. - A

Pl

hJalue of Xﬁ close to 1.0 is indicative 6f a good fit whi}e a
value much greatgrjthan this wouldléuggesﬁ that thé fitting
equation does .not describé the data very well and so may not be
valid. B ' &2 ’

- Using the uncegtainty §tatgﬁ at the,beginning of ectﬁonl
¢-1, which is due only to errors ip weighing out the cofrect |
amounts of each element, the value of the reduced X2 was
calculated to be approximately 1.01. This not only indicates that
eg. 2.3 is valid for this data, but also that most of the error in
figs. 2.3 and 2.4 are due to the reason cited earlier. With the
validity of eq. 2.7 established, values of constant "a" could Be
calculated. These were plofted in fig. 2.6.

- The results obtained in this section show that there’'is a
largé variation in)the lattice parameter when y is varied while
holding tﬁe Mn fiéction constant. This feature will be used to

study the effects on the magnetic properties, of changing the

separation between magnetic ions.

k .
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MnTe

0.635 o
\'0.63

0.625

0.64

. - ) 0.62

0.645 1 " N\ 0.615 -

CdTe — f, - ~ ZnTe

FIGURE 2.6 Values of Constant Lattice Parameter:
The values indicated are in units of
nanometers.
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- CHAPTER 3

ENERGY GAP MEASUREMENTS

3.1 INTRODUCTION

Once the phase diagram wés established, other ﬁrogerties of
Cden anTe, in the range of solid sqution, could be.investigafed.
In this chapter, measurem;;Ls of the direct energy gap as a
function of temperature énd composition will be presented..

The form @f the band st;ucture in this'ﬁaterial, (fig.
3.1), is typical of substances with a diamond like or adamantine
structure. The principal band gap is situated at the center of the
brillouin zone, (9-13), with an s-like conduction band and a p-like
valerice band. The va;ence-band is split by spin-orbit coupling at
k=0. For CdTe and’ZnTe the energy éap is direct; consequently the
lowest minimum of the conduction band occurs at k=0. With Mn added
to the alloy, measuremenfs of absorption, (11;3, and reflectance, -
(108), have indicated that the band gap-remqins direct. There is
also no evidence of a major change in the‘band structure such as -
the metal-semiconductor'transition observed in %gl_zanTe,-
(132). |

r

The simplest method pf measuriné the energy gap of a sample
is to measure ité-absorption spectrum.'.Limitations in this
technique usually arise from the inability of some,materiqls to
transmit enough iight to be measurable, unless the sample is
polished dbwn to an extremely small thickness. This was not a

.problem in the present case. This material proved to be quife

transparent since tranSmission of light could be detected from
-

w
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E=0

k=0

FIGURE 3.1 Band structure at the center of the Brillouin
) S Zone. ' . . .
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’

. R \
samples whose thickness was as large as several tenths of a

millimeter. However, the usefulness of absorption was severely
limited by another factor. It became impossible to observe the

\ :
'ehergy gap when it became 1afger than a certain value. This effect
had aiready been observed in the Cd,_,Mn Te system, {30). The
édge was observed to increase linearly with Mn concentratioﬁ until
it became "pinned" at a value of approximately 2.05eV. Although
the precise mechanism for this effect has yet £o be i@entified,
suggestions have‘been made which attfibute it to transitions
between localized Mn levels, (30, 138). An alternate proposal has
been introduced bylAbreu et al, (8). This involves a transition
from the Galence band to a Mn level which appears - at a lower energy
than the condﬁcﬁion band in tﬁe samples with higher Mn
concentrations. A third group of researchers, (117), relate this
effect to defect levels. Recently, absorption measurements have
"been carried out by Amrani et al., (116), on samples_which have
been polished down to a thickness of about twd‘microns. Both éhe
energy gap and the so called‘manéa;ese transition were observed at
hiéh Mn concentrations. Unfortunately, very high quality samples
would be needed to duplicate this achievement. It would have been
impossible to polish the polycrystalline samples down to the same
thieckness.

Since a large majority of the samples would have had energy

gaps which would have caused the absorption edge to be pinned, é

different approach was necessary. For this reason, reflectance was

used to determine the gaps.
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3.2 WAVELENGTH MODULATED REFLECTAN&E ,

The dielectric fﬁndtion, €, describeé‘tﬁélgﬁectronic state
of a solid, thus, the response of crystal fo an eleégpbmagnetic‘
field can be understood in terms of if.' Since both‘the absorption -
speétra.and the rgflection spectra can be related to 6; (15), then
they may be used as tools in evaluating the band sﬁrﬁcture'of‘&
semiconductor. | | | | - o -

The condition for absorption in a semiconductor is;

S B -E > he o
where EC and Ev' are the energies of the conduction andfvalence“
bands. At the threshold of absorption, where ohly the equality
holds, the reflection becomes a maximum,; in_fact, the reflectance
becomes a maximum at all critical points in tiHe band structure.for';
w'hich;A o |

Vk(Ec(k)" - E,(k})} =0 ~and Ec‘ - E, = hw

or, in other words, for which the conduction band is pafallel‘to
the valence band in k-space, (14).

In order t;\determine experimentally the reflectance, R, of
a sample as a function of incident photon energy, the intensity of
reflected light, I, is measured. Theése £wo.quéntities are related
by the following;‘I = R Io' where io is the intensity of the
incident light. However, the peaks of the refzectance spectra are
not very‘strong-in most cases. This may make it difficult to
observe a structure which is related to an optical transition, as e,

well as determining accurately the energies'of the transitions once

they are identified. One remedy for this is to use a modulation



teehnique. In such a procedure, some property ef.the eemple, which
affeces the energy gap is varied cyclicallyu"The result of this is
that the aerivative of the peak is measured. - Examples of this are
electroreflectance and stress modulation, (46, 47).

Another way in-which thks may be accomplished'is by using
wavelength modulated reflectance where the derivative with reséect
to N is. carried out directly. If the derivative of I=RI is
taken with respect to wavelength, one obtains;

dal dIo dR

— =R —+ 1 — (3.1)

aN an”  © aa '
jhe guantity we want to investigete is dR/dA. The quantity which
- can be measured, hewever, is d1/dA. This can present a probleﬁ in -
that the term, d4dI /dk may be much stronger than the dR/d\ term.
_Not only that, the two terms are also multiplied by R and I
fespectivelyz For the moment let us assume that these last two
guantities are constant in comparison to their derivatives. The
first térm on the right hand side depends on the spectral response
of the incident light. Ideally, Io' should be flat in terms of
its response to ehanges in wavelengths. This of course is noh»
possible. It depends greatly on the characteristics of the light.‘
source-end the diffraction grating used in the monochromator, as
: well as, (to a lesser degree),'eny mirrors used to focus the light
in various parts.of the‘system. Basically, any significant change
in therresponse of these elements will give enormous derivative
curves that may virtually wipe out any trace of the wanted signal

in that particular region of the spectrum.

v
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The usual way to get around this is to split the incident

light into two beams;-_Ohe of the beams will be reflected by the

usual, while the other is measured directly, (48). The

‘latter signal should contain only the dI_/d\ term, while the
former would contain both. The two signals.are then subtracted
‘using some kind of feedbaék arrangement in order to‘keep the two
dIo/dK terms at the same.amplitudes. However, in order to be
able to accomplish this, the two détectors used, must have
identical responses. If they don’t, the two dIo/dX terms will be
differenf and so will not subtract properly.

In the case of CdenyanTe, the signal was strong
enough to be seen in most regions of the spectrum without any
subtraction. When it did'becoma necessary, a separate measurement
‘of dIo/dk was Qerformed_by substituting a small-mirror.fér the
sample.

It should be mentioned that. the method described here is
different from the normal procédure of measuri;g 1zgjﬁn/dx which is
obtained by further dividing the output by the D.C. part of the

. . ' B °
signal. However, it was found that in using the simpler method,

the values obtained for the energy gaps did not differ P

significantly from those of other researchers, (106, 108, 116,

139), using different types of measurements.
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3. 3 APPARATUS USED FOR ENERGY GAP MEASUREMENTS
3.3.1 WAVELENGTH MOBULATED REFLECTANCE -

Monochromatic light from a monochromater waé used as the
incident light, I,- In order to measure the derivative of the
rgflectance, this 1ight may be modulated by a small amount AN, in
wavelength. If this is done, then Phis small modulation,
continuously sweeps out a small portion of the reflectanée curve, .
(see fig. 3.2). When AN is small enough, it will approximately
measure the slope of £he curve at the point P, which is '
proportiénal to the derivative at that point.

A schematic diagram of the experimental setup is shown iﬁ
fig. 3.3. The light from the source is focused on a slit whose
aperture.}s set at 1.0mm. From there, it is reflected on to a
grating and then usually would be reflected on to.the exit slit.
But instead, it is directed on to a mirror, which can be
cqhtinuously oscillated through a smali angle. This is where the
wavelengtK modulation takes place.

A émall motor controls the oscillation freguency of the
mirror. With the frequency of oscillation-se£ to zero, the light
reflecting off the mirror is directed on to the exit slit. Since
the-light has been‘split into its different components by the
grating, there is a spatial distribution in wavelength along the
wall around the exit slit. So only the wavelength that happens to
be directly incident on the slit is permitted through. The angle

of the diffraction grating determines what this wavelength is,

Wwith the oscillating motor on, the mirror vibrates back and forth,

]



FIGURE 3.2 Derivative of‘a_ Reflectance Maxima



Recoder

QO Mirror

Samle
A
Osclllatlng

" Mirror

2 £

4

7

- ] oittraction

z Grating

) )
Light Source Monochromater

F1G..3.3 Modulated Reflectance Apparatus.



=36-

shifting the entire.spect;qm on the'exit wall back and forth, whica
in turn sﬂiftsithe wavéléngth_of the admiﬁtéd light by a small
amount AA. ‘
~ The modﬁlated "monochromét;c"iliéht is £hen focused on ﬁd a

sample, with the reflected light measured byla photomultiplier.
Two different photomultipiiers were'used; An RCA 4832 was uséd for
most of the preliminary room temperature measurements. Later a
more sensitive lPZQ'éhotomultiplier was used in measurements done
ag a function of temperature. ‘The photomultiélier siénal was fed
into a lock-in amplifier which was lacked én to the'oscillation'
frequency of Epe mirror. In this way, only the modulated signal
was read by the lock-in. The output signal was in turn féd into an
¥-y recorder or, a signal analyzer, which éssentially served.the
same purpose as the chart reéorde:, |

The main difficulties with this system is ®&ncountered when
the energy gap lay near a large strqct&re due to dIo/dk. Since
such structures were, for the most part, caused by-the response of
the gratiﬁg and the light source, two different gratings ang light
sources were used. The two diffraction gfétings had 600 énd 1200
lines/mm respectively. Some of the strong curves in:the spectrum
of one grating, did not .occur in khat of the other, (at least not
in the same place). So by changing the grating, a previously
unsurveyable region in the spectrum became measurable.

The same effect was obserﬁed-with the two different 1ight.
sources. One was a 650 watthua;tz—iodide lamp. The sgcond.light

source was a tungsten filament bulb, which had a maximum power of
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about 40 watts. A focusing mirror puilt inte the tungstén light
assembly, increased the effective light intensity so that it was
more comparable, {(but still not equal), ﬁo that of the |
qugrtz—iodide‘lémp.

Together, in various combinations, the two diffraction
gratings and the two light sources, provided essentially four
different "background" spectrums with differen£ dIO/dX structures,
thus opening up most of the visible spectrum to investigation
without too much interference. However, in switching.gratings, an
error in the calibration of up to two nanometers could be
introduééd despite'frequent checks with a meécury vapour lamp.

Because of this, the'same'grating and light source was used for all

the various temperature measurements of any one sample. o

3.3.2 CYOGENIC APPARATUS'
For measurements below room temperatufg, a CTI-CRYOGENICS
model 21SC CRYODYNE.cryocooler was used. A schematic diagram of
the entire system is presented in fig. 3.4. The system employs

. -¥
Joule~-Thompson expansion of He gas to cool down to. just below 10K.
' vy '

~

The compressor is connected to the cold head by He .supply and

- return lines. Together, they compress and expand the gas and so

provide cooling fbr-the cold station bélow the cold head. The cold
statidn, fige 3.5, is divided into two stations, where tﬁé
different stable témperatﬁres.Can be maintained. For the preseht
set of measurements, only the second stage cold station was‘used in

order to reach the lowest possible  temperature.
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FIGURE 3.4 Schematic of the' Cryogenic Apparatus for Measuring
the Energy Gap at Low Temperatures.
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Toacontrol the tempe§qture, a LAKE SHORE CRYOTRONICS model -
drc-80c Digital C:yogeni& Thermometer/Controller, was used. This
includes a 0-10 watt and 0-25 watt heater and a_cal%?rated DT-500
seriés silicon Qiode the;hometer. The temperature could be 'set for
a resolution of 0.l1K above 100K and f;r 0.01K, below.” The accuracy
_of he sensor is stated to be within 0.5K at 4K and at 77K and 1.0K
at €73K. The controllability is stated to be within b.lK or
bettér:,‘This high stability was indeed observed during operation, -
since any set temperature would remain stable indefinitely. The ‘
sensor was mounted on the second.stage'cold station.

| The sample holder, fig 3.6, was firmly attached to the
bottom'éf the sécond stage. It was madé of copper and consisted of
two bieces. The main Section was designed to a&tach to the bottom
of the cold head in such a way as to providé the maximum possible
surface contact. -The samples were mounted on a removable copper
plate which was connected to the main part of the holder by three
brass screws. These screws, being made of a different materialt |
had-to be tightened stfongly in order to prevent any loosening of
the plate at low Eempergtures.

In order to facilitate mounping and removing samples, heat
sink‘greasé, which has a high thermal conductivity, was used.to
attach the sampléﬂto'the copper plate. Enough room was available
on the holder for up to six different samples at one time.

The emtire cold station was enclosed in a vacuum chamber

which was maintained at a pressure of 10-4mm of Hg during

-

operation, to provide thermal isolation. The chamber possessed

-t



-40-

" Hellum 'Gas
/ Return

Hellum Gas | _ -
Supply | SR

First Stage
Cold Station

Second Stage

” ' T  Cold Station

Sample
Holder
Mount:
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four windows for optical méasurements of the enclosed sample.’

-
-

3.4 DETERMINATION OF EﬁERGY GAP
3.4.1 SAMPLE PREPARATION

The optical measurements ;ére pérformed on suitable pieées
of eaéh sample. These-pieées weﬁg usuélly obtained by slicing off
a portion between two and,th:éé millimeters in.thickpess.
Occasionally fragments, broken from the.sample when being.handled,
were found fo.be satisfactory. ©One faqe of the piece was hand
polished using i.o micron aluminum powder. This was done to remove
any shallow damage in the crystal ad well as to make the face as
flat as possible. The next step was to efch the'piéce in ﬁﬂ??
solution of bromine in 99% pure methanol. The etching process
involved gently rubbing the face 6f the sample‘over the surface pf
an absorbent paper saturated witﬁ the solution. With a good
initial sufface, no more than a'couple of minutéz\bf\this was
needed to obtain a mierr like finish on the face._

Only the best samples ended up with such good surfaces.
Usually,'the pieces were pitted, making it impossible to obtain a
smooth facé,hno maﬁter how much pblishing was attempted. These
partiéular sémples réflected less light but this did not hamper the
measurements since t?e equipﬁent was sensifive enough to handle |
weaker signals. Measurable signa1§ could be detected, even from

samples with very small surface areas due to breakage.
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3.4:2 ANALYSIS OF DERIVATIVE CURVES

Once a derivative curveicorresponding to an energy band
transition was. found, the value of that t;éns%tion had to be
determined. ' From fig: 3.2, one'woula expect the peak of the
reflectance maxima fo be given by the point where_the éerivative.
curve crosses the base line. IUnﬁortunately, the nature of eqg. 3.1,
with both an R factor and on IO factor on the right hand side,
makes 4t difficult, if not impossible, to determine where the base
line is. Furthermore’, not all 6f the bbserﬁed transitions were as
‘'symmetrical as what is shown in fig. 3.2, so a ﬁethod was needed to
account for this.

The position of the transition was determined as a fraction
'of the peak to peak width of the derivative curve. The following
procedure,%§31UStrated in figs. 3.7 and 3.8} was used to determine
this fraction. First, a "base line" was determined by
extrapolating the general trend of the derivative spectrum in the
regions awgy from the transition. Then'the distances A and B were
measured arid substituted into the follqwing equation

&

D A

C ] A+B

where the peak to peak width is represented by C and the distance

between the first peak and the transition is represented by D.
For a perfectly symmetric curve, B = A, so then D = C/2 and
the transition lies right in the centre as in fig. 3.7. 1If B is

small compared to A, the value of D approachés C, or in other

words, the position of the transition approaches the second peak in
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fig. 3.8. On the other hand, if B is made sﬁall then D goes to
zero, resulting in the transition being located nearer to the first
peaﬁ. As can be seen from the Eigqres, this type of calculation
can deél syccessfully with the asymmetry which may be encountered.
In fig. 3.9, a structure in the derivative spectrum for a
sample of Cd0-152n0'45Mn0.4Te represgnts a typical result at‘room
temperature. The width between the two peaks is aboét 9nm. If the
method aescrgbed above giveg the énefgy gap to be at 528nm, then
the difference in energy between tﬁe'two'peaks, obtained'by uéing
the relation, E = hA/c, is about O;dBeV. This is'qﬁite small
compared to the measured gap of 2.348evV. Any systematic error in
.this method of pinpointing the transitiop, would have to be smaller
thaﬁ this. A.reasonable uncertainty of aboﬁt 1hm would give ah

error of approximately.0.00Sév.

3.5 RESULTS OF ENERG‘{ GAP MEASUREMENTS
3.5.1 ROOM TEMPERATURE MEASUREMENTS
A typical rooﬁ temperature result is presented in fig. 3.9.

The diagram éhows the raw "sample" signal before any éubtrgction as
well as the “"mirrqr" éignal. Several of the samples measured at
rébm temperature had relatively small signals so that it became
necessary to perform thié ﬁype of subttaction in order to estimaté'
the energy gap. But since it wag found théé the size of the signal
increased with deéreasing temperature this subtraction became

unnecessary at cooler temperatures.

The energy gaps for the alloy system, Cdl_zanTe, has
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FIGURE. 3.9 Results at room temperature for a sample of
Cdy 15 Zng 45 M, 4 Te. |
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been measured by others using a variety of techniques. For

example, Bottka et al, (106), have used electroreflectance, while
Montegu et al, (108), have used wavelengﬁh moaqlated reflectance in‘
their measurements. As well, absorption was used by Amrani et al,
(116) and piezomodulation by Lee and Ramdas, (139). 1In all these
cases, the values obtained for the enefgy gaps did not differ |
significantly f}om the present results or from each.other. -

Most§of the samples for whic? measurements were attempted,
produced satisfactory resulps. Usually, an anomaly was obsefved in
the wavelength“modulaged spectrum of the sample. Such a_featﬁre
would be absent in the derivative spectrum, obtained when an
aluminum coated mirror wés substitﬁted for tﬁe sample inside of the
spectrometer. .These two spectra would then bé subtracted from each
othef to reveal the derivat;ye signal of the energy gap. The
intensity of this signal varied randomly from one sample ﬁo
another. For scme, the signal was too small to be seen and so no
anomaly was observed.. In a few of thése cases, the sought after
signal became strong enough to.be observed only at lower
temperatures. In other cases, only preparing the sample.over again
produced results which could be measured, indicating. that the
strength of the energy gap signal varied for different samples of
the.samé composition. Sucﬁ behaviour-caq be attributed to the
effects of inhomogeneiﬁy which depend on the exact conditions under

which the sample is prepared.’

P

As with the lattice constants the energy éaps,'were plotted

as a function of composition. - Thé'plots were done in the same way;
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0.0 0.2 . 04 0. 0.8 . 1.0
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FIGURE 3. 10 Energy Gap Variation For Constant z at T=300K.
The solid lines were obtained by fitting to eq. 3.8.
The broken lines represent an Interpolation using
eq. 3.10. The dotted line represents the x=0 edge.
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broken lines represent an Interpolation using eq. 3.10.



_49_

fig. 3.10 i}lustrates the variation of thé enérgy gap for lines 6f
constant Mn, while fig. 3.11 illustrafes tﬁe variation fsr lines of
constant Cd:Zn ratio. Fig. 3.11 shows the same linear varlatlon as
the 1attlce constants did in fig. 2.3. The five lines extrapolate
to a single point at z=1.0 which would be the energy gap of MnTe,
if it existed in the zinc-blende structure. As in the case of t?e
lattice parameters;ﬁthe same value for this guantity should be
obtained from other SMSC alloys which are derived from MnTe and
have a zinc-blende phase. 1In fig. 3.10, the variation with y
concentration is nogllinear, in contrast to the corresponding
lattice parameter results in fig. 2.2. It was foulN that each
curve could be fltted to a second order. equatlon. .

