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ABSTRACT
This thesis 1investigaties the c¢rystallographic and magnetic
properties of the pseudo-ternary alloy system, CéquyanSe,
(x + y + =z - 1). Tnese alloys also known as semi-magnetic
sémi-conductors or diluted magnetic semi—conductor; is connected with

" their unique properties both from semi-conducting and magnetic point of

4
i -
view.

Samples with differént composition were 'prepared and
Debye-Scherrer x-ray powder photographs were used to investigate the
equilibrium conditions and to determine the ﬂgttice parameters for each
sample. These values were plotted as a function of composition z and £
(where f = y/x+v) and thus the range of single phase solid solution was
determined.

Measurements of low=-field magnetic susceptibility were
carried out wusing a SQUID magnetometear. From the susceﬁtihility
measurements, values were obtained for the spin-glass transition
temperature Tg’ the Curie-Welss temperature 8, and the Curie constant
C. The wvariation of these three parameters with composition was
studied in some derail. A study of exchange interaction using the T
values, suggested cha:.:he magnetic spins were indirectly coupled to
each other by a mechanism which involved 2 virtual transition hetween
the valeﬁce band and- a Mn 3d level. Predictions- of the exchange
energy, based on these results, agreed with those of other researchers.
As well, predictionslof.thg Curie-Welss temperature, also agreed with

the measured values obtained in this work.
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The ESR linewidth was studied as a function of coméosition
and :empeéaCure. The Ilinewidth was observed to increase with
decreasing temperature. At lower temperatur;, the ESR line "hecame
asymmetrically broadened and then split';nto two parts well above any
magnetic tran;ition point. The dependence of the 1inewidth on
temperature results were analyzed using a theory based on inhomogseneous

broadening.

»
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Chapter 1

Introduction

Recent interest in semi-magnetic semi?gnnduepors or diluted

magneric semi-conductors is connected with theirjunique.properties both

-

from semi=-conducting and magnetic point Pf' view. The name semi-
J

magnetic semli-conductors (SMSC) was coined by R.R. Galazka [1] and name

diluted-magnetic semi-conductor (DMSC) was suggested by Furdyna [2].

One example of semi:pagnetic semi- conductors are the solid soluti;ns

of Al—xMxB type which are formed by substitution of the 'A' component

in an ordinary semi-conductor AB by the magnetic 3d or 4f "M

component. If the MB compound is a magnetic semli-conductor, then

Al-xMxB solid solutions are continuously filling 'the gap' between

<
normal non-magnetic and magnetic seml—conductors. In this case Al-xMtB

is the missing line between AB and MB and the terminoclogy
'semi-magnetic semi-conductors' is used. Diluting magnetic compound MB

with non-magnetic A lons we can refer to Al—xMxB compound as diluted

magnetic semi-conductors. 1In order to retain semi-conductor properties
the M and A must have same number of valance electrons. Some of the

typical examples of semi-magnetic semi-conductors are Cd1 zanSe,

Zn,__¥n Se, Cd

1 _zanTe, Zn

_zanTe, Hgl_zanTe-etc.

1 1

Due to the presence of paramagnetic ions (Mn2+) in these
materials the interactions between the localized magnetic moments and
mobile electrons play an important role.

Therefore in an external magnetic field a behaviour of the

spin-split-energy levels 1s observed strongly differeat from that of
| 4



usual semi~conductors. On the other hand in the absence of a magnetic
field the band structure in these materials exhibit a form similar to
that of a typical semi-conductors, except at low temperature as shown
by Tom Donofrio in his work [3] on CdxzﬁyﬂnzTe alloys.
A large number of papers present physical properties of
. IT VI
pseudo-binary alloys obtained by mixing A™ B semi-conductors with
corresponding Mn compounds. There have been ‘recent studies of the
magnetic properties of the Cd Mn_ Te, Hg Mn Te [&-7] In Mn_Te
z oz z oz z z

1- 1-

1-
[8] Cdl_ianSe [9;10] alloys as well és studiés af electron
paramagnetic resonance (EPR) properties of the pseudo-ternary alloy
system CdenyanTe which links two pseudo~binary system [3]. In all
these alloys, one main Important effect stems from the disordered
distribution of magnetic Mn ions on the cation sublattice which aliows
them to exhibit spin glasé properties.

Brief history of spin glass physics

During the last twenty vyears, the physics of disordered
systems has come to the forefront of theoretical physics.

The original material, on which were first observed the
characteristic properties of spin ‘glasses, were dilute alloys of
transition iImpurities in noble matrices e.g. metal impurities (Fe,Mn)
in noble metals (Au,Cu). In 1932 Louis Neel [yl] in his experiments
was hopiﬁ% to get a better understanding of the magnetic properties of
pure transition metals, It was only in 1956 that at lower témperatures

"the flatten;ng of the magnetic susceptibility was first ohserved by

J. Owen 'ff;]. At that time this could only be interpreted as an

4]



antiferromagnetic transition. However, 1In some respects (remanent
magnetization hysteresis) the_materials behaved like ferr;magnefs and-
besides it was hard té imagine a long range antiferromagnetic.ordering
in these alloys. The shecific heat experiment; a£ the end ;g the 50's,
showing "a éontributioﬁ.linear in‘f af low temperatures and a very round
maximum, led to a different type of interpretation, which essentially
negated the existence of a transition. This interpretation came to
dominace in ﬁhe 60's and foun? its expressions ;n'the term “spin glass”
colned b& B.R.-Coles at the end of the decade. ‘