7 In order to plot valuesﬁaf constant energy gap for the
ternary dlagram, just as was done for the lat;ice parameters, figq.
2.6, anléquation was developed which describes the vafiation over
the entire range'of solid solution. The same approach employed for
the lattice parameters was used to do this.

The general polynomial equation of section 2.3 mayv be
reduced to a finite number of terms by using the experimental
results, Fié. 3.11, tells us that the equation must be a second
order relation in y, whereas fig.'3:10, indicates the presence-of
linear z terms. The deveiopment will be accomplished in cartesian
coordinates, represented by, (Y¥,Z), and then é}ansformed into
triangular coordigates. In cartesiaﬁ coordinates, the

representation wanted is a section of a parabolic surface. For

2=0, the energy gap may be given by
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E(0)=a+bY+cY2 ‘ o (3.2)

Wwhat is needed is a methed-which will linearly reduce this equation

‘to a constant at 2=1., If we take Y as being a function of 2, then

a linear scaling factor would be . ‘

¥(z)=¥(0)(1-2} k\;)- (3.

whére.Y(O) can replace Y in equation 3.2. Similarly, E may be

represented by ’

- E(Z)=ﬁ(0)(1—i) o 5 (3.4)
A more general eqdation for the whole system.would then be
B02)=a(2)+b(2)¥(2)+c(2)¥2(2) (3.5)
If we now substitute equations 3.3 and 3.4 into equation (3&5). we
obtain .
B(0) (1-2)=a(2)+b(2)(1-2)¥(0)+c(2)¥2(0) (1-2)2
which when éompared to equation 3.2, tells us that a(Z)=a{;:Z) and
c{Z)=¢/(1-2). Putting these vaiues back into equation 3.5 gives us
E(zZ) = (1-2)a + bY + c¥?/(1-2) . (3.6)" |
In order to be able to use this equation in the ternary
diagram a transformation from cartesian coordinates, (Y,Z), to
triangular coordinates, (y,z) became'hecessqu. with the aid of "
fig. 3.12, the transformation was dériyed as follows. %irsti since
the =z cobrdinate is. the same in both systéms, the statement z=3%,
may be written immediately. To obtain the relapion for Y, the.

general point, u, from fig. 3.12 was used to géometricaliy derive

L™

the following relations - - ‘ ' )

. . PQ = ztan(30)
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FIGURE 3.12 Transformation From Cartesian. Coordinates to
: Triangular Coordinates.

‘LV\;' -
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QR = 1/3 - ¥

PR = ztan{30) + 1/3 -Y
SR = PRcos(30) ’
y =TS =1 - SR

y =1 - (ztan(30) + 1/3 - Y)cos 30

1/2 + 3¥/2 - z/2
Thig may be rearranged to obtain
Y = (2/3)y - 1/3 + (1/3)z (3.7)
_ The final form of the equation then is given by substituting eq.
3.7, into eq. 3.6. . o
C(4y2+z?-4y+4yzj22+l) g(2y+é—i)

E = + + A(14i) + E, (3.8)
3(1-2z) 3 g

o

The term Eo' was added ﬁo account for the féct thap Evis no£
zero at z=1, which was assumed in the derivation. -This represents
the intersectiﬁn of the the lines‘dra@n in fig..3.11.

The constants of eq. 3.8 were obtaihed by‘performiné a'’

. least squares fit to the measured data. The results were as

follows
A = -1.0421 ev_
B = 0.6096 eV
C = 0.2366 eV

.EO = 2.853 eV
with a standard deviation of 0.021 eV.
A test of the "goodness" of the fit was done using eq. 2.8.
For the case of the room temperature energy gaps, the uncertainty

in each‘value{raa, was estimated by combining three different

contributions. The first is due to the error in the composition

o . . -
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Whiéh ;rises_jrom the process of preparation and was discuése@ in
chaéker 2. The second is due ﬁo“inaccuracies in pinpointing the
energy gap in a tracing of the derivative sig;al and was discussed
in sectiqn‘3.4.2. The final source of uncertainty arises from thé
errors in calipratioﬁ disépéséd in secFion 3.3.1. As indicated,
this last source of‘error applies 6n1y.when comparing different
samples with each other such as in the present situation. When
comparing the energy gap of a éample at different temperatures, the
errors associated w;th this become largely systematic because the
'cqnditions of the spectrometer are not éhanged in.a temperature |
run-. The error bars ' in fig. 3.10 were estimated by combining these
;hree contributions. Using these valdes in eq. 2.8, "the
calculation results in Xi=l.06 which agéin indicétes that eq.

3.8 fits very well to the data, (104).

" As wifh the 1at£ice parameters,. the availablelenergy.gap'
data was used to test the williams.equatio;l'Z.G; Unlike the case
wi;h"ihe lattice parameters, the relationship between the derived
polynomial equation and the interpolated'équation; t2.6), was not
trivial. — | e .

To apply the Williams method to the energy gaps, the three
_relafions, 2.4, 2.5 and 2.6 remained.hnchanged,pwith the following
exceptions. The valPes for Bl’ 52 and B3 became the |
corresponding energy gaps values for the corners of the ternary
diagram in fig., 1.1. The 6the; change occurred for Ty 5 of eq.

2.4. This equation represents the z=0 edge of the ternary diagram.

‘As has been shown in fig. 3.10, the energy gap variation was not

'
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lineax, so a modification, (3) was used.

= _ o _
T12 sz + (1 x)B1‘+ Clzx(l x) _
T,y = YBy + (1-y)B, (3.9)
T31 = zBl + (l-z)B3

The C,, term in the first equation will be called the
bowing parameter and takes care of the -non-linear variation. This
equation is actually a general second order relation in x, which,
as has already been shown, can be fitted very well to the z=0 edge.

Equations 3.9 and.2§6 were substituted into equation.2.5
res%lting in the fsllowing equation

5 - {Bl+y(B2-Bl+C12)-Clgyzryx-+.yz{zB3+(1-z)82} + xz{xB1+(1—x)Bﬂ

{3.10)
. (xy + yz + xz)} '

Values for B, (CdTe), ‘and By, (ZnTe),.B3, (MnTe) and C,, were

calculated by fittiﬁg the energy gaps from the three edges of the

composition triangle to egs. 3.9. The values obtained are as

follows
-
B1 = 1.516 eV
B2 = 2.267 eV -
By = 2.823 o
C12 = -0.3531 eV

With'tﬁese values in eq. 3.10, the energy gap can be estimated for
any composition. The standard deviation was calculated to be
0.025eV which is not ver? much larger Ehaﬁ that caléuléted from
fitting eqg. 3.8. On the other.hénd, thé feduced X2 was

calculated to be 1.28 which is significantly larger than that for

eg. 3.8 but not large enough to suggest that eqg. 3.10 is not

b

-
L&)
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appropriate for tﬁis data, (104). |

A-similar analysis was performed by Debska et al, (143), on
the energy- band gaps of the Cd#HgyanTe alloy‘system.. Their
measurements restricted to a limited portion of the phase diagram,
‘but they were able to obtain very good agreement between their
experimental Qalues and those tﬁey interpolating by using eq. 3.10.

Comparisons of the two methods ovef the entire composition
range are shown in figs. 3.10 and 3.}1. The solid line is the.
fitted polynomial equation,'while the broken line represents the
Wiliigms interpolation. In'fig{ 3.10, the polynomial equation
predicts parébolas for all the constant Mn lines. A check of the
Williams equation shows that only- the z=0 line is pqrabolic while
.£He others are rational functions. In fig. 3.11, straight lines
are predicted by the polynomial.equation, whereas ohly the y=0 and
x=0 lines are predicted to be straight"by the Williams equation.. ~
Unlike the case for the lattice éarameters, thefe is a distinction
between the two equations deﬁelopéd here to describe thelenergy gap
variation. Both result in s%milar behavibr_along the edges'df the
ternary diagpém, but are inférpolated differently, inside the
triaﬁgle;- . 4 .

In cohélusion theﬁ, it was found that the Williams
interpolation, which only made use of data from the edges of'£he_
composition triangle could 5e used to_éredicted vqlués for the
"interior" of tﬁé_trianglerbut it waé not as aécurate as a
polynomiai eduation-which ﬁsed all of the data.

- The nekt.step in the analysis was to determine the values
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of constant energy gap for the system. The preceding analysis . .
resulted in two equatidns being available to do this with. It was
decided to use the polynomial equation because as well as being.
more accurate, it was simplér to use than eqg. 3.10. The results
are presented in fig. 3.13. -

3.5.2 VARIATION WITH TEMPERATURE i

' 4

As was indicated earlier, the signal due to the energy gap

-

‘increagéd with decreasing temperature to such an extent that it
becéme possible to determine the eneréy gap without having‘to
subtract the dIo/dk term. This can be seen clearly in .Fig. 3.14
where an example of a géod set of signals,'obtained for the sample

<

qu.£;52n0-175Mn0.65Te,.is plotted.' The intensity of the
derivative signal increaées by about a factor of five between 300 K
?nd 10 K. - Such é dramatic increase in intensiéy was not observed
for alllcases. .In fig. 3.15, the results for a sample of

Cdg ,52Ng ,gMng gTe are illustrated. It can be seen that tﬁe

_ size of the_signal'varieé very little over the range of.

. températuregrindicated. .Some samples, for whiéh a signai was not
observed at room temperaturé; yielded results only at fower

_ temperatures. The extreme example of this is given by the case of
Zn0.3Mn0.7Te in fig. 3.16. A very weak structure was observed

at the lowest temperature, which shifted towards longer wavelengths

¥

"as the temperature was increased and eventually disappeared at
: (2
temperatures higher than 30 K. The larger stationary structure,’

which occurs at 420nm in this figure, is due to the responée.of the
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optical system, as discusséd éreviousl;; énd should be. ignored.
These tracings were obtained by combining several different sets of
measﬁrements with a signal averager. The relative size of these
signals is much smaller than those in figs. 3.14 and 3.15. This
can be feadily séen by éonsidering'the quantity of noise present in
each case. |

Such dramétic_differeﬂces in signal intensitieé appeared in
random compositions, indicating that.it was not an effect of
.Ehanging the concentration of the samples. The amount of increase
of the signadl intensitf with a lowering of temperature, waé also
found to vary independently with composition. This may be seen
clearly by considering f?@s. 3714 and 3.i5. The cémpositidns.of
the samples in these two diagrams are quite close together, yet the
behgviour of the signal intensity is quite different.. Such
dissimilar behaviours for the variation of the signal intensities
are most likely the resﬁlt of the effects of inhomogeneity in each
sample, which depends_oh the conditions under which it was produced
and not an its composition.

Variation of the energy gaps with temperaﬁure is presented
in figs. 3.17 to 3.21. All samples experienced an increase in the
gap with decreasing temperature. This thermal incréase was linear
Vfor all cases at temperatufes abdve approximately 200 K. Below.
this point, three different behaviours were observed, over three
different composition ranges. For saﬁbles with Mn concentrations
below 20%, the increase began to level off when the teﬁperature was
lowered below approxihétely 100 K. This behaviour is typical of

_--—"‘"\

/
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that 6bserved‘with conventional nonmagnetic semiconductors.;ith an
- adamantine or diamohd like structure, (33, 34). For samples with
Mn con?entrations between 20% and 50%, the energy gap increases
more rapidly in.thfs range than in the previous case. This .results
in an almost iinear behaviour over most of the_temperature réhgel
The rest of the samples also showed an increase but in these cases,
it was larger and resulted in dh‘upward curvature in this :

-

intermediate temperature range. At the very lowest temperatures,
: . . o
(T < 20 K), the curve appeared to level offi in all cases. The

. 3 .
‘solid.lines in these figures for the z=0 samples are the results of

" an analysis which will be discussed below. The other solid lines

-~

-

were not produced from a least squares fit analysis but serve \
merely to guide the eye.
This behaviour suggests that there is an extra increase or

a "blue shift" in the energy gap a4t lower temperatures. The effect

e

increases with Mn concentration aqd'aléo,becoﬁés more pronounced: as -
Zn 1s increasingly substituted forICd: Such behaviour is simifar’
'_to thqt reportéd in chapters 4 and Srwhere it was found that the
magnetic properties generélly intreased with Mn and with Zn

_concentrations. In light of this, it may concluded that the

+ increased energy gap is a magneficfeffebt. The difference between

[

.-the sampleS‘Qith,small y and with rgrge Yy are sgéagﬁﬁst clearly for
the cases with higher ﬂn'conéentration} For the Cd;iéMﬁ%Te system
-in fig. 3.17, the_ﬁpwa:d curvature of the energy'gap is almost
totally absent in the large z caées. Measureﬁenté of the energy

'gap as a function of tefperature have been made by others on this

!

F

L~
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edge of the pseudo-ternary_diagram using wavelength modulation

techniques, (108), as well as electroreflectance, (6, 106),

piezomodulation, (139), and absorption, (8, 107). The results in
these cases are similar to those reported here but the "blue shift"
went largely unnoticed, probably Qecause it is smaller with- these
cd samples However a shift similar to that observed here was .
dlSCUSSEd in a recent set’ of measurements by Diouri et al, (141);

on the same Cd1 zMn Te system. In those results, the "blue shrft"

was.more distinct for the samples with high z concentratlon than in

the present set of measpremepts. B

. It has already Been stated that the energy gaps of the
samples with low Mn concentration behave lrke.typical aiamagnetic
semiconductors so these cases will be dealt with first. There are
two cohtributions‘tq ;He observed shift in the‘gap.. The first rs‘
induce@lby the dilation cf the crystal lattice.‘ The seéond
contribution arises from the interaction of phonons with band
electrons. A means of accounting for these two factors has been,
developed by Manoogian and Lec}erc (33, 34), and rs‘represented~by
. P -

the following eguation

(0) - Ej (T) =-'UT + VB[coth(B/ZT) - 1] (3.11)

Iwhere a, v, s, and B, are parameters 1ndependent of temperature

The two terms on the left hand side of the equatlon represent the
enerqgy gapfgt a temperature 0 K and T, respectively. 'The effects
of the lattice dilation and phononrrnteraction are represented by
“the flrst and second terms of the rlght hand srde of eq. 3.11. The

parameter 6 was found to correspond very. well with the mean
6

’
L4
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phonon frequency.. For this systgm,.é; may be taken to be
approximateiy 206.K, (35). It was E;und, by Manéogian and Leclerc
ahd by others, (36, 37); that the valﬁe pf the parametgf s, was
always approximately 2/3. Using thése‘two values -in eqg. 3.11 and
obtaining Eo fromlfigs. 3.17 to«3.21,.the sets of values fof
the z=0 samples were fi;ted,to obtain values for U and V which are
listed in Table II. Samples with -2z=0.1 behave in a similar manner
to the diamggpetic samples aﬁd could also be analyzed.using eq.
3.11. ‘Thése, however, will be considered later in this discussion.
As z is increased &bove 0.2, the "blue shift"‘qf thé energy

gap becomes‘sigﬁificant. Similar effeéts héve been observed in
magnetic semicondﬁcﬁors such as Mn(, Mné and CoO, (109}, and'MnTe;
S (11M. 1In general, an antiferromagnetic semiééﬁduptor possesses a
"blue shift", while a ferrﬁmagnetic semiconductor expériences a
smaller than ekpected energy gaé or a "red shift". With thgsé
guidelines in mind, one would tend to iﬁfefﬁjyat the magnetic
* interaction of these diiutgd magnetic ﬁatéri ls is
antiferromagnetic. This will be confirmed by*the resﬁlgs'of
chapter 4. Somé materials, such as MnTe ) ﬁave,a kink in the
' thermal dependeﬁce of the absorption.edge, which coiﬁcides with. the
Neel temperature.measured by magﬁetic susceptibylity. No such kink
was observed in the resufhs of figs. 3.17 to 3.21. |

| AnalySis of this.magnetic_éffect on the energy‘gap required
the determingtion of the magnetic contribution, AE. 1In reference
109, this way accomplished by extrapolating from the high

temperature range where such effects would be negligible. A

\
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»
SAMPLE ‘ U ' A Eo(eV)
-4 ~4
CdTe 4.17x10° 7 1.57x10 1.591
-4 -4 . - e
Cdy 75200, 25Te 1.71x10 1.77x10 1.750
_ F -4 Voo b
€Dy sZny cTe 2.73x10 1.98x10 " 1.877
, -4 ' -4
Cdyy. 5520y 45Te . 6.01x10 l.-91x10 2.6
ZnTe 7.37x10"2 2.05x10 % . 2.390
oo
L . L

TABLE II Values of the gonétants obtained in fitting the thiémal dependance of
. the energy gap of“snmples on the diamagnetic edge. eq.13.ll, with
8=200K and s=2/3. ) :
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similar procedure was performed with the results of these materials

using eq. 3.11. - The main contribution tothe change in Eo is
. “ . .

from-the second term on the right hand side, (34). Because of this

and because of the similarity of the alons of a given x to .y

ratio, eq. 3.11 could be modified as follows

E,(0) -~ E_(T) = N(é){ui + ve[(coth(e/8T) .- 1]%~+§}Ti3‘“
where N{(z) is some parameég?hwhlch depends onég\\ h;; egquation
assumes that the parameters U and V‘w111 vary in the same way’with'
z, (38). The values of U and.V correépogh tb the é¥0 §amp1es in
the five pseudo-binary cases, y =0, x=3y, y=x, y=3x and x=0, and
have already been galculated For the diaﬁagnetic cases, N(z)=1

and eq. 3.;2 would reduce to eq. 3.01. For the samples of higbér_
z, only‘the parameters, N(z) and E {0) needed to be_determined.
BEg. 3.12 was used to fit to the high temperature data and to
obtained values for &(z) and E_(0}. ‘This,epagaed the
extfapolation at lower temperatures’ to be'pe:formeé which in turn
allowed one to estimate AE. 7 |

The next stepfﬁltﬁm process is to décide what 1s the range
of températures for which the magnetic contribution can be
neglected. The anaY§£is which will be carried out on the'Magnetic
contribution, once it is isolated from tﬁe total effect, is based
on a theoretical study, by Alexander et al, (111). Théy,showed
that a shift in the bdttom of the conduction band occurs around a
magnetic critical point. 1In these mé;erials,'the critical point is

either a spin glass or antiferromagneﬁic transition and will be

represented by the symbol Tg. The temperatures where they l
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occur have been’ determlned through measurements of magnetic - \L/
susceptlblllty and are presented in deta11 in chapter 4 " Along
with those results, ESR measurements, in chapter 5, showlthat the
magnetlc effects due to the proxlmlty‘pf these critical .points

become important at:seMe temperature‘below which the linewidths

. show appreciable broadening.- With these considerations, the range:

of the fit‘Wae taken to be from room temperature down to somewhere

between 100 K and 200 K, depending on the Mn concentration of the

particular sample.

The data .for the magnetic‘samples were fit to eqg. 3.12 with
the values for the resulting parameters listed in Table III. The
broken lines in figs. 3.17 to 3,21 represent the low temperature:

extrapolations and illustrate the amount of the shift in the energy

- gap. The difference between the measured values‘and the broken

line was taken as the magnetic contribution to the energy gap, AE.
For the z=0.1 samples,‘the broken 1ine‘fits over the entire
temperature range. As well, the value of E (0) predictedrfrom
eq. 3. 12 is 1dentlca1 to that obtained frém the graphs. This
indicates that the magnetic effect is negllglble in these samples.
As 1nd1cated prev1ously,.the yalues obtained for AE were
analyzed usiné the theory developediby Alexander et al, (I11). .In
their work, the authors considered the effects of spin fluctuations

-

around,the crltlcal point on the‘conductlon band.  In thlS case the
. ‘ .

-

critical point is the eharacteristié‘temperature'T . A
different model has been proposed by Matlak et al, (144), to

describe the shift in the absorption edge of an antiferromagnetic

N
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\sémiéonductor.‘ This formulation involves the interaction between
the band eiectrons-and an ordered arrangemént of antiferromagnetic
spins, implying‘that tﬁe shift occurs only below theJcritical-
point. Such a model does not seem to apply in the present case
because there is no reguiar arraﬁgement of spins in this material.
Also an examination of the Tg values from chapter 4 and the
energy gap results in figs. 3.17 to 3;21, indicate that the shift
is present at temperatures above the critiqal‘poiht. -On the other
haﬁﬁ?hthe"model proposed by Alexander et al, deals witH'spiﬁ
correlations; which are significant above and below thé critical
point. | | .
Using-spin correlation functions, Alexander et al sthed

HH}hat when the temperature is close to the critical point, the

" dominant contributfion comes from short-range spin correlationsland
that the long range effects become relatively small. The range of
température over which thié condition holds is called the critical
region. When the temperatufé is sufficiently different from
Tg' in the noncritical region, the long rangeAcorrelations

become relatively more importanp:

On this basis, they showed that the variation of AE

satisfies the following relation

4 : . o )
. - (AE) o -t™H . . .
dt . |
- o o |-, |
where t 1s the reduced temperature difference, T , and

-

" the form of the eprnent u depends upon the particular conditions

being considered. If P is included as a constant of

r
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proporticnality, then the expression may be written as
Co o 4 : AL . .
- (AE) = -pt * , (3.13)
w3 dt . - :
Integrating'eq. 3.13 giVes'
_Ptl-”"

.

AE + K (3.14)

1-p
wbere K is a constant of integration. For a semidonductqr.with
antlferromagnetlc lnteractlon betwee the spins,.Alexander et al,
(111), showed that in the noncritical region, p should have.a value
of 0.5 while‘Kasuya and Kondo, (112}, indicated that in the |
critical”region; ¢ should have a vdlue close to zero.-

If the value éé AE at._‘l‘g is written as AE_, the
constant of integration in eqg. 3.14 can be eliminated and the
equation rearranged 'to give

P

‘ !
In|AE-AE | = 1ln — + (1-p)In(t) (3.15). .
c' - # .

' 'By plotting lnLAEﬂﬁEc|.vS In(t), the values of AE obtained from

)

R

the application of“eq. 3;l2 can be analyzed and values for pu_,

the critical exponent, and u_, the noncritical exponent, can be_t}u
determlned and’ compared to the predlcted values in references 11}
and l12. " As well, values for P, whlch from eqg. 3.14 measures the'

strength of the total spin interaction on the band-gap'variation

-may be calculated. It s;guld be. noted that because of the form of

eq. 3. 14, the behav1our of‘AE for T < would be expected to
— g
mirror the behav1our for T > Tgt Using the values of Tq ftrom:®

chapter 4, AEC was calculated for each sample and the plots

2
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FIGURE. 3.22 Analysis of AE for y20 using eq. 3.15.

The solid dots represent values for
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'based‘bn‘eq. 3.15 were made and are preseﬁted in‘figsv'§:22‘to
3.26. ‘: . - o l ; “‘ R ‘
"In.these figures; it can be seen thatvfor the cases of high
z, each set of points leldes into two parts and that, to a
reasonable approxmmatlon, they may both be fitted to two different
straight lines. These twq\sectlons presumably represent the
critical and noncritical behav1ours.1 Samples with smaller values
of z, only had a single linear part indicating that only critical
behaviour is obsérved and that the leng range spin correlations
'never become SLgnlflcant. In some cases, Tg was 1arge enough
so that several measurements could be made at temperatures below
the critical.point. These valueg-are represented by the squares_in
the figures. They show that the behaviour of-AE below T; is
similar to that above, as wou}d be expected from eq. 3.;}& ‘fer
each sample, values of P and p were determined both in the critical
range, e and éc' and,.ghen available,lin_the noncritical )
range; Py and P_- These values are summarized ih Table III.
For the critical range, the values of p. are very close
to zero with a mean value of 0.04 and a standard deviation of 0.1.
.
This is in good agreement with the value quoted by Kasuya and i
Kondo, (112). In the noncritical regios, the p  values werep
all-found to be elose to 0.5 with a mean value of 0.51 and a
standard deviatien of 0.07.77Again, this agrees well with tﬁe L
preérction of Alexander et al, (111). ) ‘ , i- ;

In figs. 3.27 and 3.28, the values of Pc and Pn are

plotted as a.functien of Mn concentration. It can be seen that in
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both of these‘cases, the amount of scatter nearly obscures a small
increase in P when the Mn concentration is'held constant and the zn
concentration is increased. Fof sampleé with 2<0.6, the points on
both grapﬁs decreases with decreasing z and can be made to .
extrapolate to z=0.18 at P=0. This last quantity coincides w{th“
the nearest neighbour percolation limit detérmined by magnetic-— -
‘sugceptibility results in chapter 4. Below this concentration, the
- nearest neighbour interaction becomeg negligible and the remaining
rlonger range interactions result in a weaker Tg occurring at
temperatures below 1 K. It is tﬁgn not surprising that samples
with z below this percolatidén limit do not have a significant shift
in the energy gap. For zx0.6 there were fewer values of P
available, but in both figgﬁbs. the values of P increqsed more
rapidly with z than for the more diluted cases. 1In this range, the
magﬁetic susceptibility results Qf chapter 4, and the neutron

-

diffraction measurements of Holden et al, (50} and Giebultowicz et
al, {51) shdw that the material behaveé like an antiferromagnetic
so a change ;n behaviour‘iS‘not unexpected. Overall, figs. 3.27
and 3.28 resemble the magnetic phase diagram presgntgd in fig.
4.12. - " |

Estimates -of the temperature at which there is a change
from critical to‘noncfitical behaviour, T , can be made from fiés.
3.22 to 3.26. These values‘are plotted as a function of z in fig.
3.29 along with sdhe.values of Tg from susceptibility '

measurements. The values of T  appear to give a straight line

which-can be extrapolated to the origin. Alexander et al do not
4
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transition occurs.
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FIGURE 3.29 Temperature at which a Critical-Noncritical
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give a value for the limit of ritical range, but it can be

seéh ftOm‘fig. 3.29 that in general, T > 2Tg. Also, since
both T  and Tg'give etreight }inee, it is possible to write

TT, = aTg, t b (3.16)
-~ and within the scatter of these FQSU1t5J a=2 and b=25 K.

The preceding analysis, which is‘based on extrapolating the
magnetic behaviour by usingleq. 3.11, has yielded good results. In
order to test the sensitivity of the results-to the type of
equation used to describe the high temperature variatien of the
energy gap,'a similar analysis was netfermsdufor a few samples

using an equati@n proposed by Varshni,'ZtASLo.

E(T) = E_(0) - aT?/(T+@) PO (3.17)

1‘--‘

where «a and B are constants lndependent Qf temperature A least
squares fit to the energy gap data for CdTe resulted in values for
the constants which did not differ,to greatly from those of
Sundersheshu and Kendelegicz, (107). A fit to the nigh temperature

values for Cd Te and Cd Te yielded a deviation

0.4M™0.6 0.3M7g 7 _

at low temperatures similar to that found whenlnsing eg. 3.11. The
resultiné valuzf for o were founa to increase systematically with
Mn composition end ere presented in Table IV. Values for AE were
calculated and then analysed using{eq. 3.15 and the results are

also‘listed in_Table IV. For Cd Te the critical and

0.3"%0.7
non~-c¢ritical values for § and P turned out to agree vefy qell with

those listed in Table III.  For Cd, ,Mn e, g, and p differed

0.67
from the corresponding values in'Table I11I, although they still

a%reed with the expected values. An investigation of some other

>
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SAMPLE Eo(ev) axl10 B B . B Pc Pn

]
&

,CdTe 1.589 -3.91 120 - - - -
Cd0 4Mno gTe 2.546  -8.8 120 0.07+0.03 0.45+0.02 1.6+0.1 1.15+0.03
Cd0 qMing ;Te 2.69 -10.4 120 0.08+0.01 0.60+0.01 2.1+0.1 1.0240.07

BaaN
Results of the application of eq. 3.17 to the energy gap variation of

TABLE IV

some of. the samples.
while { and P are as defined in eq. 3.15. .

E , @, and

ﬁi are as defined in eq. 3.17,
The subscripts on i and P

differentiate between the values obtained from the critical- and
non-critical range. ’ .
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samples indicated that the size of the magnetic contribution to ﬁﬁé3

eneréy iﬁp predicted by eq. 3.17 was always.the same as that

————

predféted by using eqg. 3.11.

"It is often of interest to know the value of Eo near

‘T=0. These may be determined from figs. 3.17 to 3.21 and are

piotged as a function of z in fig. 3.30. Although each set of

»

points ﬁay show a slight curvature, within the limits of
experimentél scatter, it is possible tﬁ dr;;.five straight lines
through the data. As with'the room temperature results, the five
lines intersect at one point for z=1. This value of93}22 ev
corresponds to EO(OJ for MnTe in the zinc bfende form. .For-
comparison, the room température results for x=0 and y=0 as o
estimated by eqg. 3.8, were plofted:as two sets of broken lines.
The difference between EO(O)‘and EO(BOO)'is seen clearly with

a large increase occurrihg in the slope of the lines when the
temperature is lowered from T=300 K to T=0 K. The magnitude of
this effect may be demonstrated by considering the results for tﬁé
samples on the x=0 eage. For z=0, the value of Eo(0)-E0(300)

is 0.11 ev, while for 2z=0.6, the ﬁalue is 0.29 ev.

In this section, it hiﬁ been shown that there is a strong
ﬁagnetic influence on the energy gapé of-tﬁis material at low
temperatures. This effect increases with Mn concent}ation, as
would be expected. The results also show‘that the magnetic
influence increases with Yy composition at constant z. This might

also be expected since the same behaviour was observed for the

Tg values. It will be shown in the next chapter that such an
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increase can be attributed to the decrease in lattice parameter

which was fepopted in the previous'chapter.

»

N
o N
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_ CHAPTER 4 . -,

MAGNETIC SUSCEPTIBILITY MEASUREMENTS
4.1 INTRODUCTION

"

An electron bound to a nucleus possesses a magnetic_ moment

o -

due to its spin and orbital angular momenta. The magnetic moments

associated with these angular momenta are given by

b = ~9HpS
= "gl‘-Bl

where s aﬁd 1 are the spin\and orbital duantum numbers, g is
the Bohr magneton and g is the specfroscopic ébigtting factor,
whicﬁ has a value very close to 2.0 for a free electron. For atoms
Qith more than one electron, it is necessary £o consider the
combination of. all the séin and orbital momenta. The method used
is called Russell-Saunders coupling and consists of a vector
addition of all the 1 ahd s quantum numbers to form resultant L and
5 values. These are then subsequently combined to form the total
angular momentum guantum number J. The tptal magnetic moment for a

\

free atom is then
By = —gpLBJ. | (4.1)
The g factor is now given by the Landé"equatfon;
J{(J+1) + S(S+1) = L(L+l)

g=1+ {4.2)
23(J+1)

-

o,
The vector addition of the guantum numbers results in only
partially filled electronic levels possessing a ‘fon-zero resultant
‘momentum. Because of this only atoms such as Mn, can have a net .

magnetic moment. The five unpaired 3d electrons of Mn results in a

-
!



[}

T E | ot

—

value of spin momentum, S, equal to 5/2. 1In.a solid, the angular,
momentum, L, may be quenched by the crystal fleld (19, 43).

\Consequently, it may not contrlbute to the. total magnetlc moment

Substltutlng §=J=5/2 and L= 0 into equatlon 4.2 glves 9—2 for Mn.

According to their magnetic properties, materials may be:_

o
-

"classified into.three general categories; diamagnetic; paramegnetic
and exchange coupled magneticfsystems. The response of these
materials to an applled magnetic flEld especially as a function of
temperature, provides one method of dlstlngulshlng between them |
For diamagnetic materials,‘this magnetic susceptibility, which 1s_
defined as X=M/H, turns out to be negative and indepenaent of
temperature. Paramagnetic systems have a positive susceptibility
and at high temperatures and in small magnetic fields, follow the
Curie Law, (19);

NgzugJ{J+1) c .

X = = - ' (4.3)
3kpT T

where C is the Curle constant, N is the number of magnetlc atdﬁgf’
kB is the Boltzman constant and T is the temperature in Kelu&p :
The spectrosc¢opic splitting’factor, g, is given by equation 4.2.
Exchange coupled systems. possess thHe common feature of
having—interactions between the atomic magnetic moments that result
in some kind of_alignment r correlation among these various
momente or'spi's in the lgttice. This categoty includes such
substances as ferromagnetic, antiferromagnetic and ferrimagnetic
materials. In these systéms, the coupling occurs through an

exchange interaction which is_a-guantum mechanical phenomenon with



~91~ .
. Lind L.
) ! . - ‘ -

no classical analog. It arises from the Pauli Exclusion Principle
and from the indistinguishability of electrons and depends on the
overlap of the electronic wave functions, (49). There are

. - - . - . AU ) .
essentially two- forms of exchange, direct and indirect. Dlrect

--exchange bcecurs through the dlrect overlap of the electron%c wave .

functions. Indlrect exchange occurs through an 1ntermed1ary such

as through the outer p electrons of a dlamagnetlc 1on. An example
of this superexchange, would be the interaction which occurs in
MnO. Here the Mn magnetlc ions are coupled together through an'
oxygen ion. Another type_of indirect exchange would be the RKKY;
interaction which was gentioned in chapter 1. 1In this case, the

*

coupling occurs through the conduction electrons.
‘ e
The exchange interaction tends to orient a pair of splns in

a particwlar manner and competes with thermal processes which tend

_to dlsrupt the correlatlon. A ferromagnet has its spins arranged

3

in a parallel manner . Above a certain characteristic temperature,

the thermal agltatlon overcomes the exchange forces and the

. -

ellgnment is lost. 1In thlS state, the material behaves llke a

paramagnet. At-temperatures far above this point and in small ,

;magnetlc flelds, the susceptlblllty may be described by ‘the-

Curle-Welss 1aw, (19), - )

. E
-

C L
X= — (4.4)
. T8

Here 6 is the ferromaghetic ordering temperature and is éositiue,
and C is the Curie.constant as defined in éq. 4.3.

'An'antiferromagnet, on the other hand, has its-épin-
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arrangea'in an antlparallel manner ® This may be demonstrated most
simply by a body centered cubic lattice. Such a lattica can be
d1v1ded into two sublattices, one represented by the hody center .’
site- and the other by fhe corner sites. Each sublattice cona}afs
of an internal paraliel alignment but ie'directed oppésitely'to the
other. Again the alignment is lost above a characteristic
temperature, known as the Neel point, TN' and the material
assumes a pdramagnetic l1ike state. At high’ temperatures above

: Ty and in a small magnetic field, the‘susceptibility is also
described.oy eq. 4.4, {(19), but with the Curie-Weiss temperature,
8, negative. AD example of the temperature-varying
susceptibility is shown in fig.'ﬁ.l.

Note that if @ in eq. 4.4 is zero, it reduces to eq. 4.3.
Therefore in all three of the cases dlscussed the susceptlblllty
at temperatures above any ordering point and in a smill magnetic
field is described by eq. 4.4, with 8 indicating the t&pe and
mstrength of the exchange interaction. A negative yaluekdenotes
negative exchange and antiferromagnetic'behaviour while afpositive
value means that the exchange is positive and the interaction is.
ferromagnetic. Paramagnetic materials do not possess a eignificant
exchange interaction, conseguently, 8 is zgro

A spin glass system is different from the types dlscussed
above in that the coupling doesn “t produce a long range order. _The
spins- end up ‘being frozen in random directions. Above a

characteristic temperature, the thermal processes overcome the

freezing and paramagnetic behaviour occurs. The magnetic
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susceptibility variation with tembérature is similar in appearance
to an antiferromagnet, fig. 6.1, with the free%iﬁg.température,
Tg,,occurring at the cusp.w' l)__.ﬁ | ‘
—_ This freezing of spins may be understood by consid8ring the
concept of frustration, (39, 66). .Frpstrafion occurs when there is
a competition in the interactions between spins. For example, a
'magnetic moment sitting in a crystal lattice may experience-an
exchange force with 'its nearest néighbours.which tend to align ii
in a particular direction. At the same time,‘it may_egperience a
force with its ne#t'nearest_neighboq;s.which tend to align it in a
different direction. ‘I£ the two forces aré-cémpa;able in strength,
. then the resulting orientation will be an equilibrium position
‘guite different from the ofientation due to the effects of either
the nearest ‘or next nearest neighbdur. Extending this Lo an entire
lattice would result in a set of spins whiéh are frozen in random
orientations.

In metallic spin giasses, Mn iohs are-édupled indirecély
through the conduction electrons. This prodess is knoﬁn‘as thé.
RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction, {(39). The
"exchange oscillates between positive‘and negative values as it
decays‘with aistance. This results.in competing‘antiferrqmagnetic
and ferromagnetic interactions from maghétic moments of dif%ering
distances which in turn leads directly to frustration. On the
othef hand, in some SMSC'S, the carrier concentratibn is not high

enough to support a significant RKKY effect. This is especi%lly
- /

true for the_CdenyanTe system since it has such axlargeﬁéﬁergy
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gap. In addition:to this, the exchange coupling is Believed to be
seiely antifefromagnet%c, (67),-50 there is. no competing .
ferromagnetism to’eause frustration. ” ' /

The ordering of spins with only antiferromagnetic

interactions is-affected by the type ef lattice involved. The
simplest arrangement occurs wlth a body centefed cubic 1attlce,

where all nearest nelghbours are allgned antlparallel to each other

whlle the_next nearest neighbours are aligned parallel. With an .-

_FCC lattice, the ordering is not.as straight forward. One possible

arrangement is illustrated in fig. 4.1, (67 If one considers
nearest neighbours only, \one can see that ehe orientation of any
one spin is influenced by ¢ m?etlng forces Thus it is not
dlfflcult to lmaglne ‘that the spin alignment can be frustrated with
a diluted lattice. With his calculations, De.Seze, (23), has
predicted that such behaviour ‘does occﬁr under these conditions.
This lattice effect is believed to be the source of the sp;n;glaes
propertiesiin these maéeriale.

Clustering of magnetic moments may play another major role

in these magnetic alloys. The importance of clusters has long been

_recognized in metalklic spin glass systems because of its success in

- explaining some anomalous effects. As a result, a lot of effort

has gone into developing cluster theor%eé of spin glasses, (see for
example refs. 21, 26, 42, 61 and 62). In a diluted magnetic: |
material, theumagnetic ions would be distributed randomly amohg the
availabie'lattice sites. Such a random distributionxwould mean:-

that some proportion of the ions are grouped together into clusters

-~



95

" FIGURE 4.1 Arrang'en"lent of spins In a type Ili antiferromagnet. \

b
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of various sizes. The proporéion of ions and the average size{of'
the é;usters would depend on’the concentration of Egﬁé. They may.‘
also be affected by chemical clustering, a term which is meant to
account for aL} effects which might céuse the distribution of ions

to be nonrandom. These physical clusters remain unchanged over the

range of temperatures in which the magnetic susceptibility is

measured.
At low,femperatureé, the intéractions between the magﬁetic
ions will become important'apd magnetic clusters may form. A‘
magnetic cluster consists of é group of magnetic ions which are
- completely aligned or frozen. 1In the extreme case eath magnetic
qluster becomes an‘ﬁndependent entity whicﬁ is - free td rotate as a
‘whole in the presence of other well defined magnetic clusters. The
size of these clusters will depend'on the distribupion of the
physical clusters and is probably affected by the temperature.
in SMéC, effects of clustering have been postulated from
measurements of ﬁagnétization, (62, 63). In ref. 62, the authors
discuss magnetization scaling.laws in terms of an effective :
concentration which is related to the clustering. They conclude

that these systems, (Cdl_zanTe and Cdl_zanSe), are made of

-~

antiferroclusters whose size increases with Mn concentration and
that they would be described more accurately by the term
fcluster-glass., This of course implies that the clusters are well
defined entities anéqkhat the important interaction which leads to
the long range freezing ig that which occurs between these hard

clusters and not between the individual spins. However, -the
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resulés to be presented in section 4.4 suggest that the presence of
clusters is not all that significant to the freezing process for
Cdl;zanTe. | .

Along with the magnetization results mentiohed above,
specifié heat measurements on SMSC with small concentrations of the
maguetic component, (19, 64, 65), have tended £o show that the
cluster distribﬁtion was not random and that there might be

significant amounts of chemical clustering, but this conclusion has

been questioned, (140). More evidené;?gf chemical clustering in

‘Cdl_zanTe crystais was deé;:;% by Escorne and Maugex, (63), from

4

their measurements of susceptibility and magnetization. However,

- recent work by Ayadi et al, and Oseroff et al, (119), have shown

that this, last effect might in fact be a result of inhomogeneous

crystals.