- The name “spin glass™ was Introduced by Coles to denote the
"eatire class of_(random) qagnetic alloys of modetaﬁe‘dilution in which
the magnétic structure no longer resembles that of a pure metal but 1s
sufficiently similar that the exchange interaction ddminates otﬂer
energy contributions such és‘tﬂose from the Kondo effect and other free
electrons interactions™. Such an alloy after cooling to a véry low-

- .
temperature in zerc field has the solute moments 'frozen' in 1ocaln
molecular f£ields. These fields‘having a distribution of magnitudes and
directioﬁs such that the neﬁ magnetization of any*region containing a
few tens of solute atom 1s zéro; So far 'as the nature of the exchange
interaction is conéerned the physical model has come to be écceptéd for
these metallic materials so that the exchange iInteractions folloy the

RKKY theory. -

-~

During the last de :ade many other spin-glass system have been
discovered where the physical origin of randommess of the spin
orientation and the nature of the exchange interaction are different

from the one considered above. = Therefore Binder [13] defined spin-

glass as "magnetic systems where the interaction;>getween the spins are
[

q



in'confli;t“ with_each other due to some quenched (i.e. frozen in)
disordered in the system, |

Therefore for the metallic materials the essential
ingredients of spin glass are the réndomness and the mixed interactions
but for semi-conductors materials this is not.the case.

In order t; produce a random magnetic system, we have to
simply‘:;bstitute a magnetic element for a2 non—magnetic one in a mulei-

component system as discussed earlier in the chapter. The method which
- A3

r.,_/".\-'\ ..
we used to produce the random magnetic system was melt and anneal
> -

technique, in which we' weighed the different elements according to
their appropriate ratio and melt them together. The other method and
. - . i

- ! . !
more recent technique is by "sputtering. Bﬁt this is done mostly for
. Jf

metallic compounds. “
o 'S

In this present work we will be discussing semi-magnetic
semi-conductor systems. Semi-conducting mixed crystals containing a
agneti t e.g. , H
magnetic gomponen e.g Cdl_zanSe le_ 1-

‘an_zanSe have received considerable attention [&-10]. fhe presence
= .

Mn Te, Cd Mn Te and
z oz z 'z
of; the paramagnetic Mn {on 1in these materials modifies the
semi-conductor properties, particularly at low Temperatures, and
produces some interesting magnetic effects, one being the forﬁapion of
a spin—glass phase.
In this present work an investigation of certain properties
of the system Cd_Zn Mn_Se and Cd_Hg Mn Te where x + vy + z = 1 will be
X vy g2 Xy oz
presented. The composition of these semi-magnetic semi-conductors may
be represented by a composition triangle {Fig. I-A and I-B) 1in
triangular co-ordinates.

Each point in the triangle represent a particular value of x,



-5~

P . N
y and. z, and hence a particular composition. Each corner of the
triangle represent a pure compound, CdSe, ZInSe, MnSe, @dTe, HgTe and
MnTe, and each side of the criangie represent a pseudo~binary system‘
e.g. Cdl__zanSe, shown in Fig. I-A on the left s.ide of the triangle,
and similarly with the other sides. ‘ |

Now the samples in this report with particular composition
will be_ referred to by a label of the form (x,y,z) where x,y,z are
per;én:age composition of Cd, Zn, Mn in Fig. I-A and Cd, Hg, Mn in
(Fig. I-B).

AN
Many wmeasurements have been performed on the pseudo-binary

systems Cdl_zanTe, Hgl_zanTe, Cd z1‘-lnzSe and Zn _zan'I‘e [4—10].

I- 1

" In this work the measurements will be extended ro the pseudo-
ternary systems CdenyanSe and Cdng};anTe. There are sope advantages
in performing these measurements on a pse‘udo-ternary rat:h;ar than just
on*pseud.g%;binary alloys. For one, we have wide range of samples
available over complete composition of the triangle (see Fig. I-A) to
investigate and alse a wide solid seclution range. This can then

provide much more data for analysis of those properties and may reveal

previously undetected results.

The measurements which were carried out were as follows.
First the variation of the lattice parameter with composition were
measured for equilibrium samples. In doing s;:) the Ilimits of solid

solutionlw’ere also determined. Next the magnetic properties of the
! M

system were investigated. These measurements were made only on the

System Cdx.ZnyanSe, for the system CdngyanTe only lattice parameter

measurements were made, other measurements carried out by another

student (D. Beckett). Because of the semi-magnetic nature of the
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FPUF!E t-A  Triangular Coordinate System.

Any point "P” in the diagram represents a sample of
composition (x, ¥, 2). :
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Any point P’ in the diagram represents a sample of

composition (x.y, 2}.
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material, a magnetic state known as spin glass (as discussed earlier)
can occur below a certain cricical temperature. Measurements of
susceptibility and of electron spin resonance were carried out to study
this.

Polycrystalline samples were produced rather than single
crystal, because a large numbers of samples with different coméositions
were required. The ciolce of polyerystalline éamples allowed of the

order ten or twenty times the number of composition to be investigated
] .

+

as compared with the case of single crystals were used. 1In all of the

measurements made, -the use of polycrystalline samples was no
Y -
disadvantage. ' Q
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ChaEter II
CRYSTALLOGRAPHY AND X—RAY MEASUREMENTS

2.1 Preparation of samples

Polycrystalline samples of the alloy s&étems CdenyanSe and
CdngyanTe‘Fere prepared"from the elements by the standard melt and
anneal technique. The componenr: of one gfﬁm samples were sealed in
small lengths of quartz tubing under vacuum. During all preparations,
carefui procedures were- followed to ensure that the final alloy
composition was in accordance with the initially measured quantity of
elements.