4.2 MEASUREMENT OF SUSCEPFTIBILITY
The susceptibility of a magnetic material is found by

measuring its magnetization when under the influence of an applied

field. This was accomplished by'using a SQUID magnetometer. The

high sensitivity of the SQUID enabled measurements to be carried

out on samples of small masses. Other methods of measurement, such
as using mutual inductance or a torsion balance, require a large

mass, typically about four to five grams.- However, with the SQUID,

the magnetization of samples as sm&ll as 0.02gms could be measured,

so the apparatus did not have to be designed to accommodate large

‘samples.
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One other advantage that a SQUID magnetometer has over
other types of magnetometers, is that only a small applied magnetic
field is needed to detect the magnetization. Previous measurements
on the systems, Cdl_zanTe and Cdl_thZSe, {25), as a'fuhction

), 4 . '
of magnetic field intensity, indicated that the value of the spin

a ‘.

glass transition temperature was affected by the.difafrent applied
fieids. These results showed a decrease of three to four degrees
in:some samples, in fields of 30 kgauss.

_ . The major disadvantage with the SQUID is the fact that the
detection systems/needs to be in a superconducting state. This .
requirgs‘the detecting coils to sit in liquid helium throuqhout the
experiment; At the same time, the sample, which must be iA close
proximity to the coils, has to have a variéble temperature
environment. This makes it very difficult to reach a high sample
tempefaﬁure without boiling off a large quantity of heliuﬁ.

The word SQUID is-.an acronym for Superconducting QUantum
Interference Device. This instrument may be used to measure very
small magnetic fields with an extremely high degree of accuracy.

It is based on two physical principals; the guantization of flux
inside a superconducting loop and the Josephson effect, (882.
Basically} the SQUID can be thought of as a fluxicounter which

counts thé "guanta" of flux through the coilﬁ This "quantum" is,.
equal to h/2e, Planck’s constant divided by twice the electronic
charge. Thig value is of the order of 2 x 10-7 Gcm2. The pdrticular

3 . . [ o .
device used in these measurements could measure small fractions of

a quantum resulting in an instrument sensitivity of about a
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thousandth of ohe flux Quantum.‘

The experimentai setup used to measure the susceptibility
is illustrated in fig. 4.2. The cryostat is a typical double dewar
system with liquid helium Eh £he inner dewar and liquid nitrogen in
the outer. A lead shield %ﬁside the helium bath surrounded the
inner part of the system and so ieduced any pen%tration from
external stray‘fields. A solenoid aﬁd a niobiumpcylinder were
placed inside ﬁhis shield in the helium bath. The solenoid
p%ovided a magnétic.field which was trapped by the superconducting
niobium when liquid helium was transferred into tﬁe dewar. A field
ranéing between 25 to 30 gauss was applied through the solenoid.
The niobium cy}inder also provided additional magnetic shielding.

A SHﬁ model 330 SQUID was used. The magnetization was
detected by a péir of oppositely wound supefconducting pick up
coils. The change in flux in these coils was measured by the SQUID
1in a flux transformer. The pick up coils provided two consecutive
measuremghts of.the magnetization of the sample as it successively
passed through each of the sets of coils. %}nce they were
oppositely wound, the two signals possessed opposite polarity. The
coils, as mentioned pfeviously, were also in contact with the
liquid_He, in order to keep them below their superconducting
transition temperature.

A sample was placed on the end of a long plastic rod which
‘extended outside the cryostat and was attached to a reversible”
Sbtor. This enabled different samples to be inserted and extracted

without openipg up the whole systérn as well as providing a means

)
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for driving the sample thréugh the pickup coils. To prevent the -
magnetization of the sample holder from intérfe;ing with the
measurement of the sample, a very pure copper»éonta%ner‘was
attac@gd to the end of the plastic rod to hold the sémple. This
carsisted of a small capsule, for holding the sample, which could
be screwed to the bottom of a short rod of copper. This -
arrangement did succeed.in eliminating éignals due to the sample
holder, but it did prove to be difficult to clean all the remnants
of one sample from the capsule when breparing for the next one.

To control the temperature of the system,lHe gas was
circulated around the sample. The gas from over the helium bath
was aliowed to enter a tube, which passes.into the inner container,
under its<own pressure. The tube was wrapped several times around
a‘Lopper ballast. A heating coil was also attached to thg copper
block. The He gas was heated as it passed through this point.
from there the.gas entered a double concentric tube system which
directed it around the sample and out of the dewar. The pressure
of the gas could be controlled by a pinch clamé on the exit tube

fand was usuélly maintained at about 2.0mm of mercury.

5 A great deal of effort went intP obtaining accurate
determinations of the temberature of the sample without interfering
with the magnetic meagurement.r Any temperature indicator would

have to be far enough-.away from the sample so that it would not aqg:=
any magnetic flux to the measurement. But since the heating of tgg %

sample is accomplished through a gas flow, too large a separation

may result in the temperatufe sensor and the sample being at

\

-
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different temperatures. Three different thefﬁbmeters were used,
each one placed in a different location. A chromel:gold 0.07% iron
thermocduple was positioned on top of the copper block. A
calibrated Ge resistance thermometer was placed near the bottom of
the block. Finally, a magnetic thermometer was placed on the
sample holder about 10 cm above the sample. The thermocouple was
connected to the temperature controller and so was.used as a
reference for controlling the temperature. The Ge thermometer was
uséd to calibrate the ﬁagnetic thermometer &t 4.2K. The magnetic
th;rmémeter consisted of a paramagnetic salt whose suscéptibility
was known to obey the Curie law.

Numerous measurements were made using these three’
thermometers. After examining and comparing the temperature data,
it was concluded that there was less than a-one degfééldiségreement !
between them. Consequently, subsequent'measurements were performed’
without the magnetic thermometer, substituting in its position -
another sample. This enabled two samples to be méasured
simulténeously.

To determine values of the Curie-Weiss constant, (eq. 4.3),
the absolute magnetic susceptibility had to be determined. The
measuring system was calibrated by Dr. Gilles Lamarche using small

lead spheres. The relation obtained is as follows;

J
- -5
{(1.25x10 )V
// X = emu/gm {4.5)
(1/2+0.23)M

The units of this equation are electro magnetic units per gram of

sample. The SQUID voltage is represented by V and the mass of the

-
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sample in grams, by M. The applied magnetic field is allowed for
by the i/2 £erm with i .representing the current through the -
solenoid in mA. The largest amount of error in deter@ining the
absolute susceptibility rested ih"the determination of the the
applied field ahd sample masé. Together, they resulted in a total
"uncertainty of about 2%. Using these units for susceptibility

" requires én adjustment to eq. 4.3; - ‘

2N, g%pus (3+1) _
emu/gm (4.6)

. X =
- 3k W (T+8)

L8
where NA i's Avogadro s number and z is the Mn concentration. W
is the molecular mass of each sample and is given by;

W= (XMCd Zn Te

where Mog is the molecular mass of Cd, etc. If eq. 4.6 is

+ yM + zMMn) + M
multiplied by W, then the susceptibility will be expressed in units
of emu/mole. The units of X.which will be used to present the'data
in the next sections are in emu/(mole of Mn) and were obtained by
further dividing eg. 4.6 by z.
/
4.3 Results and Discussion of Susceptibility Measurements
4.3.i Spin Freezing
Measurements were carried out over the entire range of

solid solution and for temperatures between‘4.2 K aﬁd 280 K. U
ﬁxamples of the low temperature susceptibility are presented in
figures 4.3 through 4.7. Samples'with z concentration bétween 0.25
and 0.6 were found to exhibit a SHarp cusp at a characteristic

temperature, Tg' In their work onACdl_zanTe, Galazka et al,

A
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.t18), concludéd that this cusp'is‘due to'spin glass freezing. This
was based on several pieéeé_offevidence including their
measurements of specific heat, which show no features at all at the
temperature where the éusp.occurg.. As we{gr neutron diffraction
results, by Holdén et al on an_zanTef (56) and bf Giebultowicz
et al en Cdl_zanTe, (51), indicate thét there is no ordered spin
arréngement below these éritical temperatures. These are thg same
‘phenomena observed in the.ﬁetallic spin glasses, (39).

The results illustrated in figs. 4.3 to 4.7 were obtained by
cde%ing-fhe‘éémple to as low a temperature as possible before )
applying the magnetic-field. The cusp is seen most clearly under
these conditions of zero field cooling, (ZFC); If a field is
applied before the sample’s temperature is lowered below its
freezing point, (FC), theﬁ_thé cusp is somewhat obscured, as
illustrated in fig. 4.8. The striking difference between the ZFC
susceptibility and the FC susceptibility below Tg may be
observed as an irreversible behaviour when measurements are carried
out as follows. First, the sample is cooled in zero field down to
4.2 K.  .As the temperature is raised, the susceptibility is
qbserved to increase with a sharp maxim océurring at the spin
glass transition point, s indicated inﬁ;%g. 4.8. As the |
temperature is further increased, X, is seen to decrease. Now, if
the measuremgnts are made as the temperature is decreased, thé
-susceptibility is found to coincide with the original values abéve
T, Below this point, thé values aré.larger than the original

g
ZFC measurements. This type of behaviour is also similar to that
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FIGURE: 4.8

TEMPERATURE

Irreversible Effects In Spin Glasses. The arrows
indicate the sequence of measurements-which

~ produced this result after the sample is initially

cooled in zero field.
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of the metallic spin glasses and indicates that at higher
temperatures, an alignment of the spiné by a magnetic field is., to
a certain exten“, retained by the spin system below the freezing
.Tpoint, (52). The observation of these irreﬁersible effects further
SUppo¥ts the identification of the cusp with a spin glass

ﬁransition.

For z<0.25, no cusp was observed and the material behaved
like a paramagnet down to 4.2 K, thellowest temperature which could
be reached. At the other extreme, z>016, the sharp cusp was
reduced Eo é more or less rounded maximum. Specific heat

‘meésurements made on a sample of C&0.3Mn0_7Te, by Galazka et al,
(18), reveals a maximum which coincides with the éusqeptibility
maximum. As well, the previously cited néutron diffraction
results, (50, 51), on samples of Cdl_zanTe and an_zanTe
with z>0.6 show structures due to type III antiferromagnetic
ordering on a face centered cubic lattice. This type of ordering
is illustrated in fig. 4.1.

Such .diverse behaviour has led researdhers to use a

-magnetic phase diagram to illustrate the properties of these
systems. The diagram is obtained by pyotting values of fg
'against Mn congehtration, as shown in fig. 4.9. However, it should
be noted that the usé of the term "phase" should not necessarily ‘
imply that the transition into a spin élass state is a true phase
change. It should also be noted that the term "Tg"lwill be
used to label the transition temperature for the samples with z>0.6

as well as for those which behave like a spin glass.

L]
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Values of Tg' obtained in the present work, are plotted
as a function of composition in figs. 4.9 and 4.10. These show
fairly good agreement with values obtained by other researchers, on:

Cdl_zanTe, (18, 54) and Zn,_,Mn Te, (53). It can be seen that

Tg increases more or less, linearly with z for z<0.6 and extrapolates
‘to about z=0.18 at TgFO- Since Tg values for samples of constant

z occur very close to each other, only -the values for y=0 and fér
x=0 are shown in fig. 4.9. The valueé for all the samples which

~, ‘were investigated, may be more clearlky p:g;gﬁtéé’by plotting as.a
function of y composition, as shown in fig. 4.10. A small but
definite incréase of Tg with 2Zn concentration is observed in

this diagram. This small increase can at least be partly explained
by the results of chapter 2. 1In that section, it was found'that
the lattice parameter decreaséd Qith Y. (fig. 2.5}, consequently,
the éistance between Mn ions becomes smaller towards the Zn side of
the pseudo-ternafy diagram. In general, exchange intemactions tend
to increase with a decrease in separation between the magnetic
ions. This would mean that the spins would freeze at a higher
temperature. |

Linear extrapolations of the Tg values for the different

x:y ratios are shown in fig 4.10. For each case, the extrapolation

at 0 K correqunds to a z value very close to 0.18, which is the

'same as that obtained from fig. 4.9. This value agrees quite well
with the nearest neighbour percolation limit for an FCC lattice as
calculated by various authors using a variety of techniques, (9,

-

24, 56, 57, 58)." The pércolation limit represents the Mn

-
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concentration below which the remaining Mn ions are too few to
sﬂbport é long range order or freezing through nearest neighbour'
inte;a;tions only. This concept may be réadily illustrated in two
dimensigns by using fig. 4.11. &he percolation limit of an
infinite square lattice is calculated to be 59%, (59). In Fig.
4.11(5) a randomly generated square lattice with 64% of the sites.
occupied and with nearest neighbours connected by solid lines, was

» .
generated by a computer. It can be seen that most of the occupied

sites are connec:;d together into one large group with a few small
isolated clusters interspersed amidst it. There also appears to be
larger isolated clusters near the boundaries but one should keep in
mind that these figures are only finite windows onto. the infinite
lattice and that these apparently isolated clusters would probably
connect up with the main cluster oPtside this window. 1In fig.
4.11(b), a square lattice with 54% occupation, which is below the
percolation limit, is presented. 1In this case, there is no single
large cluéter, only several Smaii clusters which are definitely
isolated from each other. This is the essentialridea behind
percolation. Below the percolation point, the system is made up of
many non-interacting or isolatéd clusters. As the concentration
increasés, the size of the clusters grow until they begin to
oveflap and eventually form an infinite size clusteE'at the
percolation threshold. |

According to-figs. 4.9 and 4.10, values of Tg for z=0.2

should occur at temperatures below 4.2K. This would explain why

they were not observed since the measuring system does ﬂot go below
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FIGURE 4.11(a) Square Lattice with 64% Occupation.

FIGURE 4.11(b) Square Lattice with 54% Occupation.
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liquid hellum temperatures. However, according to the same
figures, Tg for sample Zn0 7SMnO 25Te, which was not obserxved,

should lie in the observable range.- In fact, one would expect its

critical temperature to be larger than that for a sample of

0.3752n9735M90.375Te, which was clearly observeo;; There are

several possible explanations for this failure. One reason might

Cd

be due to errors in stoichiometry as described in section 2.1.
Another p0551b111ty may arise from the fact that the ZIFC

susceptibility of the 1ow z samples tends to rise again as the

temperature is reduced below Tg, as can be seen for the z=0.3
samples in figs. 4.3 to 4.7. The same phenomenon .was observed for

Cd Mn Te crystals of z<0.3 by other researchers, (18, 63 and

1_
81) and has been attributed to contributions from small isolated

clusters. Thls upturn 1n X may partly obscure the cusp -for sample
Zng.75M%. 25
of the cusp would be enhanced by the possible presence of chemical

Te if it were to occur very close to it. The masking

clusters. In the results of refs. 63 and 81, tqe authors claim not o
to have observed a cusp for a sample.of CdO.SMnO.ZTe' in oontrast-
to the results reported in refs. 18 and 54. " This has been
attributed to QHEmical cluste;ing aod récent measuremenps by Ayadi
et él, {118), and by'Oseroff and Gandra, (119), have shown.that the
presence of this type clustééing oay be reduced by preparing
materials with high homogeneity. For the present work, one would
suppose that the anneallng procedufe in the preparation of the

samples would tend to produce homogeneous samples, so thlS last

effect might not be important. -
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Another reason for the failure to cbserve a cusp for sample
Zng JgMng ,gTe may be due to a partial failure in the ZFC process.
To make measurements by ZFC, the sample is slowly 1owered through

the cryostat with the hellum flow set at a hlgh level to cool the
'sample below its tran51t10n temperature before it reaqhes the -
region of the cryostat where the field is present. For the cases
of smal} Z, Té is expected to oocur very near the lowest .
temperature which could be attained. It then becomes very possible
for the sample to arrive in the vicinity of the magnetic field
before it has been cooled below its transition temperature. As was
explained earlier, this would reeult in the FC susceptibility Beiné
measured, rather than the ZFC. Conseqguently, the cusp would not be
as sharp:as the other spin glass samples;

Below the percolation limit,.zso.la, no ordering or
freezing of ebins cen occur from nearest'neighbour interactions.
However, if the range of the exchange interaction extends out to
the next nearest neighbours and beyond, one might expect that, at a
low enough temperature, these interactions would produce a 1on§
range spin glass freezing. 1In reference 58, the critical ~7°
concentration of an FCC lattice was found to be 0.136 for second
‘nearest'neighbours‘and 0.061 for third nearest neighbours. "1In
order to see if there is such'a traﬁsition, measuremeots would have
to be performed at much lower temoeratures than could be attained
by the current set up. Novak et al, (55, 69), observed spin glass

transitions in samples of Cdl_zanTepfor which z was smaller than

the nearest neighbour percolation limit, at temperatures down to
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below 1 K. Aitheugh samplee in this range of composition have
usually been classxfled as having a paramagnetlc behaviour, it
seems that thlS de51gnat10n nay have to be revised. -

As well as predicting a percolatlon limit, some of the
references cited earller predict an antlferromagnetlc state fodlan
FCC lattlce w1th a concentratlon hlgher than z=0.4, (24), and |
z=0.5, (57}. That such a state exists has been verlflégtby the
measurements of spec1f1c heat, (18) and neutron dlffractlon, (50,
51), which were mentioned earlier. The transition from spin glass
to antlferromagnetlsm is observed in flgs. 4.9 and 4. 10 as a change
of behaviour in'how'Tg increases with concentration, around the
point where 2z=0.6. Unlike the case of the percolation limit, the
antiferromagnetic‘transition does not‘agree with thelpredictions.

;agzever, it is interesting to note that the linear variation of
Tg for z»0.6, in fig. 4.9, extrapolates to a value which falls
inside the range of these predictions.

A more exact determination of the position;oflthe
transition cannot be_obtained from these diagrams since it is
impossible to decide in.which state the 2=0.6 samplea belong.
Neutron diffraction measurements, by Holden et al en an_zanTe,
(50),- and by Giebnitowicz‘et al on CdlpéanTe,‘(Si), indicated
that samples with z=0.6?became_antiferromagnetic. It was also
determined that this was not a normal antlferromagnetlc phase since
the dlffractlon 11nes correspondlng to magnetic’ orderlng were found
to be broadened. Instead, it was reasoned that the magnetic state

was gomposed of large, well ordered antiferromagnetic clusters
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which were sbread‘over several lattice constants and therefore
confained several hundred lattice sites. The transition from
antifefromaghetic to spin glass behaviour was dedu;ed f rom Fﬁe
variation of the intensity of the diffraction lines with
composition and was found to.occur at 2=0.58. However, evidence of
the magnetic ordering lines in a sample of Cd0.45M"0.55Te
indicate fhat this is not ;ecessarily a sharp and distinct
transition.

In figs. 4.3 through 4.7, the exampies shown for
z>0.6 are not very clear due to the scale and the fact that.
the susceptibility‘does not change by very'much‘over the entire
temperature range. Replotting them on a reduced scale in fig. 4.12
shows that the maxima are Broad and quite different from the
behaviour observed for normal antiferromagnets. It is intekestiné
to noté_thaf for samples in the spin giass state, for which a
pointed cusp‘was observed, the specific heat measurements show no.-
corresponding features, which would imply that this is not a true
phase trapsition, despite the sharpness oflthe susceptibility cusp.
On the other'ﬁand, as was pointed out earlier, specific heat
measuremenfs by Galéika et al, (18), on a sample of Cd0.3Mn0.7Te,
which lies within the antiferromagnetic composition range; do show
such a feature. This indicates that some sort of phase-tranéition
does occur for this sample, even though the susceptibility maximum
is not as sharp as for the samples which lie in the spin glass

composition range.

An attempt to explain some of the strange features observed
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inlthe antlferromagnetic range has'bee;!hede b? Giebultowicz et al,
{(17), using a simple éluster model_yhich assumes that'theql
transitiqg to the magnetic state occurs at different temceratures
for different clusters. This_would,-in a qualitative way, account
for the rounded behaviour in the susceptibility and in the 'specific
heat. The distribution of these temperatures was derlved from
SpElelC heat results apd thén used to predict the susceptibility
and neutron diffraction)results. Except. for the case of
susceptihility, the predictions turned out to be quite close to the
actual results. The predicted position of the susceptibility
maximum agreed very well with the measured value, but the variation
was different above and especially below the transition
temperature. .

Another 1nterest1ng feature whlch ‘was observed in the
present work is the varlatlon of the susceptlblllty at the peak
with comp051t10n, X(Tg), whlch shows a change of behaviour when
going from the spin glass to antlferromagnetlc range. ThlS was
observed most clearly when plotted in units of emu/mole as
illustrated in fig. 4.13. This dlagram shows that-XITg) decreases
rapidly in the spin glass region, then goes through a minimum
between z=0.55 and 0.6, and finalfy increases‘gradually in the
antiferromagnetic tegion. The position othhe minimum appears to
correspond to the z comp051tlon at which the tran51tlon between
spin glass and antlferromagnetlc behav10ur occurs, as determlned
from neutron diffraction. This diagram 111ustrates a further

difference in behaviour between the samples from these two  regions.-

EeS
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' 4.3.2 Evaluation of CurieLWeiss Perameters'

If the susceptibility obeys the.Curie law, (eq. 4.3), or
the Curie-Weiss law, (eqg. 4.4), then plots of 1/X against
temperature should produce straight lines. The intercept of the
11nes on the temperature axis will give an 1nd1cat10n of the type
of interactlon which is occurring between the spins. A positive
value fqr the value of 8 indicates ferromagnetism while-a
negaﬁivé ihtercept would .suggest antiferromagnetism. Paramagnetism
is denotég by an 1ntercept at the.origin.

3%$}Qts of 1/X versus temperature are: presented in figs. 4.14
to 4.18; ?in all cases, it can be seen, that at high temperatures,
the behaviouf is very Linear and extrapolates down tornegative
temperatures. Thus, these materlals follow the Curle Weiss law and
the main _interaction is antlfelromagnetlc. At 1ower temperatures,
and above the onset of any type of long range spln freezing, there
are significant devmatlons from Curie-Weiss behaviour. ThlS effect

&

will be dealt with in the next sectlon. There havg also been

reports, (54, 70), of ferromagnetic behaviour for samples with less

"than 5% Mn. ~In these cases, the extrapolated 1/X line gave'a

' pesitivé-integcept on the temperature axis. Such an effect has

Been’attributed to a different exchange mechanism, such as RKKY,

becoming significant in extremely diluted materials. This

ferremagnefic behaviouxr has eo-far not been widely corroborated.
From eq:'4.4, one can see that the Curie-Weiss constant, C,

is obtained from the slope cf the straight line while the
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Curie-Weiss temperature, 6, is given by the intercept on the
temperature axis. These quantities are plotted as a function of 2
id figs. 4.19 to 4.23. e
‘Consider at first only the 8 graphs. The broken lines
‘represent the results of calculations carried.out in section 4.4
and should be, ignored for the time being. The error bars were
estimated by considering the uncertainty in the composition, as
discussed in chapter 2, and the uncertainty in determining the
intercept from the extrapciation. The Curie-Weiss temperature
appears to vary more or legs smoothly. for all values of z with no
apparent change.of.behaviour in the antiferromagnetic range. lAt
the low concentration range and keeping in mind the observation of
ferromagnetic behaviour which was mentioned previously, one might
expect to see a projection of the é variation with z to change
sign near z=0.05. Unfortunately, there is too much scatter in the
plotted values to either confirm or deny this. An éécurate
'projection is also hampefed by the fact that for the low z samples,
(2<0.2), the susceptibility signal drops to such a.small level at
high temperatures that its accuracy is much less than that for
other samples: The design of the sample holder did not permit an
accurate set of measurements on a sample with a mass very much
greater than 0.05 gms so ﬁhat the signal strength could not be
improved.

It was pdintéd out in section 4.3.1 that Tg'increased

with 2Zn concentration probably as a result of the decrease in

lattice parameter giving.rise to an increase in the exchange
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. energy. éindé B'aiséldependshén the éxchange, its maénitude'
should also increase witﬁ y. In fig. 4.24, the values fé: y#ﬁ and
x=0 are plotted on the same axes. In fig. 4.25, the Qalueé are
plotted as a function of Y. In both cases, the irncrease of 0
with Zn concentration is clear.

According to eq. 4.6, the Curie-We&sg constant in units of
emu/(moleiof Mn), wild vary with compositiof only if g or S varies
with composition. For Mn, g is expected to be very clpse to 2.0.
Confirmation of this will be given in chapfer 5. Thus only S can
vary with composition.‘ The plots of C vs‘z.concentration in figs.

‘4.1945) to 4.23(b) indicate that any'variation of C would Be quite
éﬁall. The error bars in these diagrams were estimated by
combiriing the uncertainties in determining the absolute
susceptibili?y, discussed at the end qf section 4.2, with errors in
composition‘and in the determination g? the slopes; A small
increase in C with z can be observed for the cases in which x=0 and
y=3x but this is not confirmed by the other results. Averaging the
values gives a mean C of 4.4 emu/(mole of Mn) with a standard
deviation d.S. 'Using this in eq. 4.6‘alon§‘with g=2lresu1ts in an
§ value of 2.5140.09. This agrees very well with the value of
5/2, for isolated Mn ions. Any vériation ofiS with compésition

would have to be much smaller than the guoted error value.

-~
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. 4.3.3 Non Cur1e~Welss Behav1our
It has been pointed out that at lower temperatures, the 1/X
plots of figs. 4.14 to 4.18 show deviations from Curie-Weiss
behaviéhr. /For the z<0.6 cases, an enhanced suseeétibility'was '
. observed which resulted in a downward deviation of the 1/X curves.
This effect has been also been Qbeerved, by other researchers, in
Cd; __Mn_Te, (54}, aqﬁ in Zn,_,Mn Te, {53), as well as in other . '
pseudo-binary SMSC’s such as Hg1 “Mn ey (65) and‘CdlsznzSe,“ ; ’ﬁ\
(54) . , - ' / |
On the other hand, samples with higher Mn concentrations
Qere found to exhibit a reduced susceptibility which resulted in an
uﬁturn of the 1/X curvee in figs. 4.14 to 4.18. This effect may
7§}§o be observed in the 1/X plots of Oseroff, (54), for Cd

% 1-
s .
A similar behaviour is also observed by Heikens et al in Mg, _Mn,S,

zanTe.

.(121), and by Fiorani et al in 2nCr, Ga (122), for samples

_ 5—2x04'

with a higher'concentretion of magnetic atoms.
‘ One sample, Cdo.s“"ofBTe' ip fig. 4.14 seems to exhibit —

both of the above behaviours. At high temperatures, the . 5

susceptibiiity typically follows the Curie-Weiss law. At 1oger

tomperatures, the; 1/X plot first deviates.upward,°as in the cases

of high Mn concentration. As ﬁhertemperature is lowered further,

the 1/X curve then turns down with the resulting behaviour

resembling that of the samples with lower concentration. This

gives the appearance of a competition between two egfects. Similar

behaviour- can be seen in some of the plots of 1/X published in both

reference 54 and 122. ‘ . . !
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One way to examine this phenomenon more closely is to .,

LY

‘calculate the-aeviation from Gurie-Weiss behaviour at Tg‘ This

ray hg_gccompliéhed by using the following quantity:

AXCT ) =Xy (T )X (Tg) | .
where the first term on the right hand side represents the
susceptibility at,'I‘g extrapolated from the high temperature
Curie-Weiss behaviour and the second term represents the actual
measured value at Té‘ The results were plotted in fig. 4.25.
For.z<0.6,.AXIT§i decreases rapidly és the Mn cgncentration is
increased, just as XITg) did in fig. 4.13. For z>0.6 the
variation levels out and takes on negatiﬁe values. A smooth curve
is drawn through all the points. It is interesting to note that

the curve crosses the z axis and changes sign‘at about z=0.58 which

coincides with the onset of the antiferromagnetic phase as

determined by neutron diffraction, (50, 51). The point.where it -

changes sign also coincides with the minimum of the X(Tg)
variation plotted in fig. 4.13. However, it should be mentioned
that this should not be considered as a well defined point, since
using Oseroff;s results for a sample of Cdo.47Mno.53Te, {54},
would give a negative value for AXITQ). This would seem to
indicate that the concentration where AXITg) changes sign is
more ambiguous than what might be indicated by fig. 4.25.

The Mgl_;anS alloy system crystallizes into a NaCl
structure over its entire composition raggé,.(121). Therefofe.thg

Mn ion§ will be distributed over the sites of an FCC sublattice

which is the same as the situation that occurs inACdKZnyanTe.
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In the case of-thie sulfide alloy, the results indicate that a
change from enhanced to reduced Curie-Weiss behaviour occurs for
0.53<z<0.676. This agrees with the results obtained in the present

S

work.

-

The onsef of this non-Curie-Weiss behaviour was estimated
within an uncertaiﬁty of apporoximately 10K and is plotted as a
function of z in,fig: 4.26. For the case of sample Cdo_s““o;ﬁTe'
two different temperatures could be oﬁtaihed, one forltre initial
enset'and one where the 1/X curve drops below ﬁhe extrapolated
.Cﬁrie—Weies line. For z<0.6, this. temperature decreases with
increasing z, whereas for z>0.é, it increases very rapidly. A very
sharp discoﬁfipuity seems to occur just below z=0.6 which EQincides
with the transition concentrations of figs. 4.13 and 4.25 as well
as with the spin glass to antiferromagnetic transition. However,
once again one should not place to great an emphasis on the
-apparent sharpness of this discontinuity since it‘Ean be blunted
somewhat by including the temperature of the initial onset of the
non-Curie-Weiss behaviour fer sample Cd0 gMng cTe.

To summarize these results o@ may replace the magnetlc
phase diagram presented in fig. 4. .9 by a magnetic state diagram,
shown in fig. 4.27. For samples with 0.05<z<0.5, a spin glass
behaviour is obeerved at the lowest temperatures. At higher
temberatures, enhapced paramagnetism is observed followed by true
paramagnetism at even higher temperetures. Samples with z2>0.6,

behave like a antiferromagnet at the .lowest temperatures. At

higher temperatures, they exhibit a reduced paramagnetism, and then
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true paramagnetism at even higher temperatures. Somewhere in
between these two composition ranges, 0.5<z<0.6, a transition from
spin glass to antiferromagnetic behaviour, as well as a transition
from enhanced to'fédubed_paramagnetism, occurs. |

One possible explanation for the  non-Curie-Weiss behaviour
may be arrived at by consiéering the effects of the clustering of
Mn ions, (68). It was explained in section 4.1 that in any diluted
magnetic material the magnetic idns will group into some form of
clusters, whether or-not a completély random distribution exists.
At high temperatures,_fhe exchange coupling is completely
overwhelmed by the thé?mal effects and so the magnetic moments due,
to tﬁe ions within any of these physical clusters, will be
independent of each other. In this case, al% spins will respond to
a magnetic field according to the Curie-Weiss law. At low
fgmperature;?\fﬁe’thermal enerqgy is decreased and the exchange
interaction between the closesg Mn ions will cause some sort of
short'rangeA¢oordin§tion. Since the interaction is
antiferromagnetic, one might exﬁect a more or less antiparallel
alignment of splns within these magnetic clusters, as was
" demonstrated by neutron dlffractlon measurements for samples w1th
high Mn conceptration, {50, 51}). With this type of alignment,
pairs of spins woﬁid tendlto cancel each other out and so, would
contribute very little to the resulting susceptibility. Since the.
total number of free spins is reduced, the susceptibility would be
reduced. However, there will be an imperfect cancellation among

the spins on the surface of the magnetic cluster, resulting in it

1
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behaving like a large ﬁarticle with a magnetic'moment. The
susceptibility due to these clusters would depend on the strength
of the interaction°between them. Since this would be smaller than
that between two spins, X, wohld tend to be larger, because the
Curie-Weiss tempereture in eq. 4.6 would then be smaller. This
effect is known as superparamagnetism or super-antiferromagnetismr
(20), and, sinee it depends on the proportion of spins which are
situated’on the surface of a ciuster, would be greatest when the
size of the clusters are small. Therefore, samples with smaller z
concentrations would exhibit a strohger.gphancee paramagnetism as
iedicated by fig. 4.25. It would also be& expected that the
temperature where the effects of superparamagnetism become - o

———.

51gn1f1cant would also increase with decreasing z, as indicated in

fig. 4.26.

-

When the magnetic clusters are large, there are fewer
uncompensated spins in the sample since the volume of a cluster
grows faster than its surface. This would result in a greatly

reduced superparamagnetism. It was pointed out earlier that the

loss of free'spins to clusters results in a smaller susceptibility.

If the superparamagnetism is not strong enough to overcome this,
then the total susceptibility would decrease. Such a circumstance
would occur for ?amples with the large 2z, since the higher the
concentration, the larger the clusters ahd censequently, the
effect; of superparamagnetism would be smaller an@ the reduction

due to the loss of free spins, would be greater. Also, according

to Giebultowicz et al, (17), the Mn ions of the samples which lie
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in the antiferromagnetic range group into large antiferro clusters
which have a wide range of Neel temperaturee. This might explain
why the transition from enhanceé to reauced paramagnetism seems .to
correspon&lto the transition £ kon spin Qlass to antiférromagnetic

behaviour. o
Another explanation for this-non-Curie?Weiss behaviour isﬁ‘
contained in arpaper by A.W.-Simpson, (120), on amorphous °
antiferromagnetism. He points out that ih a diluted magnetic
alloy, isolated paramagnetlc atoms may exist. ¢ Since there would be
basically no interaction between these atoms, theLr susceptlblllty
would be very large at low temperatures, i.e. 8, 1in eq,_4.6 would
go to zero. These isolated atoms would be more numerous when-the
Mn concentration is small and will decrease with increasing z.
This would lead to the same conclusions as outlined above.

. Both of the mechanisms which have been discussed‘can
equally well explaln thd non- Curle Weiss behav;our as shown in
figs. 4.25 and 4.26. The first mechanlsm depends on clusterlng are

and would produce the greatest effect with hard clusters. 'The

second mechanism may also be affected by clusterlng. It can also
be used to explain the upturn of the suscebtibility of the z=0.3
samples at low temperatures, whlch had been prev1ously dlscussed ln-
. section 4.3.1. It is likely that these mechanisms are both present
simultaneously sincé they both arise from the dilution of a

magnetic-crystal.
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4.4 The Excﬁange Interaction
As indicated previously, an exchange interaction is
responsible for the coupling of the magnetic ions in these

materials. 1In metallic spin glasses, the exchange occurs via an

indirect coupling through conduction electrons, (39). This is |

cos2k._r
F

. J(r) = —3
9. | (kFr)
where kF is a wave vector. -This leads to the scaling laws of
Tholence and Toufhier, (71}, which have proven to be quite
sdqcessful in explaining some of the relationships which occur
between the magnetic properties and the concentration of the
magnetic ions. '

For many SMSC’s, the absence of conduction electrons in

suitable numbers usually results in a negligible RKKY contribution

-to the exchange interaction. The coupling would then have ‘to

originate through a different process.

It is Believed that the di;ect exchange mechanism may be
éxcluded for this material, (72), for two main reasons. The-
localization of the 34 eléctrons together with the large distance
between Mn ions would result in very little direct overlap of the
wavefuncﬁions.. As Qell as this, it can be seen from fig. 2.2-tpat
there is a Te ion partly between tﬁéan ions, which would tend to
block tﬁé direét'intquétiqn. However in recent xgérs, Oelhafen et

al} (73), have concluded—from their measurements that the Mn 34
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- electrons in Cd1 Mn Te are in fact delocalized. This might throw

into doubt -the validity of “the flrst of the above reasons.

)
4

A possible candldate for the exchange mechanism in SMoC
might be superexchange’ (74). Thls is responsible for the couplxng

in many classic antiferromagnetic materlals such as MnO. In this

—

case, the Mn 3d electrons 1nd1rect1y interact- with each other
throuéh the intervening oxygen 2p electrons. However, there are
problems with this; The classic'theory of superexchange involves
the use of strongly loqalized wave_funcfions of the anion valence
electrons. In SMSC’s tbe anion valence electrons are delocalized
and are more cgrrectiy described by a band model. It would then
appear that the_normal superexchange interaétion is not adequate .
for these materials.

In attempting to datermineltﬁe mechanism which is
responsible for the spin coupling in these matérials, one can
consider the behaviour of the Tg's as a-function of composition.

It was indicated in section 4. 3 1 that the Té values of figs. 4.9
and 4.10 extrapolate to. the theoretlcal nearest neighbour
percolation I}mlt. ~This implies that the 1nteractlon between
nearest neighgsurs dominates in the concentration range 0.2<2<0.6.
It was alsb indicated that ‘values of T were observed for samples
~of Cdl_zanTe with.a smaller than the percaiation limit of 0.18

by Novak et al, (55). This suggests one.of two possibilities. The'
first is that a different exchange mechanism is aQting at these
lower concentratiOns. The seéonduiS'that‘there isvaaly one

mechanism present and the strength of this interaction decreases

\
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rapidly with distanee.
With this iest possibility in mind, it is useful to l
" consider the variation of Tg values in terms of the relation
initially propose% by Escorne et al, (éB; 81), which assumes that
the exchange between two-Mn ions can be written as; |
-J(r) =J, exp(-or) ' - ‘(4.8)

where r is the distance‘between ions. The nearest neighbour

)

spacing on an FCC cation sublattige is a/v2, where "a" is the
lattice parameter. For a concentration z of Mn ions arranged at

,

random on such a sublattice} the mean spacing between magnetic ions
‘is (a/v@)z-1/3. . Therefore, the mean exchange between Mn ions

" is given by; .
. ‘ M J = Jo'exp(-aaz—l/3/v2)
Since two spins become frozen with respect to each otner when the
thermal energy between them becomes smaller than the exchange, it
is assumed that kBTg = -AJ, where A is a constant.
independent of z. This then leads to the following felation;

/3 (4.9)

In T, = In(-AJ /kp) .—‘Cx(a/\/E)zr—

If the two'assumptiens made above are satisfied and @ is a
constant, then a plot of 1n Tg vs.(a/v?)zp}/3 should give a
straight line. ' .

Such a plot was produced using values of Tg from figs.
4.9 and 4.10 along with values of "af from chapter 2 and is,
presented in flg 4.28. For the range of values eorresponding to
2<0.6, a linear behaviour is observed. Tne small increase of.

*

Tg with y for a constant value of z, which was mentioned in
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increase of‘Tg with y ﬁ?r a constant value of z, which was
mentioned in section 4.3.f, appears to be completely compensated by
the change in lattice parameter so that groups of values with ﬁhe
same z concentration are spfead apart just enough for them to all
fall on a single line.

In the antfferromagnetic range of z, the values plotted in

fig. 4.28 breék away from this linear behaviour 'with a change of

slope similar to. the situation in fi;j\zwg and 4.10. The point

where this change occurs is obscure but condjdering the results of

e

- . .,
section 4.3, one might expect the change to occ over a small

concentration range somewhere between z=0.5 and 2z

0.6. Such a

change in behaviour at first suggests a change in Y{he exchange

energy. This may éignify éhat a different exchange Wmechanism may
become important in this composition range and the onsgt. of
antiferromagnetic behaviour is not'only a cdnSequenpe of filling up
the FCC cation %ublattice. .
Fig. 4.28 indicates that in this material, the exchange
interaction may bé'rep;esented Hy eq. 4.8 with &, a constant. .It
wéé.found thatdthelsimple expohential relation could be replaced by
a Slightly more complex one, dithout'changing the features Pbserﬁed,

in fig. 4.28. The more complex represehtatibn is as follows;

. J, exp(-or) '
J(r)r=, . (4.10)

t
r

wherg‘ﬁ is an integer between zero and three. To illustrate this,

-1/3
!

the example of t¥2 will be developed. With r=(a/\b)z eq.

L o

4.9 must be replaced by:



, |
a T AJd xa'.
1n {——57%} = 1n {- °} - 73 (4.11)
2z k Va2zt

A plot of the data based on eq. 4.11 is presented in fig. 4.29. It

can be seen that the form of the diagram'is éxactly the same as

- that of fig. 4.28, with both demonstrating that « is a c02€§ant for
all samples with z<0.6. Similar results were obtained for h=1 and
t=3 in eq. 4.10.

in the spin glass range, the linear behaviour allows us to

LN
L)

calculate a value for a of 7;810.3 nm ! from fig. 4.28.° Using eq.’

4.10 with this value and with t=0, one may calculate the ratio of

the nearest neighbour exchahge, J which occurs at a separation .

17
of a/A/2, to next nearest neighbour exchange, J2, which occurs at
a separatlon of "a". Using typical values for "a", Jl/J2 is .
estimated to be approximately 5.0. This is different from the
value of 8.3 arrived at by Escorne et al, (81), using a similar
analysis on their results for samples of Cdl_zMn Te. The
dlsagreement can be accounted for by the fact that their values for
Tg‘were several degrees smaller than those for equivalent samples
in this work as well as in ref. 18 and 54. Ho@ever, the conclusion
that J, is small but not negligible, which was arrived at by
Escorne et al, is still supported by this. o

For fig. 4.29, « is calculated to be 6.010.2 with a value
for J /J slightly larger than six. Therefore, the exchange
interactlon decreases more rapidly when t=2, as might be expected.

The possible exchange mechanisms which may-ppssess the

behaviour indicated by eq. 4.10 will now be considered: Thé‘first
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mechanism is based on the B;oembergen-Rowland interaction, (29),
and has inspired a great deal of interest; (72, 75-79). The
exchange occurs through a virtual electronio’transition from‘the
valence band to the conductmon band. The model appea s.to be
successful for the case of zero gap Hg,_, Mn TeT’TBUTTEWhich
would have an enhanced probablllty of occurrence for thlS type of
virtual tranSLtloug. Under certaln conditions of 1att1ce size and
enetgy gap width, Bloembergen and Rowland, (29), 1nd1cate that the’
variation of the exchange with r is very similar to 'eq. 4.10.

gowevér, in this case thetexponent is .given .by;
Y .