It was found cthat 1if untreated quartz tubing were used,
-

-

" during the melting process, the material would react with quartz to

~ such an extent that the tube would break upon cooling and all the

sample would be lost. It was believed that this was due to the
presence of manganese in the sample. 1In order to avold this reaction
the insides of quartz tubes were covered wiéh‘a layer of carbon. This
was done by inserting a piece of absorbent paper into the open end of
tube, and then placing the abscrbent paper in a beaker full of acetone
for few minutes so that it soaked up some acetone. The other end of
the quartz tube, whicqlwas sealed, was then heated in a flame. After
this was done two or three times a layer of hot carbon began to collecr‘//
at tﬁe hot end, and the process was continued‘until a good laver of
carbon was deposited on the inner surface of the quartz tube.
Carbonising the tube does not always prevent the sample reacting, as
some timeé during melting layer of carbon will flake off. However the

method was successful in the large majority of cases.
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The samples were placed in 8 melting furnace at room
temperature aand heated to about IZOOOC. This temperature was
maintained for half an hour, during which time the tubes were shaken
periodically in order to obtain a through mixing of the elements.
Cooling to room temperature was carried out in approximately three to
four hours, this rate of cooling being sufficiently "slow to avoid
breakage of the quartz tube upon solidification of the alloys. The
samples were then placed iIn a furnace to anneal at a temperature of
800°C for two weeks.

After two weeks 1in the annealing furnace, the sample was
taken out and in order to check whether equilibrium had been reached a
Debye~Scherrer powder x~-ray photograph was taken. Most of samples were
found to be in good equilibrium condition except some wich a higher
concentration of ménganese. These samples were resealed under vacuum

and placed back in the annealing furnace for another two weeks.

2.2 X-ray Powder Diffraction Technique

Many materials particularly.metals and alloys can be obhtained
only as a mass of randomly-oriented crystallites and consequently only
the pow&er méthod can be applieq to them. The 1interpretation of a’
.powder pattern can be a simple or a difficult operatiod, depending upon
the numbe; and structural complexity of thet phases composing the
specimen. With the relatively simple structures involved in the
present work, thé unit cell dimension and lattice type of the cubic
substance can be arrived at 1in a straight-forward manner from thé
diffraction patte?n, and similar information can usually be deduced for

1
tetragondl and hexagonal substances.
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2.3 Method Used for‘?-w Analysis

Debye-Scherrer x-ray powder photographs were obtained for

each of the sé&ples using Philips Debye—Scﬁerrer 114.6 mm powder
camerag and CuKe radilation.

Each specimen was ground 1into a smooth, fine powder and
mounted in the camera by means of a spindle and thin glass £fibre
arrangement (shown in figure ?.1). The fibre was coated with powder
using, as an adhesive, a grease known to give little absorptioﬁ, care
being taken to keep the fibre and powder in cylindrical form in order
to wminimize wunsystematic absorption corrections. Kodak no—-screen
medical x-ray 35 mm film war used. The variation of exposure time
depends upon the material and composi:ion-of the sumple. In this case
the exposure time required was from two to three hours. After the
exposure, the film was developed for 5 nﬁﬂb{es, fixed for 10 minuzes

and then washed for 30 minutes.

2.4 Measurements of X-ray Films

Thelposigéon of the diffraction lines were measured using a
travelling microscope and, after allowing for absorption effects, the
Bragg angle of each 1ine was calculL&gg,/ The absorption effects
mentioned above resuit from the gpecimen having finite width and high
absorption so that diffraction‘is obtained from a limited region of
sample. As seen from fig. (2.2), the effect of absorption will he
greater in the center of the specimen compared to the edgzs, since the
incidept rays have travelled a greater distance within the sample. The

resulting intensity distributien azruss the powder line 15 shown 1in

fig. (2.2). -For low Bragg angles this has the effect of doubling the



S

Figure 2.

JoS—

the film.

-14-

A B C
| = : r
D
\
E
]- |..|J1 r]“"“-\\’
( [
F | G . N .
EJ) .
)

The powder camera and spindle-fibre arrangement used to take Debye-
Scherrer x-ray photographs. The camera is shown in actual size with
a radius of 114.6 mm. The part labelled A is the cylindrical camera
body, B, are movable pins with a locking screw to hold the fiim in
position, C, is a plugger to centre the specimen holder, E, in the
x-ray beam. F is the fibre onto which the specimen is adhered, G,
a drive spindle from a detachable motor, H a detachable 1id, and D

-

[



{a) (b)

Figure 2.2 The effe'.\we cf absorption in an x-ray specimen. An x-ray beam is diffracted
as it passes through the specimen {2). The resulting intensity distribution'_,
is shown in (b). . The diffraction line appears to be doubled. If absorption
is high only part of the sample is irradiated. This region is shown by the
shaded areas in (c) and (d). X-rays in the darkly shaded areas are absorbed
within the sample after being diffracted. The effect of high absorption is
to shifr the diffraction line to a higher angle. The shift is greater for
iower Bragg angles (c) and decreases as € approaches 90° (d).
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diffraction lines. In some cases, when absorption is high, only part
N .

of the specimen is irradiated as is shewn in figure (2.2) where x-rays

have penetrated throughout the shaded region only.

s+
1

Two methods ave used to correct the absorption effects, these
being Nelson-Riley extrapolation [1] and the internal calibration
technique. The Nelson—Riiey technique 1is a method of linear
extrapolation and was used mostly in the case of cuhic structure to
predict what value "a" (lattice parameter) would have at 8 = 900.

Values of "a" were plotted against a funcrion £(8)

2 2
_ 1 [cos"8 cos™8B
B®) =5 Gma*—o |

and the straight line intercept on the “a” axis, where 8 = 90°, gives
the value of the lattice parameter. A least squares fit is used to
draw the. gest straight line through the experimental points which.
minimizes the effect of random errors.