., . 2m E P2
' o = -—-—2—9' , (4.12) \,_

h
The quantity m, is‘the_conduction_band effectite mass and E
is the energy.gap.. .
‘The difficulty with .this mechanism arises from the fact
‘that o depends on the energy gap, which was shown to vary from

about 1 5eV to approxlmately 2. BeV in chapter 3. One can See that
if ot were t remaln constant, the effect;ve mass must be inversely
proportionéﬁ to the energy gap.: However in ref. 11, the authors
indicate that the effectlve mass 1ncreases with the energy gap
indlcatlng that. & could not be constant W1th com9051tlon One
might have to conclude that thls form of the virtual interband
exchange 1nteract10n is not dominant in these crystals. However,
it should be oointed-out that eq. 4.12 was arrived at by
considerihg only a finite part of the conduction band. Ginter et

al, (72), have shown that if the entire conduction band is taken
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-into account, the form of the exchange is changed; although it is
stil strongly dependent onrthe energy gap. They go on Fq say that
the :}Bal result for this type of indirect exchange-is very .
sensitive to the shape of the bands and may require numerical
calculations of ‘the band sefucture. It is unknown at present
whether this would be sufficient to result'{n an expression for
which is independent of the energy gap. '

An aiternative mecﬁanism has been suggested by Gulae;i.et
al, (82), as a possibility for insulating spin glass systems. .Ih
this case, the indirect coupling is mediated by phonons resulting
in the following form; 7 o

.cos{kr) L | '
Jlx) = g—(g— exp(-r/1) oo (4.13)
r

where g and k are constants and s is elther equal to.three or te
five depending on the range of k. The exponential part of 4.13 1s
included as a.modification to aecount for the finite mean free -
path, 1, of thé phonons due to lattice imperfectiohs. Depending on
the value of k, the cosine term in this equation may introduce a |
., complication which would make it unable to explaln the results of
figs. 4.28 and 4.29. \"As well, the exponent in thlS case, depends
on the mean free path, which is qnlikely to remain constant when
the composition is varied. ThiS‘iS'beeause the change in lattice
parameter, measured in chapter 2, suggests that the cations, Cd,
Zn and Mn, have differept'sizes. Therefore it wqufd seem that.phis
mechanism is also not apprqpfiate for this material.

Another possibiliﬁy is similar\in concept to the virtual
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interband transition model. It involves a virtual transition from
the valence band into a Mn 34 state, (83, 84, 85, 142). Basically
this involves going from a ground state consisting of a full

valence band and a 3d5

level, to an excited one consisting of a
valence band with a hole and a 366 level. The 1ef£ over empty
state ﬁakes it possiple for the coupling of the spins to occur
through the valence band. This type of transition conforms better
with tﬁe.results becauserfor these materials, the valence bandﬂié
insensitive to changes in composition. Thus one would expect'that
the energy difference'between the two state$ does not change very
mﬁch with concentration. This is importaht,becau;e the form of
this interéétion depends on this quantity just as eq. 4.12 dependé"

on the energy gap. The exchange is given by, (85);

J_exp{-ox)

Jlr) = —2——5——— C{4.14).
r - '

where in this case « is given by;

) ZEmV 1/2 -
o= 2 - (4.15)

h2

.wﬁere € is the energy difference between the ground state and.the
excited state and m,, is the valence band effective mass. It

can be seen that eqg. 4.14 has the samé fd;m of eq. 4.10'Qith t=2.
Also, since there is nothing in eq. 4.15 thch.wouid indicate that
the exponent must vary with combdsition, it would seem that this
exchange mechanism meets the necessary reguirements.

Previously, it was pointed out that values of Tg were'

determined for samples of Cd;_,Mn Te with z smaller than the
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nearest neighbour percolati;ﬁ 1imit,‘by Novak et al, (55j. With
these values, fig. 4.29'was redrawn in figq. 4;30 with a different
scale, which allowed for ﬁhe inclusion of the new data. Five
points were Mtained by esﬁimating the position of the
susceptibility peaks from the diagrams in Noﬁak et al. The three
highest concentrations, z=0.15, 0.l25, 0.1, were all found té lie
reasonably close to the fitted line extrapolated from higher values
of z. So there is very good agreement Qiﬁh this form of the
exchange déwﬂ to z=0.1. The results for z=0.05 and 0.0l were
signifiéantly different‘from'the predictions with both falling well
above the line. It was pointed out by Novak et al that the
interaction Metween dipoles may be signi&ieant at these low
concentrations. ‘It<is possible that the higher Gélpes of Tg
for these samples may be due to this. An alternative explanation
may'be that in this composition range, z<0.05, some researchers
have féported obs;rving some ferromagnetic behaviour, (54, 70), so
a different exchange mechanism-may become iﬁportant. However, as
was pointed out in sectiqn 4.3.1, one should not attach to great an
importance to this. 1In spite of these two points, the use of egs.
4.14 and 4.15 appears to be further justified and so all of the
subsequent analysis will be done assuming that tﬁe exchange is
given by these equations.

The analysis of the Tg yalues has already been done and
is presented in fig. 4.29. . It was indicated previously that o,
obtained from the slopé h&d a value of 6.0%0.2 hm_l. Using eq.

4.15, one can calculate €, which is the energy difference in the
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outside the range displayed here.




-159-

virtual transition. A reasonable estimate for the effective mass

is given by the heavy hole mass for CdTe which is close to the free
electron mass, (123). Thus, the value of € is calculated to be,
0.34+40.05 éV. This is smaller than the energy éap of any
composition, as was shown in chapter 3, indicating_tha£ this
mechanism would be favored over the Bloémbergen-Rowiand
interactlon.- ' ) ,

iThe,intercept of fig. 4.29 gives, ln(AJo/kB)=9.Q3j0.13.
It was indicated by Anderson; (22), that for regular
antiferromagnetic materials, A may be equateq_to S(s+1). Using
's=5/2, as determined in section 4.3.2, Jo may be estimdted.
For the present case, the value which was calculated was
Jo/kB=-21t3 K nmz. Thi§/resu1t enables the independent
calculation of the neaf;st neighbour and nekt'néarest neighbour
exchangé energy which can be comparea to pafticular values quoted

in the literature. The results for a typical valuerof "a" are as

follows;
Jq
L = —7.040.3 K
kB
\\N J2
2 = -1.135+0.03 K
kB , . o

The values reported in the literature were all for samples of

Mn_Te of various concentrationé. Although the exchange

Cdl—z b

energy varies with composition, the range of concentration which is

possible does not allow it to vary by much more than the

uncertainties which are indicated above. Consequently this effect
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will be neglectedfin‘tﬁe coﬁpé;isons.

Fdr the nearest neighbour cxchange ecnergy, Galazka, (67),
quotes a value of 0.5SK7from épecific heat moasufém;nts, and
between 6K.and 8K from ESR and high.temperature susceptibility
resplts. .Ching & Huber, (100) quote a value of -1.1 K while
Shapiro et al, (865, obtain a value of -10 K while a theoretical
calculation by Larson et al,,(i42), resulted-in a value éf -12 K.
Both Shapiro and Galazka sugge%é that the smaller Jalucs may in
fact be the next nearest neighbour exchangef—’}hfs hypothesis is*
sﬁpported by the results obtained in this Qork and qubted ‘above.
?hé comparison also suﬁports the use of the exchange mechénfsm-
represented by egs. 4.14 and 4.i5.

Further support for this mechanism comes from the results
of other meﬁbers of‘the reseagch group. The alloy sysﬁems

CdenyanSe, (92), and Cd,_,Mn,Se Tey,_(91), both have a' zinc

1-y
blgnde crystal phase 6ver part of their range of conccntratfbﬁiwes_
well ‘as an hexagonal wurzite phése, over a different range. For
the zinc blende phase a plot similaf to fig. 4.29 shows the same
linear dependence as in the present case. In.géct, the values lie ‘
on the same line as in'fig. 4.29 so that'the exchange constants
obtained from them are identical. uFor'the wurzite phase, a
different slope ané intercepﬁ was obtéined, (91, 923). Values for
the nearest neighbour exchange energiés of those alloys also agreed
with_those guoted in the literature.

The next step in this analysis is to now take this model of

- the exchange' interaction and use it to predict values of
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Curie-Weiss 8. . This was accomplished by using an equation for

antiferromagnetic materials, (87);

ZzS(S+lj

¢ g = ——-.——Zniai (4.16) .
. 3k, . |

where thg sum ié taken over the i'ﬁh nearest neig%bours, ny is the
coordihation.numbef'for the i°th qeighbours and Ji=exp(-ari)/ri.
" "This equation is exact for high_temperatures.. Values for n,
and for r are éiven in Tabie V for the Ti@st.seven terms. On?'can
see that-thé first term accounts for about 80% of_the-mag;itude ‘
with the significégge of -the subsequent terms ﬁropping rapidly with
“ the index i. Consequently only the first four terms were used in

the calculation. The results of these'c7icu1ations are represented

by the brokeg lines in figs. 4.19 to‘4;23. One can see that there
is a remarkable agreement between'thesé*predicted values and the
;;:measured results. fhis is a further indication of the validity of
‘éq. 4.14. With £he'exceptidn Qf~the-samp1e£ on the Zn edge, the
agreement extends into the antiferfomagnetic range."This'migﬁt
indicate that even if a different mechanism becomes important inl
this range, much of}the.behaviour can still be attributed to the
original exchange. ’ -
‘ The agreement may'bg e#amined more closely by the use of
residuql analysis. Thefresidual for each value of 8 is defined

-

'as follows: N

R =/-P M C(4.17)

where Bp and Bm are'the predicted and measured valués



POSITION

% of First Term 1

.ri I.'li

1 (1/2,1/2,0) alvl 12 - v

2 (0,0,1) a 6 8.1

3 (i,1/2,1/2) V3/2a 24 - 9.2

4 (1,1,0) ' Vza 12 167 .

°5 (3/2,1/2,0) © "Vvi0/2a 24 L4l .

6 (1,1,1) V3a 8 0.22

7 (0,072) 2 12 .- 0.03

< . :

TABLE V  Values of the distance and the coordination number,forlthe i“th

nelghbours of a face centered cubic lattice.

in terms of the lattice parameters.
the nearest neighbour term 1s shown in the final column.

The size of each term relative

The distances are given

to
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of 6 respectively and ¢ is the standard deviationi,which is -
estimated to be approximately-27K; Velues of'R were plotted
agalnst comp051tlon in flg 4,31. This type oprlot enhances the
dlfferences between the predicted and measured values and
highlights any trends. In this case, the points in flg. 4.31 are
scattered around ‘a negatlve value of R signifying that the
predictions are generally smaller than the measurements. The .only

LY
treng. that is observed is a slight reductidén in R for the high z

. -4

" values, especially for x=0. Thg average value of R is about -0.4

resulting in the average predicted 8 s .to be about . l0K too small.
The results discussed in this section indicate .that a good

explanation of the experimental data can,be‘giVen in terms of the

exchange.mechanism‘represented by egs. 4.14 and 4.15. ‘The value of
the énergy sepa;ation,‘e,,was found to be smaller-than-the smallest
energy gap in the alldy;System.;ﬂThis Served as further indication
oflthe validity of.this‘mechanism over the BloemﬁetgenTRowland
interaction. It was fouﬁd that there was good agreement between
the vélues of Jl/kB and-Jé/kB and those reported in the

1iter3ture As well, tﬁe.results could be used to give a very good
predlctlon of the values of 8, ‘over most of the comp051t10n_

range, without any adjustable parameters. It ls.lnterestlng to ’
-note that many of these results\were'obiigﬁyd.b§ using techniques
.and.equaﬁiong which .were developed for o;gzhery antiferromagnetic
matetials; This may indicate that the similarity tetweet spin

glass ;xeez1ng in these alloys and normal antlfetromagnetlc

orderlng is greater than what might be expected

. "
7 ' , . 5‘
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CHAPTER 5

4

ELECTRON SPIN RESONANCE MEASUREMENTS

5.1 Introduction
A free magnetic ioﬁ which possesses a resultant angular

momentum quantum numbe}'J would give 2J+1 different degenerate
levels. In the effect known as Zeeman splitting, the degeneracy is
removed by the appliCatibn of a static magnetic field H. The
resulting énergy levels are désqribed by EfgﬂBMJH,.where My is
the magnetic gquantum number, g is defihedlaé ip eq. 4.2 and MB
is the Bohr magneton} (83). For the alloy system being
investigated, J=S, and é.is expected'to be very close to 2.0.
" Without .any other considerations, thg_fbrm of the splitting would
be as illustrated in fig. 5.1(a). |

| in electron spin resonance, (ESR), transitions bétween
these levels afe induced by‘aq alternating-electromaénetic field
. and the resulting absérption-is meagured. The quantuﬁ mechanical
selection rules are sﬁch that only,fransitiéps between adjacent
levels are allowed, so that in the.ekample sﬁown.in fig. 5.1{a), a

a
single rescnance is observed, given by;

' | hw'e= gpgH , SS;I) |
It can be seen Fhat the resonance may/ be observed by eiéher fixing
the frgqﬁéncy, v and varying H or vice vefsa. In nérmal ESR the
formérrmethod 'is used, wiih the frequency fixed at some point‘in
fh microwave range. - |

. It should be mentioned that the condition represented by

eq. .1 may be modified by fine and hyperfine splitting. In the
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"former cise, some of the degenerate levels are split initially by
the crystalline field as indicated in fig. '5-‘.-1(50_). When a magnetic
field is applied, maltiple resonance points would occur, fesulting.
in the observatlon of more than one line. Evidence of these |
effects was obse\_ed by Lambe and Kikuchi, (L24),‘for a sample of

/-_

d1 zMn Te with z=0.01. With hyper 1ne/sp11tt1ng, ‘the-'nuclear,

magnetic moments are coupled to the electron moments to proguce an
) . ' , .5' ’ ' ' ‘ .

extra splitting of each level. 1In these materials, structures in

the ESR spectrum due to thls have beep observed }n.dlluted samples,

”(z<0 05)&\of ads zanTe by, for example, Oseroff et al, (28).

1-
Neither of these effects were observed in crystals w;th lafger Mn

: ' : : .
concentrations. At_higher temperatures, ghe spectra of samples
with higher z, were found to cdnsist of a single resonance line in
the present work, as well as in theigprk of other reseé;éhers, (%8,
98). . |

In general tne absorption does not occur at a'sharply

defined magnetic fieldf Instead if is spread out over a range of
H. The siqg}éf the spread may be related to several different ,
effects, including various types of relaxation phenomena, such as
spin-spin and exchange-interacnions,_(89). Another factor which
may affect this linewidth, referred to as AH, is inhomogeneous
broadening and is‘caused,by an overlapping of any fine or hyperfine’
structure, asKLell‘as by the presence of inhomogeneous fieldssin |
the orystaIL (89). The mainrobjective in perform;ng these ESR
measurements was to determine AH as a function ofltempefatofe and

composition and to’investigate the cause of the broadening. v

5



'5.2 ESR Measurements
The resonance absorptlon for different compositions was -

observed over a wmde temperature range,.(lo to 500 K). Both the

o

linewidth and the g factor were determlned from each absorptlon

curve. The actual measurements were performed by others in the ESR
lab. Since the resp0n51b111ty for the lnstruments rested in their
hands, ‘the apparatus wrll not be descrlbed in detall ”

The apparatus consrsted of a mlcrowave source, which
supplled radiation at x ~band frequency, {(~9.4 GHz), and a waveguide
system, which dlrected the microwaves into and out of .a resonant
cavity. Samples piaced in the. cavity would absorb the radiation
When the resonance condition; (eq. 5.1), was satisfied. This was
detected as a reduction in the intensity of the microwaves leaving

the cavity.

An electromagnet supplled the c0nstant field which was

~applied to the resonant cav1ty.' The field 1nten51ty could be

adjusted from zero to about seven kilogauss, allowing for a maximum
- e

.

linewidth measurement of approximately 5.0 Kgauss. Determining the

S

width of a broad absorption line is simplified q&'measuring its

derivative, so the static'field was modulated by a small

_oscillatfng field. 'This is similar ‘to the wavelenéth modulated

reflectance measurements described in chapter 3 and illustrated in
fig. 3.2. The linewidth was taken as the peak to peak distance, of

this derivative curve.
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K T ‘5.3 Results of ESR ﬁeasuréments,

At the highest attainable temperature, 500 K,'ail of the
samples produced a‘singlé symmetric line with a g value vefy'close
to 2.0. Plotg of AH versus temperature, for a wide range of
concentrations are presénted in figs. 5.2lto,5.6. In al% cases,
the linewidth increased with decreasing temberatures. In figs. 5.7
and 5.8, AH for.tw§ fixed temperatures is plotted a; a function of -
9/(y+x). A more or less uniﬁorﬁ:ihcrease is_observed fér'any set
of values with constant Mn conéentra;ion, as Zn is progfessiveiy
substituted for Cd in the lattice. For small z values, the
increase is not very great but it becomes much larger at higher z
concentrations. It has already been suggested by Kremer and
Furdyna, (90), that such an increase may be‘related to a decrease
in the lattlce parameter and hence to an ancrgase in the exchapge
interaction. Thisnis similarﬁto the case of the magnetic
susceptibility measurements of chapter 4, where it was found that
both the 8 and Tg.increases with Zn were directly.a£tribﬁted.
to the difference in‘iattice spacing. However, the ‘linewidth

increase appears to be larger than the relative increases shown in

figs,-4;10 and 4.24, suggesting that perhaps another effect may- be
. ,

1

“involved as well. e ' Ty

— ——

For the most part, the shape of the resonance :.lines

remained symmetrical at-the higher tem?eratures;' But at Iower
-temperatures, where AH started to incféasé'aﬁpreciably, the tj:)
lineshape was observed to broaden a mmetrically. When this

occurs, the low field peaklpf fhe derivative line remagned

: T " :
» ) - 3
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samples with 2<0.2 since it-would have occurrdd close to the 10 K

A S & A .
.

essentlally the same whlle the high fleld peak becomes greatly

broadeéned and flattened out.. An example of this is 111ustrated 1n

L4

fig. 5.9 where 1t can be seen that in some cases, the llne

~

eventually splits into two parts, which continue to separate as the

temperature is decreased further. At this point the intensities of

»

the lines. decreased qulckly and almost fell to zéro This
N

¢

phenomenon of- asymmetrlc broadenlng was not observed very well for

#

lower temperature l1imi't of the apparatus.

1t should be mentioned that this feature was not unigque to
this material, since the other alloy systems being investigated in
the research‘group, Cdl—zanTel-ysey' (91L\and CdenyMnZSe, (92)
also showed the same effects. The splitting of the line at low

temperatures is similar to the behaviour reported by Searl et al,

(93, 94, 95), on polycrystalline materials with uniaxial g -value

anisotropy. The two structures can be 1nterpreted as representlng

g and g . Slnce a11 materlals in this system, as well as the
others mentioned above, are polycrystalline samples, such an effect
remains a possibility. Other researchers working on single

crystals, (25, 28, 54, 98, 125), have not reported thls behavrour

3

indicating that it may be present only in polyerystalline samples.

However, Sayad and Bhagat, (125), have observed asymmetrlcal ESR

llnes, but only at lower temperatures than those reported here
For each sample, the hlghest temperature at which the

anisotropy can be deteCted, TA' was determlned and then plotted

in figs. 5.10 and 5.11. The uncertainty in theSe valueé ranged
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FIGURE 5.9 An example of asymmetric brbadenlng of the ESR Linewidth.
At the lowest temperatures, the resonance line splits into two.
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between 30 and 50 K. As thight be expected, Ty incrgaseqfuith

Mn as well as wi&h Zn concentratiori. One would be tempted to

ascribe the results of fig. 5.11 to the @ecreasing lattice Y
parameter, as has been suggestedffof figs. 5.7 anq 5.8. However,

as was discussed earlier, arlarge change might suggest that another

——

effect. may be brese t as well. The magnitude of the increase in

A

T is illustrated by the fact that all thﬁtvalues could be
plotted 1n flg '5.10 w1thout ‘too qéﬁat\i? overlap. This is in i

cont;ast to the Tg and ] results in figs. 4.9 and 4.24, where -
there was room fo;‘oﬁly a few of the results. -

The g values were found to retain:alconstant-value of
approximately 2.0 for all temperatures and compositions where the
linewidth remaihed symmetrié. -A iarge asymmetry would tend to
shift the measured g value to a smaller'quantity This may not be
a true Shlft in g but only an effect of the broadenlng of the hlgh
field peak of the derivative ESR.line. An exaﬂplf-of this so
called shift is 'illustrated in fig. 5. ,1‘2 wherc—.’"it can see that the
g value decréasgs when the ﬁemperature falls below Tp- Another .
example of the effect of asymﬁetry is seen in fig. 5.13 where the g '
values at room tempen%ﬁure for an_zanTe samples were plotted-gs
‘a function of z.. Fbr z<0.5, the g values are close to 2.0, while
for 2>0.5, they are smaller and seem to decrease with further

increase of z. According to fig. 5.10, TA for these higher Mn

content samples occurs at a £emperature higher than room. It

should be mentioned that Oserocff et él, {25), as well as Kremer -nd

Furdyna, {(105), have observed a sharp increase in g for some

—

Cdl_zanTe crystals, at low temperatures. This is definitely not
Y
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the'same phengmenon oBserved here since the shift is in the
opposite direction. The aéyhmetric behaviour at low temperatures

' '-‘preveptea us from verifying this behaviour.

One last observation should be mentioned aboutiihis

&

. ry : Ay
asymm@trical broadening. ' In fig. 5.14, the linewidth at TA is Lﬁﬁfﬁ-
: ' B
plotted as a function of y/(y+x}. Despite the scatter, it can be e
seen that there'is very little change as the Zn concentration is 4

increased indicating that the asymmetry always sets in when the
linewidth reaches a certain broadness. This characteristic

broadness increases with Mn composition and is plotted in fig.

Ne~5_157"which shows that it varies more or less smoothly and

extrapolates to the origin.

5.4 Analysis of ESR Linewidth
In metallic‘spin glasses, the ESR linewidth is affected by
the presence of conduction electrons, (126). It has been suggested

by Aliev and Tagirov, (127), that similar

ehavivur might be

expected from SMSC alloys such as H ,Mn,Se and Hgl_zanTe since

1_
they have a large carrier concentration. However as poinféd out
previously, the CdenyMQ;Te alloy system has a very small
carrier concentration so that this effect should not be
significant.

Having established, in chapter 4, that the exchange
interaction is essentially antiferromagnetic in character, it

id
becomes useful to consider the variation in linewidth of a typical

antiferromagnetic insulator such as Man, (17). This is

¥



AH (Kgauss)

AH (Kgauss) -

_ DT A
4.0 r r 1 1 1 1 -
] 4‘
3.0 . —
A ® P 7:07
[ ] A—" z=0.6
A Xe—Ppr 2=0.5
2.0 X N —p 2=0.4
7 7 0O —» 2=0.3
O — 220,25
. -] o )
1.0 /
0.0 L1 1 1
0.4 0.6 0.8 _Yy_
- y+X

FIGURE 5.14 Linewidth at T A versus y/(y+x) for several different

z compositions.

™

4.0 1T T T T I<T T 1
3.0 = ) -
o ¢
2.0 | . . - :
. . | )

1.0 |- = —
o0 L1 L 1.1 1 1 1 ) |

- 0.2 0.4 0.6 0.8
FIGURE 5.15 Linewidth at T, versus z Composition. The

values for eacl\z composition _were obtained
by calculating the_average of the points in:
Fig. 5.13. :



-185- o .
illustrated‘in fig. 6.1 where it can be seen that as the
temperature is lowered, AH increases slowly at first and then quite
rapidly” near fbe Neel temperature.” Below this poiﬁt, the effecté
of the brystal anisotropy field'and the Weiss exchange field cédSe; '
the resonance condition to change §g§g}piﬁg in a shift in ‘the
> :

position of the resonance line, (44). In many cases, the shift is

éo iarge that the resonance point falls outside the *range of
measurements. ‘ : &2 |

The present set of measurements, illustrated in figs. 5.2
to 5.6, aé well as far those of other researchers working on
different SMSC alloy .systems, {54, 91,_92), are restricted to
temperaturés above the critical point. 1In these cases, it wés
found that the temperature variation of .the linewidth resembled'
that' of the antiferromagnetic material discussed above with the
point wherg‘AH‘begins-to increase more rapiély occurring at
progressively higher téﬁperatures_when thé Mn concentration was
increased. |

This behaviour for Cd Ln, Te and for Cd, _,Mn, Se has

1-

been analyzed as a critical phenomenon near the spin glass

temperature by Oseroff et al, (25, 28, 54, 96), using the following

expression;
T
Ad = a {—%-
T-T
‘where A and B are\ponstants indeperident o g and

8 are the guantities discussed

critical exponent. This equatioh is based on a theory developed by
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Huber, {(27), for antiferromagnetic materials. The first term on

the right hand sidq_accounﬁs for the dynamical conttibution to the
linewidtﬁ‘and is valid for T ver? clése.to the critical
temperature. The second term is a modification introduceg by
Dormann and'Jaccarino, (97),'to account’for a gfadqal increase in
linewidth observed for qntiferromagnetics at temperatures much
greater than’'the critical point. It is referred to as the
paramagnetic contribution. .

The main problem with eq. 5.2 is that in- all cases, the
onéet of the large increase in AH, ‘occurred at temperatures far
‘above the criti;él'point, Tg' In fact, the linewidth disappears
well before this temperature is reached. ~Some sampies with a high
Mn concentration showed the pronoﬁnced increase at all

temperatures. Presumably, this is only due to the limitations of

the measuring equipment and so the more gradual increase would

_ appear at temperatures higher than 500 K. Nevertheless, these

results indicate that linewidth begins.to increase rapidly’at

K] -

T > 10Tg which is very unusual for a critical type phenomenon.

This would suggest that a broader effect is responsiﬁle for the

-increase in linewidth, one which is significant over a large range

'of temperature. Furtper confirmation of this is érovided by a
simple manipulation of eq. 5.2. Multiplying both sides of the
equation By_T yields; - .
TAH, =.F(®Y + B(6+T) o (5.3)
I -

where E(T) is some ungpecified function. It can be seen that the

second .term in this equiation is linear in T and so plots of TAH vs

[P,

[
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T shéuld yield straight lines for the high temperature range, where

the paramagnetic Eerm is valid. The intercepts.on the temperature ~
_aiis would'correspond'to the Curie—Weiss temperatures determined ims °
chapter‘4. gxamples of this are shown in frgs. 5.16~5.18. There
is much more scatter in these plots than in the 1/X plots, (figs"
4.14 to 4.18}. However, many of the samples do show this linear
behaviour at high temperatures The extrapolatlon of the hlgh
temperature linear behavrour to the temperature axis produces a
‘value which agrees very well with.the ‘Curie-Weiss' 9 in flgs

4%19(a) to 4.21(a). The range of temperature where the points vary
,ih this linear manner is reduced as both the Mn and the_Zn'
concentration is increased. Samples with high z and samples for
which x =0 did not show this linear behaviour and were not 1nc1uded
in the plots In the cases which are presented, deviations from
.linearity would be due to the‘emerginé significance of f(T) in eq.
5.3. Examining the results for the cases with-the—}owest-Mn
concentration suggests that.most cf the linewich variation is due
to the paramaghetic term. ‘At higher values of z and y, the F(T)
‘term becomes more important at decreasingly lower temperaturee.
So,.it ean be seen in figs. 5.16-5.18 that the paramagnetic term is

'eignifipant and that in many samples, F(T) is importaht over a

large rahge of temperatures. This verifies the €arlier statement..

of the broadening not _eing a cri ype phenomenon. .
A different appreach to anal zlng the temperature behaviour
of the 11neW1dth has been proposed Y Bhagat et al, {99), and

applied-to the Cd;_,Mn Te system by Webb et al, (98), and by Sayad

\
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et al, (125).‘ The b:oadeningtmechanism considered in their work is
attributed to an iphomogeneous distfibution of local fields.
Calculations of the distribution of local fields in.gn FCC latticel
have been made by Ching and Huber, (160). They show that for a
fully occupied latfice; eaéh'spin experiences'the.samé;}ccal.field.
However, diluting the lattice, even by a small'émount, produces a
shift and a broadening of this distribution. The authdrs,'of
reference 100, also.hote that there is no_abfﬁpé cﬁénde in the
behaviéuf of the local fields for the cqncéntrations corresponding
to the nearest neigﬁbour percdlation-limit-or to the |
antiferromagnetic to spin gléss transdtion. This may, be compared
to the results of the ESR linewidth| measurements, (fi}é 5.2 to
5.10) where a similar situation seem ‘o hold. The consequences of
a local field distribution are that the spins-do not all experience
the same H and SO, possess different fesonance_pdintsu The
éituation‘is then as shown in fig. 5.19 where there is a
distribution of resonance lines about a central point,_(lOl),'
These individual resonances are smeared into one brpad envelope.

At the hiéhest temperatures, all the spins are fluétuating_
f;}t enough for this effect to be averaged out. ‘As the fréezing
temperature is approached, the spins slow down and can become
correlated for short periods of time, allowing the local moments td
become signifibant. As the cbrrelgtion.iﬁéreases, the'broadening'
increases. Through numerical calculations, Bhégét et al, (99),

have concluded that the linewidth variation may be empirically

described by the'followiyg equation; | .
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FIGURE 5.19 Inﬁomogeneous Broadening.
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AH = r&exp{—z } + T - ﬁS.d)
T, A
The high temperature linewidth is represented by lb. The
guantity TO is a.measﬁre of the potential barrier separating
two neighbouring ground states of the disordered spin system. Fl
essentially measures the width of the d@stribution of the local
fields seen by the Mn ions, which is a measure of the degree of
random behaviour in the alloy.
In reference 98, the authors show that plots of the log of
the "extraf linewidth, AH-IB, against temperature are {inear
over a wide range of temperatures. Values foF PO were obtaineq\
from the linewid;h at #he highest avai}able temperature, 300 KL)
Included in their analysislwas data taken from an early paper on
CdenyanTe published by this research group, (102). Since this
publication, the measurements have been extended beyond room
temperature; up to 500 K. With this greater range, the analysis
done in reference 98 on the results of a sample of Cd0_7Mno_3Te can
be repeated. 1In fig. 5.201 the same type of plot is presented with
Fo obtained from the linewidth at room temperature, at 500 K
and at some temperatures intermediate to these. This was done to
show that any of these values for FO are equally viable. These
different lines will of course give very different values for
To and Fl casting doubt over this procedure for using éq.
5.5 since~the results seem to QEpend on how high a temperature is

reached.

It should also be noted that the results of figs. 5.16 to
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5.18 indicate that the high temperature linewidtﬁ variation may be
degcribed by the paramagnetic term in eqg. 5.2. This would me;n
that eq.l5.4 would have to be modified as follows;

T | 0
Fexp¢- — p + Bsg 1 - — (5.5)
T T

o

Il

AH

where the paramagnetic term has been subétituted for FO. The
data was analyzed with this equation by a numerical search in
parameter space for the optimum'values of the constants, F,_TO,
and E, wh%ch would minimize the Xﬁ function, {(103). .Basically,
the parameters were adjusted so that the total deviation between
the measured values and the values predicted by eq. 5.5, is as
small as possible. Ho everkxbecause of its form, the paramagnetic
‘term was found to overYestimate its contribution so that the rapid-
increase in linewidth appeared to be dominated by this term rather
than the exponential. As the temperature is lowered the number of
free spins decreases because of the freezing process. Since the!
paramagnetic contribution is due to these free spins, eqg. 5.5

should be modified so that it reflects this loss of spins. The

f%nal‘équation is then;

T 8 | T
AH = Fexp{~ - } + B {1 - = } {1 - exp{ - }}' (5.6)
IS . T

o
Using 8 values measured by susceptibility in chapter 4,

the pérameters‘wére determined for all the measured samples and
plotted as a function of z in figs. 5.21 to 5.25. ' The range of the
fit fof each sample was chosen to avoid including the greatly

' asgmm?trically broadened lineg discussed in the previous section.
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- The final values obtained for the Xﬁ function ranged between

0.9 and 1.5 which is indicative of a reasonable fit, (104).
. v .

The most consistent results were those of the y=0 samples
in fig. 5.21. The;e was more scatter inlthe values obtained fof
the other samples. This was 1ikély due to the fact that the larger
values of-«TA would restrict the.available range which could be
fitted, mofe than forxﬁhe chses with smqller values of Ty -
This ﬁay be further i}lusfrated by cdénsidering tﬁe results Qf the
éelenide.alloy sysfehs, CdenyanSe and.Cdl_zMn;Tel;ySey
investigated by this research group, (91, 92). In'these cases,. the
'teﬁpegature where thellinewidth became asymmetric'occurred at lower
values, and the scatter in the constants obtained by the fit was
greatly reduced. .
‘The Yariatiqn of'T0 with z shown in fig. 5.21(a) is
linear and extrapolates to 0 K.for‘z=0.— The othgr plots of To’
in figs. 5.22(a) to 5.25(a), display a similar behavicur: However,
as was pointfg out previocusly, there is more scatter present and a
few points, aF_high z .wvalues, do not follow the straight lines; -
The variation of TO with Zn concentration may be examined more
clearly by calculating Ehe slope, dTO/dz, for. each set of x:y
ratios and plottiﬁg the result as a function of y/(y+x), as shown
in fig 5.26(a). It can be seen that dTO/dz-increases smoothly
with y concentration indicating that T, increases when Cd is
qeplaced by Z; in the lattice. This is not unexpected since the
other magnetic properties, thch have already been discussed,

behave in thé same fashion.



~  -202- —_
et ot 80 T T T T T T T ] '
\ dz . I Lo
200 = ' - I -
171, J P I N N N T T Y R
0.2 04 06 08 Yy
. FIGURE 5.26(a) dTo/dz versus y/(y+x). y+x
W T T T T T T T
dT, B |
dz'

200

100 N N I N W N N
0.2 0.4 - 06 0.8
y+X

) \ - ” FIGURE 5.26(b). dTg/dz’ versus y/{y+x).



¥

dTé/dz' obey the following expression;
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The effects of the lattice parameter may be considered by
repgating the above process using an effectiye value of Mn
conqentration, z'=z(éo/a)3, where a_ is the iattice parameter
of CATe.and "a" is the lattice parametef of the paiticular sample
Using eq. 2.7, values of dTO/dz' were calculated and.plotted in.
fig. 5.26(b). The values plotted in this diagram still -show. an

increase with y indicating that the lattice parameter may not be

- the only mechanism responSible for the increase in the height of

the potential barrier as Zn replaces 'Cd on the cation sublattice.
Some other property, such as electronegativity, {128}, whose

effect incteases as the atomic number of the non-magnetic cation

decreases, might explain thlS more completely

s

The results of ‘fig. 5:26(b) suggest that the values of

dTo no i : \w).

— = (a” + b'f)
dz’
with a” and b’ constant, and with f=y/(y+x). Integrating this
equation yields; | 'g
T = (a’ + b'flz’ (5:7)

o
with the constant of integration going to zero because of the’

" results of figs. 5.21(a) to 5.25{(a). Thus, the variatién of Ty

with concéntration;could be approximated by a simple expression.

Values for the constants in this equation were determined to be as

follows;

146 + 5 K

W
]

103 +,8 K

o
i

.
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It is interesting to note that a similar anqus?s_for Fhe
Cdenyanée.alloy system, (92), resulted in a value for
b’ which agreed with that quoted above. This would indicate that
T0 varies %ith Zn in the same way for both of Fhéég dalloy ;
systems. *

Considering now figs. 5.21(b) to 5.25(b), one can see that

B varies linearly with Mn composition and seem to extrapolate to a

non-zero intercept at z=0. The open circles represent values

obtained.from\she slopes in figs. 5.16 to 5.18 which agree very
well with the v§i39§“obtained fram eqg. 5.6. Taking an average of

the intercepts gives a value of approximately 80 gauss with.a.

-

rather large standard deviation of about 50 gauss. Similar

beﬁéviour'has been reported for the selenide systems, (91, 92),

with a smaller degree of scatter. This finite quantity is smaller

than the linewidth for isolated Mn impurities (~250 gauss, ref.

129) which indicates that there must be appreciable exchange
Qarroﬁing of the ESR line at high temperatures and for the range of
concentrations investigated here.

The‘variation of B with'Zﬁ concentrations may be examined
in the éame hanngr as was done for T,- Values fof dB/dz were
calculated and plotted in fig. 5.27. 1In this case, no discernible
variati&n could be 6bserved within the limits of tﬁé error bars.
Répeating this calculation using z~ did not affect this conclusion.

tValues'of T as a function of 2z were plotted ih figs.
. +

5.21(c) to 5.25{(c). The degree of scatter‘was so ¢reat, in these

cases, that trying to determine how, this parameter varied with Zn
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FIGURE 5.27 dB/dz versus y/(y+x).
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concentrationfﬁroved to be inéonclusive._ Thus only the variation
“with Mn will Sé ﬁonsidered. It,was mentioned earlier that T is a
measufe of‘the width of the distributibn of local fields. This
distribﬁtion depends on the degree of randomness or the amount of
disorder in tge crystal. 1In alloy systems{ the maximum amount of
disofder.is taken to be proporﬁional to z{l-z}, i,%l thé'degree of
randomness is5 zerd for z=0 and for z=1.0°and a maximum ‘at z=0.5.

To épply it_to‘fhe present case, one must ﬁultiply this by z to‘
account for the effect of increasing the~concentration of magnetic
moments. This résulté in the following expression for TI;

. | R = az2(z-1) (5.8)
where A is™& constant. Note that eq. 5.8 predicts a maximum at
z=2/3 which is very close to the limits of solig solution for this
alloy system, With all of ﬁhe I' values plottea together as a
function of z in fig. 5.28, it can be seen that the,amount.of
scatter increases as the Mn concentration increases. Thus the
points corresponding to the range of concentration in which r would
be expected to decrease are not reliable enough to confirm. A
least squares fit to eq. 5.8 yields;
‘ A = 60+2 Kgauss
The solid line in fig. 5.28 was drawn using this result.
(ﬁ\ The application of eg. 5.6 to the data?Eés produced goﬁd
results for the constants, To’af and B, despite the large
amouna of scatter. It has been noted that varying the Zn

concentration affected the ESR properties more greatly than the

susceptibility measurements. This indicated that the shift in the

-]
-
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FIGURE 5.28 I’ versus z composition. The solid line
represents the results of fitting the data to

eq. '5.8.
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lattice parameter was ndt the only factor involvea in the case'of
ESR. The broadness of the lines, especially for the samples with
It is clear

high Zn and Mn concentratfons; hindered the analysis.

that more measurements in the temperature range greater than 500 K

T\\\‘\ﬁ\ would be desirable. - .
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CHAPTER 6

‘ CONCLUSIONS

An investigation of some of the properties of the
pseudo-ternary alloy, CdenyanTe, has been'presented. Four
main types of measurements were performed on this material; the
determination of the lattgzg\baraﬁeters, magnetic susceptibility,
ESRllinewidth and the energy gaps. Some of the results from one
set of measurements were found to be quite useful in understanding
those of anogher set. Hence, the results of magnetic
susceptibility were used in the analysis of the thermal dependénce
of the energy gap and ESR linewidth. As well, the latticé
pérametérs and the energy gaps were used in the discussion of the
exchange interaction.

The ablllty to manipulate two comp051t10n parameters
1ndependently of each other, was used to study these properties as

the concentration of either the magnetic or a non-magnetic

component changed. When the concentration of Mn increased, it was

found that the magnetic properties which depehd on the strength of

the magnetic interaction, also increased. Thus the critical

temperatqres and Curie-Weiss temperatures deté?mined from

‘measurements of magnetic susceptibility, as.well as the ESR

linewidths, all increased with z. Other properties which were
affected by the Mn concentration are. summarized in fig. 6.1. 1In
this figure, an example of each of the measurements obtainéd from
chapters 3 to 5 is sketched-for three representative é

concentrations. Also included is an example of a corresponding

-

’
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(c)

(d)

FIGHRE 6.1
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Summary of the temperature dependent properties
Investigated in this report. Fig. (a), (b), and (c) represent
typical resuilts for samples with z=0.1, 0.4 and 0.7,
respectively. The energy gap diagram for Fig. (d)

is for a normal non-magnetic semiconductor. The. other
diagrams In Fig. (d) represents the results for a

normal antiferromagnetic material.
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measurement for typical antiferromagnetic materials.

For the case of magnetic)susceptibility, th? example ;;EP
z=0.]1 indicates that there is no transition temperature above 4.2
K, the lpwest temperature which could be reached. The example for
which z=0.4 shows a very sharp cusp which is associated with the
spin glass transition temperature. For 2z=0.7, the cusp becomes -
more rounded and now corresponds to a shért range antiferromagnetic
ordering. Comparing these to the example of Man, (17}, in
fig. 6.1, indicates that the spin'glass case bears the closest
" resemblance to an antiferromagnetic material.