The internal'caiibration [2] invol&es intimately mixing an
interrnal standard of accurately kno;n lattice parameter such as silicon
- with the sample being x-rayed and this was used, for.samplés with
hexagonal structure. The powder of the_specimen whose parameter is to
be determined, is mixed with a small amount of silicon powder, and a
pattern is obtained for fhe composite powder. The true angle Sifor any
diffraction line from the silicon. can be calculated and then the
difference-bECween the observed arnd calculated values of sinze for

. .
silicon is calculated and plotted as a function of the observed values
of sin" 6. Thus a correction curve may be plottéd showing'fhe change 1in
the Bragg angle 6, due to 2bsorption, as a function of 8 or more

conveniently changes Asin28 in sinze as a function of sinze. A typical

correction curve is shown .in figure ;(2,3). This 1s then used to
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correct all lines for unknown sample. Knowing the true values of

sinze, one can apply the least squares method to the gqﬁation

sinze h2 + hk + kz 22
Q=== 4/3 3 =y
| AT/ a c
and valueé of a and ¢ can be obtalned. \;QQL“/

2.5 Result and Analysis

In figure (2.4) the range of sample composition which was
studied is shown. The compositicns were chosen so that the variation
of properties along lines of constant z and along lines of constant x:y
ra;io could be studied. Two single phase reglons representing
different solid state structures were obsérved in the ternary phase
diagram. The dotted line in fig. (2.5) represents the boundary between
the twe regions. Samples whose compositions lie in the upper region of
the triangle, i.e. the P region, consist of two phases, wurtzite and
the sodium chloride structure of MnSe. Region~Q has wuftzite single’
phase structure, 'and in the region R single phase of zinc blende
structure was observed.

The x-ray pictures of some of the two phasge samples were
analyzed, but only to determine the limits of the single phase fields.

The variation in lattice parameter with composition for
various fields 1is showgi in Figs. 2.6 - 2.9. Fig. 2.6 shows the
variation ip the hexagonal phase of a (lattice parameter) versus z at
constant f, where f (= y/(x+y)), 1s the zinc fraction of non-magnetic
cations, while figure 2.7 show the variation of a (lattice parameter)
versus f at constant z. Similarly in fig. 2.8 and 2.9 the variation of

¢ (lattice parameter) versus z at constant f and variation of c versus

f at constant z are shown.
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These result can be used to determine the different phase
boundaries since for any single-phase field, the lattice parémeter
aiways varies 1in smooth and continuous way with composition. In a
two-phase region "tie lines”™ exist, along which the relative amounts of
the two phases change but their compositions and hence lattice
parameter remain constant. Houever,'the compositions of the two phases
and consequently their lattice parameters will wvary along any line

which is not a "tie line”.

As a resuli of these rules in mo<t cases, a break in curve of
a (latcice value) against the relcevant compositign parameter gives a
good indication of a field boundary. The lattice pa;ameter usﬁally
changes at a different rate In the two-phase region than in the single
phase regibn, which causes a break in the parameter—composition curve.
Each break in each lattice parameter curve would then allow us to
determine one point on the co}responding phase bo&ndary on the
is;thermal section. Let us consider fig. é.ﬁ. In this figure, the
lattice parameter a shows a linear variation with f in the single-phasé
region as shown by the solid lines. The irregular behaviour of lattice
parameters a starts at about z ; 0.48 onn f = 0 line at this point. The
latrtice parameter value a instead of following the dashed line shown in
figure (2.6) deviates thus indicating the presencé of. a .Ewo pﬁase
region beyond z = 0.48. Similar results are observed for other lines
in figure 2.6. Also as seen in figure 2.7, in which the variation of

]

" lattice parameter a versus f at constant z is shown, all the lines vary

smoothly except at low- value of 2. 1In this latter case we have a zine

blende struc.ure at higher value of y being compared with the hexagonal

structure at liow y values. However if we plot cation—cation spacing,
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FIGURE 2.7 Variation of the lattice parameter a versus f at constant z.

(where f = v/x+y).
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b

which in case of wurtzite structure is a (lattice parameter) and for
cuble structure is a/v2, against £, a smooth variarion is obtained.
Turning to the values of lattice parameter, it is usual in
cases of this type to look for a convenlent mathematical expression to
represent the parametfer és a2 function of composition variables. This
is convenient for purposes of interpclation ete. It was found that for
each single=-phase field the dependence of the léttice parameter on f
and z could be expressed by a simple mathematical equation of the form
a = mz + k where m and k are slope and intercépt respectively, which
were f-deﬁzgaent {n the case of constant f. The values-of m and k
obtained for all the 1lines of .constant f were then plotted as a
function of f, these plots showed a linear dependence of m and k on f.
Similar kinds of results were obtained when the agglysis was applied to
other cases such as a plot of lattice parameter a2 against z. Thus the
required mathematical equation would havelfhe form,
a= A+ Bz + Cf + Dfz

where A, B, C and D are constants. These constants were oétained from
a least square fit calculation which was carried out using an Apple II
Computer Programme (see Ref..Z). In the zing blende region we nave

a(nm) = 0.6483 - 0.0145z = 0.0437f + 0.0Q141zf
with a standard deviation ¢ of 0.0003{nm). 1In the wurtiite reglon we
have |

a(nm} = 0.4595 - 0.0294z - 0.0297f + 0.0177zf

c{nm) = 0.7615 — 0.0867z - 0.0601f + 0.0639zf

with a standard deviation g for é 0.0002(nm) and for ¢ of 0.0003 nm.
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Discussion and conclusion: An isothermal section of the phase diagram

of the se?i-magnetic semi-conductor alloy svstem CdenyanSe was
obtained. In the alloy system under invg;tigation one and two phase
behaviour was observed. _ However, in the 1investigation of the
properties of semi-magnetic semi-conductor only the single phase fields
are of interest, and the wider the range Af single solut;on the better

it is for the comparison of magnetic and other properties.

L
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Chapter III
MAGNETIC SUSCEPTIBILITY MEASUREMENTS

)

I \

3.1 Introduction

The magnetic moment of a free atom has three principal
sources: (1) The spin with which electrons are endowed (é) tﬁeir
“orbital angular momentum about the nucleus and (3) the change in the
orbital moment induced by an applied magnetic field. “The first two
cffect gi%e paramagnetic contributions to the magnetization, and the
third gives diamagnetic contribution. Atoms with ﬁifled electron
shells have zero spin and =zero, orbital moment; these moments are
associated with unfilled shells [1].

The magnetization M is defined as the magnetic moment per

' *

unitc volume. The magnetic susceptibility per unit wvolume is defined

— X =-§ (C.G.S) 3.0 a
b M -
X =5 (S1) 3.0 b

where B is the macroscopic magnetic field intensi:y, ¥ Is dimensionless
in both systems. Substance with a negative magnetic susceptibilicy ére
called diamagnetic. Substance with a positive susceptibility are
called paramagnetic.
The magnetic moment of an atom in free space is given hy
'pJ = yhJ = ~guJ | | 3.1

the constunt y I{s the ratio of the magnetic moment £o the angular

-

momentum; Y 1s called gyromagnetic ratio or magnetic ratio. For

electronie systems a quantity g, called the g factor or the

spectroscopic splitring factors, is defined by

gy = -k - 3.2
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For an electron spin g = 2.0023, usually—tgken as 2.00. For a free

atom the g factor is given by the Landé equation

o, JCIFD) + S(s+1) - L(Lt1)
g 2J0J+1)

The vector addition of the quantum numbers results in only

3.4

partially filled electronic level possessing a non-zero resultant
momentum., Therefore on%y atoms such as Mn can have a net magnetic
moment, The five unpairea\Bd eléctréns of Mn result in a value of sgpin
momentum § equal to 5/2, as givensby ground state configuration of Mn2+

which {s 3dS by applying Hund's rules.

/
’MS/ML‘ 1/2 | -1/2 Mg = 1/2 + 1/2 % 1/2+ 1/2 + 1/2 = 5/2
T2 3 s S =5/2
1 4 M =241 +0-1-2=0
0 + J=L+5=25/2

-2 't. l B | \\

In a soliq the angular momentum L may be quenched by the
erystal fileld [2,3]. Therefore i£ may unot contribute to the total
magnetic moment. Now in the case of Mn by sgbscitucing S =15/2, L=20
and J = 5/2 in equatiomw 3.4 we get the value éf g = 2 for Mn.

Materials may be classified according to théir magnetic
properties into three general categories; diamagnech, paramagnetic and
exchange c¢oupled magnetic systems. Iin an appliéé'magnetic field the

three general categories d%stinguish themselves especially as a

function of temperature. For diamagnetic materials, the magnetic
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susceptibllity, which 1ic defined as y = M/H, turns out to be negative
aﬁd independent of temperature. Paramagnetic systems have a positire

susceptibility and at high temperature follows the Curie Law given by

NI{J+1 )g2 ug sz 2

xc: 3-5
3k T Sk T T :

—lo

Here p is the effective number of Bohr magnetons, defined as
- = glsn ]}

the constant C is known as Curle constant, N 1s the number of magnetic
atoms, kB is the Boltzman constant and T is temperature in Kelvin, g
the spectroscopic splitting factor is given by equation (3.4).

Substances rthat obey Curie's Law at least up to a first
approximation-are called normal pafamagnetic materials, the interactiog
between the magnetic dipoles is negligible and consequently is always
overcome by the disordering effect of the temperature which tends to
randomnize the magnetic dipoles orientations, so that the net
magnétization vanishes as soon as the applied magnetic fileld is
switched off. . However in oéhef'paramagnetic materials, the magne;ic
dipole—dipole interaction is ﬁot small and as a result these materials

obey the Curie-Welss law

| - 6
where 6 $s a constant which takes into account the effect of the
inter-dipole interaction. If this is positive the internal interaction
tends to line up the spins parallel to each other, reéulting in
ferro-magnetic behaviour.

An antiferromagnet interaction, on the other hand, aligns
neighbouring cpins in antiparallel orientation and 8 1s negative in
this case. When the temperature is decreased in an antiferromagnet

substance, the magnetic susceptibility increases and shows a
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singularity in its curve at a critical temperature ‘I‘N,gr\own as the
Neel temperature below which the spin system 1is an ordered state of
antiparallel alignment. Above the Neel temperature the alignment.is
lost and the material assumes a paramagnetic-like state.

Zero value of 6 means the material is paramagnetic.and the
equation 3.6 reduces to equation 3.5.

Iﬁ the class of magnetic material known as spin glass, the
magnetic spins interact with each other in such a way that at low
‘temperature spins end up being frozen in random directions [&—7]. This

f-is due to "frustration”™ of cthe spin system, a term introduced by
Toulouse [8,9] to indicate that not all the interactions c¢an be
satisfied simultanéously. Frustration' occurs when there 1s a
competition in the interactions between the spins. The frustratioL can
occur in one of two ways. Firstly i1if both positive and negative
exchanges are present in the lattice then any given ion can experience
both positive and negative interactions from different neighbours and
so frustrarion will ocecur. This is illustrated by the normal behaviour
in metallic spin glasses. For metallic spin-glass systems such as
CuMn, AgMn etc. the exchange interaction is an.indirect one through
the conduction electrons. . The proéess is known as RKKY
(Ruderman-Xettel-Kasuya- Yosida) [&] interaction. The exchange
fntegral Jeoscillates betweén positive and negative values as it decays
with distance (Fig. 3.1) [4]. This 1interaction results in a
competition between ferromagnetic and antiferromagnetic interactions,
between the randomly distributed spins, which becomes “"frustrated”™ and
freeze in a disordered fashion.