The results for ESR linewidth in fig. 6.1 show that AH
increases more rapidly at 1owef temperatures than at higher. I+
also becomes too large toimeaspre at temperatures well above the
magnetic critical points. This behaviour is very different fron
tﬁat of MnF2 which gives a good measure of the antiferromagnetic
Neel temperature.

The thermal dependence of the the energy gap fo; z=0.1 is
very similar to that of typical non-magnetic semiconductors, figs.
6.1(a) and 6.1(d). When the Mn concentration is increased to 40%,

the dependence remains linear down to the lowest temperatures which
could be attained indicating that at these low temperatures, the

energy gap is larger than what would be expected for ordinary.h
semiconductors. This effect increases as the concentration is
further increased so that, with 2z=0.7, 'a definite upturn is

observed.

Incréasing the concentration of the Zn component while

»

~—
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keeping the magnetic cBncentration‘constant,.sthed that the
strength of the magnetic effects also incre;sed.' It was found that
for both T_ and 8, this increase was directly attributable to

an increaée in the exchange energy which‘resulted from a decrease
in the lattice parameter. This would also be responsible for the
increase in the magnetic contribution to the energy gap, since the
analysis in chapter 3 was based on the Tg values. The increase |
in the ESR linewidth with Zn was relatively larger that that
observed for the other seﬁs of measurements. It was decided that
for this case, the decrease in lattice parameter was not the only
factor involved,

Many of the results reported here for Cd;Zn anTe alloys

Y
were also observed in the other SMSC alloy systems which were
mentioned in chapter 1 and investigated by'this research group,
(91, 92, 114, 115). Unlike the present case, these materials did
not have a siﬁgle crystallographic phase over a very wide range of

composition. Consequently much of the phenomena observed at the

highest Mn concentration were not seeh in these alloys.



-213-

REFERENCES

1. J.B. Nelson, D.P. Riley, Proc. Phys. Soc. 57, 160 (1945)
2. R.R. Galazka, Physics of Semiconductors 1978, Conference
Series' No. 23 (Institute of Physics, London, 1979) p.13{'

3. cié. williams, T.H. Glisson, J.R..Hauser, M.A. Littlejohn, J.
. EPéctronic Mat. 7, 639 (1978)

4, J.A. Gaj, Proc. 15th Int. Conf. Physics of Semiconductrs,
Kyoto, (1980} . ' .2
J. Phys. Soc. Japan 49 Suppl. A, 797 (1980)

5. J.A. Gaj, R.R. Galazka, M. Nawrocki, Solid State Commun.
25, 193, (1978)

6. J. Stankiewicz, N. Bottka, W. Giriat, Proc. 15th Int. Conf.
Physics of Semiconductor, Kyoto, (1980)
J. Phys. Soc. Japan 49, Suppl. A, 827, (1980)

7. H.L. Frisch, J.M. Hammersley, D.J.A. Welsh, Phys. Rev.
126, 949 (1962)

8. R.A. Abreu, W. Giriqt, M.P._Vecchi, Physics Letters, 85A,

399 (1981) .

‘9. V.G. Sredin, M.vV. Pashkovskii, 2.S5. Vasilina, A.I. Evstigneev,'
Sov. Phys. Semicond. 7, 1566, (1974)

10, I.N. Borisov, V.V. Mikhailin, P.S. Kireev, S.N. Ivanov, Sov.
Phys. Semicond. 4, 1521 (1971) ’

11. M. Cordona, D.L. Greenaway, Phys. Rev. 131, 98 (1963)

12.°D.J. Chadi, J.P. Walter, M.L. Cohen, Phys. Rev. B 5, 3058
. (1972)

13. J.P wWalter, M.L. Cohen, Phys. Rev. B 1, 2661, (1970)

14. C. Kittel, Introduction to Solid State Physics, Fifth Ed.,
~ Chapter 11, p32l1. Wiley, Toronto, (1976)

15. C. Kittel, Introduction to Solid State Physics, Fifth Ed.,
Chapter 10, p285. Wiley, Toronto, (1976)

16. F.W. Sears, G.L. Salinger, Thermodynamics, Kinetic Theory and
Statistical Thermodynamics, Third Ed., pl90, Addison-Wesley,
Don Mills, (1975) °*



17.

18.

19.

20,

21.
22.
23.
24,
25.

26.
27,

28.

29.
3Q.
31,

S 32.

33.
34.

35.

~-214-
T. Giebultowicz, W. Minor, H. Kepa, J. Ginter, R.R. Galazka,
J. Magn. Magn. Mater. 30, 215 (1982)

R.R. Galazka, S. ﬁagata, P.H. Keesom, Phys. Rev. B 22,
3344 (1980) '

C. Kittel, Introduction to Solid State Physics, Fifth Ed.,
Chapter 14, p433. Wiley, Toronto (1976)

I.5. Jacobs, C.P. Bedn, Fine Particles, Thin Films and
Exchange Anisotrepy. in Magnetism III, edited by G.T. Rado,
H. Suhl. p271. Academic Press, New York, (1963)

D.A. Smith, J. Phys. F 4, L266, (1974)

P.W. Anderson, Solid State Physics 14, 142 (1963)

L. de Seze, J. Phys. C 10, L353 (1977}

G.S. Grest, E.G. Gabl, Phys. Rev. Lettl 43, 1182, (1979)

S.B. Oseroff, R. Calvo, W. Giriat, Solid State.Commun.
35, 539 (1980) '

C.M. Soukoulis,.K. Levin, Phys. Rev. Lett. 39, 581 (1977)
D.L. Huber, Phys. Rev. B 6, 3180 (1972)

S. Oseroff, R. calvo, W. Giriat, J: Appl. Phys. 50, 7738
(1979)

N. Bloembergen, T.J. Rowland, Phys. Rev. 97, 1679 (1955)
.- &
N.T. Khoi, J.A. Gaj, Phys. Stat. Sol. (b) 83, K133 (1977)

D. McKie, C. McKie, Chrystalline Solids. p208. Nelson, Don
Mills, (1980) -

N.F.M. ﬁenry, H. Lipson, W.A. Wooster, The Interpretation of
X-Ray Diffraction Pho{graphs. p240, MacMillan & Co. (1951)

A. Manoogian, A. Leclerc, Can.-J. Phy. 57, 1766 (1979)

A. Manoogian, A. Leclerc, Phys. St&t. Sbl. (b) 92, K23
(1979) '

A. Manoogian, Unpublished Results.



36.

37.

8.
39.
40.
41.

2.

43.

44,
45,

46.
47.

48.

49.
50.
51.

52.

53.

-215-

G. Goodchild, J.C. Woolley, J. Gonzales, Proceedings of the
4th International Conference on Ternary and Multinary :
Compounds, Tokyo, 1980

Jap. . J. Appl. Phys. 19, 123 (1980)

S.A. Lopez-Rivera, R.G. Goodchild, O.H. Hughes, J.C. WOolleyw
B.R. Pamplin, Can. J. Phys. 60, 10 (1982) -

A. Manoogian, Private Communication
P.J. Ford, Contemp. Phys. 23, 141 (1982)

A.H. Morrish, The Physical Principles of Magnetism, pl06.
Krieger, New York, (1980)

G. Bastard, C. Rigaux, Y. Guldner, J. Mycielski, A.
Mycielski, J. Physique 39, 87 (1978)

C.M. Soukoulis, K. Levin, Phys. Rev. B 18, 1429 (1978)

CRC. Handbook Of Chemistry and Physics, CRC Press, Boca
Raton, Florida

.F. Keffer, C. Kittel, Phys. Rev. 85, 329 (1952)

R. Triboulet, G. Didier, J. Crystal Growth 52, 614 (1981)

B.0O. Seraphin, Electroreflectance. In Semiconductors ‘and
Semimetals, 3, 1 (1972)

I. Balslev, Piezooptical Effects. In Semiconductors and
Semimetals, 92, 403 (1972)

K.L. Shaklee, J.E. Rowe, Appl. Optics 2, 627 (1970)

A.H. Morrish, The Phsyical Principles of Magnetism, pd6.
Krieger, New York. (1980)

T.M. Holden, G. Dolling, V.F. Sears, J.K. Furdyna, G.Giriat,
Sol. State Commun. 40, 281, (1981)

T. Giebultowicz, H. Kepa, B. Buras, K. Clausen, R.R. Galazka,
Sol. State Commun. 40, 499, (1981)

J.A. Mydosh Spin Glasses: The Experimental Situation. From
Magnetism in Solids, Some Current Topics, Proceedlngs of the
Twenty-second Scottish Universities Summer School in Physics.
Edlted by A.P. Cracknell-and R.A. Vaughan, p85 (1981)

S. P McAlister, J. K Furdyna, W. Giriat, Phys. Rev. B 29,
1310 (1984)



534,

55.

56.
57.

i - - -216-

S.B. Oseroff, Phys. Rev. B 25, 6584 (1982)

M.A. Novak, O.G:'Symqu D.J. Zheng, S. Oseroff, J. Appl.
Phys. 57, 3518 (198%5) . ‘ : . :

M.F. Sykes, J.W. Essam, Phys. Rev. 133, A310 (1964)

~

S. Fujiki, T. Suenaga, S. Katsura, J. Magn. Magn;'Mater.

. 31-34, 1457-(1983)

- 58.

59.

60.

61..

62.
63.

64.

65.

66.
67.
68.

69.

70.
71.

72.

C. Domb, N.W. Dalton, Proc.-PhYs. Soc. 8%, 859 (1966)

D. Stauffer, Am. J. Phys. 45, 1001 (1977)

1

K. Levin, C.M. Souloulis, G.S. Grest, J. Appl. Phys. 50, -,

1695 (1979) T
\

G. Bhat, A. Mody, A. Ragwala, Phys. Stat. Sol. (b} 121,
K135 (1984)

S. Oseroff, F. Acker, Solid State Commun. 37, 19 (1980)
M. Escorne, A. Mauger, Phys. Rev. B 2, 4674 (1982)

G.D. Khattak, C.C. Amarasekara, S. Nagata, R.R. Galazka, P.H.
Keesom, Phys. Rev. B 23, 3533 (1981) ‘

S. Nag#sa, R.R. Galazka, D.P. Mullin, H. Akbarzadeh, G.D.
Khattak, J.K. Furdyna, P.H. Keesom, Phys. Rev. B 22, 3331
{1980) -

G. Toulouse, Lecture Notes in Physics 149, 166 (1981)‘
R.R. Galazka, Lecture Notes In Physics 152, 294 (1981)

H. Savage, J.J. Rhyne, R. Holm, J.R. Cullen, C.E. carroll,
E.P. Wohlfart, Phys. Stat. Sol. (b) 58, 685 (1973)

M.A. Novak, S. Oseroff, 0.G. Symko, Physica 1078, 313
{1981)

U. Sonderman, J. Magn. Magn. Mater. 2, 216 (1976)

J. Soulétie, R. Tournier, J. Low Temp. Phys. 1, 95,
(1969)

J. Ginter, J. Kossut, L. Swierkowoski, Phys. Stat. Sol. (b)
96, 735 (1979) : .



73.
4.
75.
76.
77.

78.

79.
80.

81.

-217-

f

P. Oelhafen, M.P. Vecchi, J.L. Feeouf, V.L. Moeruzzi, Solid
State Commun. 44, 1547 (1982)

A.H. Morrish, The Physical Principles of Magnetism, p464.

"Krieger, New York, {1980)

¢. Bastard, J.A. Gaj, R. Planel, C. Rigaux, J. Physique
Colloque 41, C5-247 (1980) ‘

G. Bastard, C. Lewiner, Phys. Rev. B 20, 4256 (1979)

C. Lewiner, J.A. Gaj, G. Bastard, J. Physique Colloque

41, C5-289 (1980)

C.A. Taft, R.M. Xavier, S. Lara, J. Physique Colloque 41,
C5-375 (1980)

A.A. Abrikosov, Adv. Phys. 29, 869 (1980)

N.B. Brandt, V.V. Moshchalkov, Adv. Phys. 33, 193 (1984)

M. Escorne, A. Mauger, R. Triboulet, J.L. Tholence, Physica

- 107B, "305 (1981)

82.
83.

84.

Z. Gulacsi, M. Ghlacsi, M. Crisan, J. Magn. Magn. Mater.
40, 247 (1984) '

C.E.T. Goncalves da Silva, L.M. Falicov, J. Phys. C 5, 63
(1972) :

G.A. Sawatzky, W. Geertsma, C. Haas, J. Magn. Magn. Mater.

.3, 37 (1976)

BS.
86.
87.

as8.

89.

90.

W. Geertsma, C. Haas, G.A. Sawatzky, G. Vertogen, Physica
86-88B, 039 (1977) G

Y. Shapira, S. Foner, D.H. Ridgley, K. Dwight, A. Wold, Phys.
Rev. 30, 4021 (1984) :

J.S. Smart, Evaluation of Exchange Interactions From
Experimental Data. From Magnetism III. Edited by G.T. Rado
and H. Suhl. p63. Academic Press, New .York. (1963)

A.C. Rose-Innes, E.H. Rhoderick, Introduction to
Superconductivity, Second Edition, pl70. Pergamon Press,
Toronto. {(1978)

A.H. Morrish, The Physical Principles of Mangetism, p78.
Krieger, New York. (1980)

R.E. Kremer, J.K. Furdyna, Phys. Rev. B31l, 1 (1985)



-218=

‘ 91. S. Chehab, Ph.D. Thesis, University of Ottawa

92. S: Manhas, Master 's Thesis,:-University of Ottawa

.

|-..r
(o]

93. J.W. Searl, R.C. Smith, S.J.-Wyard, Proc. Phys. Soc.
1174 (1961) "
94. J.W. Searl, R.C. Smith, S§.J. Wyard, Bullryin Ampere, fasc,
special, 9th year, p236 (1960) ’
g 95. J.W. Searl, R.C. Smith, S.J. Wyard, Proc. Phys. Soc. 74,
. 491 (1959). i

96. S.B. Oseroff, R. Calvo, Z. Fisk, F. Acker, Phys.;ﬁgtt s
80A, 311 (1980) ° -

- —— T
. L WL
97. E. Dormann, V. Jaccarino, Phys. Letters, 48A, 81 (1974)
. , E— .

98. D.J. Webb, S.M. Bhagat, J.K. Furdyna, J. Appl. Phys. - 55,

2310 (1984) o \ . o

99. S.B. Bhagat, M.L. Spano, J.N. Lloyd, Solid State Comm.
38, 261, (1981)

100. W.Y. Ching, D.L. Huber, Phys. Rev. B 26, 6164 (1982)
10l. A.M. Stoneham, Rev. Mod. Phys. 41, 82 (1969)

102. A. Manocogian, B.W. Chan, R. Brun del Re, T. Donofrio, J.C.
Woolley, J. Appl. Phys. 53, 8934 (1982) ~

103. P.R. Bevington, Data Reduction and Error Analysis for the
Physical Sciences, p204. McGraw-Hill Book Company, Toronto.

{1969)
104. P.R. ﬁevingtbn, Data Reduction and Error Analysis for thef
. Physical Sciences, plB7. McGraw-Hill Book Company, Toronto.
(1969) . . : "

-

105. .R.E. Kremer, J.K. Furdyna, J. Magn. Magn. Mater. 40, 185
(1983) k

106. N. Bottka, J. Stankiewicz, W. Giriat, J. Appl. Phys.
52(b), 4189 (1981)

107. B.S. Sundersheshd{ T. Kendelwicz, Physics of Semiconduction
Compounds. Proceedings of the XI Conference, Jaszowiec,
Poland. 26 April - 3 May 1981 (Warsaw, Poland: Polish Acad.
Sci. 1982) p213. he

-



-219-

.

108. B. Montegu, A. Laugier, R. Triboulet, J. Appl. Phys. 56,
3061 (1984) ‘ : |

109. H-h. Chou, H.Y. Fan, Phys. Rev. B 10, 901 ('1';’4)

110. T. Kendelewicz, ﬁhysics‘of Semiconductiong Compounds, p253.
Jaszowiec, Poland, (1980)

111. S. Alexander, J.S. Helman, I. Balberg, Phys. Rev. B 13
304 (1976) ‘

112. T. Kasuya, A. Kondo, Solid State Commun. 14, 249 (1974)

113. P. Haasen, Physical Metallurgy, 9133. Cambridge University
Press, New York. (1974) .

114. M. Quintero, Ph.D. Thesis, Un'versity of OttaWa'
115. C. Gnanatissa, Master s The51s, UnlverSLty of Ottawa"

116. M. El Amranl, J.P. Lascaray, J. Diouri, Solid State Comm.
45, 351 (1983) '

{ ’ . ' .
117. E.I. Grancharova, J.P. Lascaray, J. Diouri, J. Allegre,

Phys. Stat. Sol. (b) 113, 503 (1982)

118. M. Ayadi, P. Nordblad, J. Ferre, A. Mauger, R. Triboulet.
Preprint, (1985)

119. S. Oseroff, F.G. Gandra, J. Appl. Phys. 57, 3421 (1985)

120. A.W. Simpson, .Phys. Stat. Sol. o_ 207 (1970)

121. H.H. Heikens, R.S. Xuindersma, C.F. Van Bruggen, C. Haas, J.
Magn. Magn. Mater. 8, 130 (1978)

122. D. Fiorani, S. Viticoli, J. Magn. Magn.-Mater. 49, 83
(1985) : |

123. K. Zanio, Semiconductors and Semimetals 13, 91 (1978)

124. J. Lambe, C Kikuchi, Phys. Rev. 119, 1256 {1960)

'125. H.A. Sayad, S.M. Bhagat, Phys. Rev. B 31, 591 (1985)

r

126. See for example; S.E. Barnes, Phys. Rev. B 30, 3944
(1984) ' S

127. M.N. Aliev, L.R. Tagirov, Phys Stat. Sol. (b) 127, K6l
(1985) .



128.

129.
130.

131.

132,
133.

134.

135.

136.

137.
138.

139.
140.
141.

142.

143.

~220-

K. Zanio, Semiconducfors and Semimetals 13, 62 (1978)

»

H. Kimmel, Z. Naturforsch. 18a, 650 (1963)

J.K. Furdyna, J. Appl. Phys. 53, 7637 (1982)

J.A. Gaj, J. Ginter, R.R. Galazka, Phys. Stat. Sol. (b)
89, 655 (1978) '

J.K. Furdyné, J. Vac. Sci. Technol. 21, 220 (1982)

M. Grynberg, Physicw® 117B & 118B, 461 (1983)

T. Dietl, Proc. 0.J.I. Int. Seminar on Application of ngﬁ
Magn. Field in Phys. of "Semicond. and Magn. Mat., Hakone
1980, Sprlnger

Solid StatsScience 24, 344 (1981)

A.P. Young, J. Stat. Phys. 34, 871 (1984)

K.H. Fischer, Phys. Stat. Sol. (b) 116 (1983)

J.A. Mydosh, J. Magn. Magn. Mater. 7, 237 (1978)

D. Chowdhury, A Mookerjee, Physics Reports 114, 1 (1984)

B.R. Ccles, J. Magn. Magn. Mater. 15-18, 103 (1980)

J.A. Mydosh, J. Magn. Magn. Mater. 15-18, 99 (1980)

G. Toulouse, Physica 109B & 110B, 1912 (1982)

J. Tholence, Physica 126B, 157 (1984)

M. Mezard, G. Parisi, N. Sourlas, G. Toulouse, M Virasoro,
Phys. Rev. Lett. 52, 1156 (1984)

J.K. Furdyna, W. Giriat, D.F. Mltchell, G.I. Sproule, J. Sol.
Stat. Chem. 46, 349 (1983)

M.M. Moriwaki, R.Y. Tao, R.R. Galazka, W.M. Becker, J.W.
Richardson, Physica B&C 117-118, pt. 1, 467 (1983) '

Y.R. Lee, A.K. Ramdas, Solid State Comm. 51, 861 (1984)

P.H. Keesom, private communication.
J. Dlourl, J.P. Lascaray, M. El Amrani, Phys. Rev. B 31,
7995 (1985) -

B.E. Larson, K.C. Haas, H. Ehrenrelch A.E. Carlsson, Solid
State Commun. 56, 347 (1985) :

U. Debska, M. Dietl, G. Grabecki, E. Janik, E.
Kierzek-Pecold, M. Klimkiewicz, Phys. Stat. Sol (a) 64,
707 {(1981) ~

o



-221-

1

144. M. Matlak, A. Ramakanth, K. Skrobis, Z. Phys. B 48, 227
{(1982)

145, Y.P. Varshni, Physica 34, 149 (1967)