)

The RKKY interaction is dimportant with the large charge

carrler concentration [2,10] in metals semi-conductors with large
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FIGURE 3.i

R.K.K.Y.- Interaction
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energy gaps (such as Cd zanTe, Zn anzTe, etc.) and the system under

1—-

investigation Cdx2nyanSe have low charge carrier concentration and

1-

hence the gffect of RKKY exchange interaction 1s negligible. In
addition to this, the exchange coupling 1is helieved to be solelf.
artiferromagnetic, so there 1s no competing ferromagnetism to cause
frustration.

However even when all exchanges have negative sign
frustration can still occur from geometric consideration which is
second source of frustration as shown by Deseze [ll] and discussed by
Villaiun [12]. In a face centered cubic¢ lattice, consider three
neighbouring éace centers BCD to a given ion A, forming a tetrahedron
as shown in the figure (3.2). All of these are nearest neighbours and
so with antiferromagnetic exchangé, should be anti—pérallel. £ A 1s 4

then B will be + now C is frustrated since interactign with A requires
do;nward (+) direction while interactioﬁ with B requires upward (+4)
direction, similarly with D. In an antiferromagnetic case, where all
sites 4,B,C, and D are occupled by magnetic ions, the problem is solved
by a system of regular sublattices giving type 1, type 2 etc. [1]
ordering of antiferromagnek. However for the spin glass case, the
occupation of the sites #s not .complete and the magnetic i1ons are
arranged at random. \w&r/; result, when concentration is < 0.6, the
equilibrium conditions corresponds te random arrangement of spin
vectors on the various sites. This effect was predicted for the
CdenyanSe alloys by Kremer and Furdyna [13].

The fﬁgnetic_Susceptibility of & spin-glass shows, to some

extent, simlilar behaviour to that of an antiferromagnet with a

singularity occurring at the freezing temperature TP [14—19].



FIGURE 3.2 Tetrahedral bond arrangement
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Experiments such as neutron diffraction [20—22] and Mdssbauer effect
[23—25] have shown the random freezing of spins. These results show
' that ; magnetic phase transition occurs at this freezing temperature
Tg, but no discontinuity at Tg has been observed in the snecific heat
behaviour [28,29]. In order to have a phase transition, a
discontinulty must be seen In specific heat measurements over a narrow
range of temperature rather than a uniqﬁe temperatures [A,S,26,27].
This leaves some doubts about the type of transition which occurs in a
spin-glass. This question is still not resolved although it is clear
the transition is not a simple type. With regard to the question ahout
the nature of the antiferromagnetic coupling between ; pailr of Mn ioms,
varioué suggestions have béen put forward. The 1indirect exchange
interaction Eetween two localize moments, arising from the virtual
transition between the filled valence band and the empty conduction
band (Bloemberggn—Rowland) [30] is relatively unimportant 1in these
wide-gap materials, but becomes more important as Eg hecomes small.
'nAnother mechanism, proposed by Geertsma et al [31], gives long range
exchange interactién through virtual transitiens between the valence
band and a delocalized band of 3dsstates. We will discuss this in

detail later in this chapter. The object of the present investigation

of magnetic susceptibilizy is to try to determine which exchange

>

3.2 Mensurement of susceptibility ' -
g

mechanism is dominant in these alloys.

The magnetic suscepcibility of a magnetic material may be
found by measuring the magnetization under the influence of an applied
field. This was done by using a SQUID magnetometer. The word SOUID is

an acronym for superconducting quantum interference device. This
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instrument can be used to measure very small magnetic fields with an
extreme.v high degree of accuracy. Due to the high sensitivity of the
SQUID, =z small aﬁount of sample could be used for the measurements.
Magnetization of samples as small as 20 mg were measured with the
SQUID. Another advantage that SQUID magnetometer has over other types
of magnetometer such as mutual inductance, torsion bhalance is that only
a small applied magnetic field is needed to give sufficient
magnetization of the sample to be detected. The superconducting ring-
resonant circuit arrangement is called an rf-SQUID. When the sample 1s
inserted into one of the pick up coils, the change in magnetic flux is
transm;tted to the SQUID producing a change in the magnet§weter output
proportional to the sample magnetization.
Figure—3<3) shows the experimental set up used Co measure
the susceptibilicy. This system was designed' and developed by
Dr. Gilles Lamarche, Physiecs Department, Univeréity of Ottawa. The
cryostat is a typical double dewar system witﬁ liquid helium 1in the ’
inner dewar and liquid nitrogen in the outer. A lead shield inside the
helium bath surrounded the inner part of the system and so reduced any
penetration from externél stray fields. A solenold and niobium
cylinder were placed inside this shield in the helium bath. The
solenoid provided = magnetic <field which was trapped by the
superconducting niobiwr when liauid helium was transferred into a dewar
A field ranging between 25 to 30 gauss was applied through the
solenoid. The niobium cylinder also pro%&ded additional magnetic
shielding.‘
A S.H.E.‘Model 330 SQUID was used. The pair of oppositely

wound superconducting pick-up colls were used to detect the
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magnet.tation. The superconductiong pick-dp colls are located inside
the niobium cylinder and are tighltly bound to the outside wall of a
vacuum can inside which an exchange h‘elium gas 1s placed. The change
_in ﬁl\ux of these coils was measured by the SQUID.in a flux transformer.
The pick-up coils gave two measurements of magnetization of opposite
polarity because the -colls are oppositely wound. This gas chamber
{ontains the sample holder which consisté of a verv pure copper
container attached to a long plastic rod which extends outside the
cryostat and is attached to a reversible motor. This enabled different
samples to be inserted and extracted without opening the whole system

-~

as well as providud a means for driving the sample through the pick-up

\._._.\‘ , .
coils by a reversible motor. _

e

The temperature of che’system was controlled by circulating
the gas arocund the sample. The.gas from over the helium bath was
allowed to enter the gas chamber .through a tube which was wra‘pped
severa.l times around a copper E;allast. A heating coll was also
attached to a copper block. The copper ballast was heated so in turn
it heated up the He gas as the latter was going around., With this sez-
up, we obtailned temperatures In the range L2 K and 270 K. Three
dif'fer.ent thermometers placed at different locations were used to
monitor the temperature. A chromel-gold 0.07% iron thermocouple was
placed at the top of the coppro.;.‘;’/block. A calibrated Ge resistance
thermometer was placed near the bottom of'the block. Finally a
magnetic thermometer (a paramagnetic salt) was placed on the sample

holder about 10 ¢m above the sample. After numerous measurements using

three t:hermometerfs; and after comparing the data only less than a degree

'
)

difference was/measured between the three thermometers. So
{

/
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measurements were made without the magnetic thermometer and in its
place another sample was used.

With this system we could. measure the 'SQUID voltage from
which the absolute magnetic susceptibility could be determined through
the use of .calibration' relétion which was deterqined by Dr. Gilles

Lamarche as

-5
(1.25x10 ")y
X = (i/2+0.29M  em/gm 37 .

where V is the SQUID voltage, M is the mass of sample in grams and i
the current through the solenoid in mA. The units of this equation
(3.7) are electromagnetic units per gram of sample. By using these
units for sdsceptibility, equation (3.5) becomes

. ZNAgZpEJ(J+1)
x = BkBW(T+8) emu/gm _ 3.8

where NA is Avogadro's number and z is the Mn concentratisn, W is che

molecular mass of each sample.

3.3 Results I

The magnetic susceptibility measurements were carried out for

all the single-phase samples in the range of 4.2 K to 270 K.. These

measurements were made as a functlion of temperature to determine the
values for spin-glass transition temperature Tg, the Curie-Weilss

paramagnetic temperature €, and the Curie constant C for the alloys.

-Fig. (3.4,3.5,3.6) shows the low temperature susceptibility meaé;fement
for different constant values of £ where f = y/x+y. The results shown

in Fig. (3.4,3.5,3.6) were obtained for zero~field cooled sampleé l.e.

the samples were cooled before the magnetic field was applied. The

results showed a sharp cusp in the values of susceptibility for zero
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FIGURE 3.4 Results of measurements of magnetic susceptibility for some samples
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field cooled samples but the cusp was not as sEar?/yﬁen the samples
were cooled in the presence of a magnetic field. Fig. (3.7) shows the
behaviour of the susceptibility measurement for ze;; field cooled and
field cooled saméles. This indicates that an alignment of the spins by
a magnetic field at higher temperature is to some extent rtetained by
the spin system below the freezing point.

For zero field cooled samples, a well defined cusp could be
observed In the curves of mégnetic susceptibility y as é function of
Lemperature T when z > 0.25 and this peak of the cusp defines the
;spin-glass transition cemperaturg Tg' For z < 0.25 the cusp wou}d
occur at or below 4.2 K, which’ is below the low temperature limit of
the equipment used, and so';;s not observed. The values obtained for
'I‘g are plotted in Fig. (3.8) as a function of f for values of constant
z and in Fig. (3.9) values of Tg v$s z at constant f£f. Also shown in

¢

Fig. (3.9) are values of Tg obtainef by Novak et al [32] at
P .

temperatures < 4.2 K for Cdl_zanSe alloys. 1In the high temperature
range, the temperature dependence bf' the reciprocal magnetic
£
T-8"°

The experimental curves of 1/y vs T (see Fig. 3.10) have been

susceptibilicy 1/y should-éhbw the linear Curie-Weiss from y =

extrapolated to give the Curie-Weiss "ParamagneEic" temperature 8.
Values of 8 so obtained are shown in Fig., (3.11) as a function of f for
various constant values of z, and in Flg. (3.12) as a function of z for
various constant f values., The slope of the linear part i.e. the high
temperature part of 1/y vs T graph: gives the' values of the Curie
constant C. These values of C (per mole of sample) are plotted as a
function of the alloy composition parameters in Fig. (3.13) and Fig.

(3.14). At the temperature nearer to Tg’ the values of 1/y fall below
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FIGURE 3.7 1irreversible effects in spin glasses. The arrows indicate
the sequence of measurements which produced this result after
thé sample is initially cooled in zero field. '
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FIGURE 3.9 Plot showing the spin-glass transition temperature ‘T,, measured
by magnetic susceptibility, versus the Mn concentratiIon z.
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the Curie-Weiss line as shown in Fig. (3.10) and this effect is

attributed to superparamagnetic effects in random Mn clusters.

3.4 Analysis

The pleot of the inverse susceptibility graph versus
temperature shows which type of interaction is taking place. At high
Lemperature, Mn?'+ spins interact weakly in a normal paramagnet fashion,
giving the Curie-Weiss behaviour for the magnetic susceptibflity¢ shown

~
by the linear variation of 1/y vs T curve. If we extrapolate\this
linear portion of the curve it will intersect the negative T afis,
implying that an antiferromagnetic interaction is taking place between
the spins, so in this high temperature region the susceptibility {is

given by

2 2
i z NA By & S(S+1)
per mole 3k(T-8)

where z is the Mn concentration, NA is Avogadro number and 8 < (. As

£(T) 3.8

the temperature is lowered the spins begin to show more correlation
i.e. tend to stay antiferromagnetically aligned in small clusters for a
longer time. As the temperature continues to fall the range'of the
exchange interaction extends and Mn clusters show greater correlation.
These growing interaction between the spins, and formation of finite
clusters ‘cause a superparamagnetic effect to come iﬁto play so that ¥y
1s increased and hence 1/y changes slope and falls below the Curle-
Weiss line Fig. (3.10).

As we lower the temperature further, the correlation range

extends to further independent spins; as a result the size of magnetic

clusters increases until they begin making contact with each other i.e.

they become strongly interécting. Finally at the temperature Tg a
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FIGURE

3.2

Plot of the Curie-Weiss "Paramagnetic' temperature 6 versus the
Mn concentration z for lines of constant f (where f = y/x+y).
Note that each curve refers to a separate scale as indicated by
the arrows.
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percolation takes place which makes an infinite clugter of frozen

A

2

spins. ihe spins inside the cluster are strongly correlated, and their
directions are controlled by a field Which is assumed to be randomly
distributed over all directions. Thus the spins no lenger react to the
external field, this causes the magnetic susceptibility y to show a

cusp maximuq{at Tg. .

_ C&psidering now the varlations of the parameters ogtained
from magnetic susceptibility measurement. From Fig. (3.8}, 'I‘g varies
and increases slighrly wich £, the reason for this could well hg
explained by the fact that the value of lattice parameter decreases
with £, ;nd consequently the distance between Mn ilons bacome smaller
‘towards the Zms side of pseudo~ternary diagram. 1In general, exchange
interactions tend to increase with a decrease in separation between the
magneti¢ 1ons. This would mean that spins would freeze at h;gher
Cemperature.

Linear extrapolation of the Tg vs z graphs to zero glves
z = 0.19 which 1Is very close teo the value of 0.195 calculated for the
percolétion limit for nearest neighbour interaction for an fece lattice
as calculated by various authors [33,34]. A similar value should apply
for the wurtzite structure since wurtzite and zinc blende have the same
nearest neighbours configurations. The behaviour of 'I‘g has heen
previously explained by postulating that spin glass behaviour cannot
occur for concentration less than this percolation limit. However
results by Novak et 2l [32,35] have shown that values of Tg can be
nbtained at concentrations down to 2z = (.05 indicating that
interactioné larger than nearest neighbour must occur. However for
z ~ 0.25 the nearest neighbour interactions domlnate and this is why
the.‘extrapolation from this range glves the nearest nelghbour

percolation limit.
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It is convenient to discuss this point further by considering
the analysis Suggestedqby Escorne et al [36.37]. It 1s assumed that
the exchange parameter J between two manganese ifons can be written as

J=J exp(—&r) ¢ _ 3,li

where r is the distance between the ions. For a concentration z of Mn

lons arranged~sat random on a cation sublattice of nearest neighbour

spacing d, the mean Mn spacing can be written as dz-1/3,.and hence the
mean exchange Iinteraction between Mn fons is given by
‘ -1/3
Jﬁ Jo exp(-odz ~.7) 3.12

If it is also assumed that kTé - —AJm where A is a constant independenf
of z, this givés

% T, = (-4 J /k) ez 13 3.13
The distance d is relzted to the lattice paraﬁeter, and for the zinc
bleande structure 4 = ac//z while for hexagonal wurtzite structure

d = a Thus provided the initial assumption of eq. (3.11) is

h™ _
satisfied and o is a cepstant, the graph of XnTg vs dz—1/3 should be a
straight 1line, In the work &one here in our research group this has
been shown to be the case for the alloys systems CdenyanTe, (33)
(Cdl_zan)(Iel_ySey) (39) and also for the system under investigation
here, CdenyanSe. It is seen that these data fall on one of two
lines, one corresponding to the cublc zinec blende structure and one to
the hexagonal wurtzite structure. Both lines are straight up to a
value of dz_”3 corresponding to z = 0.6. 4Above this Qalue, the zine
blende points form a different line, and this is the range iTt which
antiferromagnetic rather than spin glass behaviour occurs as Shown by

neutron diff{gccion [22,22], work and as discussed by Tom Donofrio_in

his work on the alloy system CdenyanTe [38].
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A linear extrapolation of the present data gives good
agreement with the data of Novak et al [32,35] for Cdl_zanTe-and
Cdl_zanSe for values of z in the range 0.01.< z< 0.5, indicating*chat
eq. (3.11) is still valid at these low concentrations of manganese.

These results indicate that, within the experimental error and for a

given structure, the exponent a i1s constcant and indge&jﬂent of
conposition, namely of the Ma concentration z. i

As mentloned above, the resulr of inTg vs dz—l/3 in Fig.

£3.15) showed a linear variation implying that the exponent & %s a

constant, independernt of =z and r. Consequently « is indepquent;nf

energy gap Eg(shown by other workers of the group T. Donofrio for

Cd Zn Mn Te and S. Chehab for Cd Mn Te Se alloys [38,39])u
Xy z 1-z 7z I=-y 7y
Equation (3.11) indicates that there 15 a fairly long range
- +
indirect antiferromagnetic exchange interactions between the an ilons
which has an exponential variation with distance and for which the

exponent g 1is independent of composition and hence of various othé:
parameters which are composition dependent.

Turning to the exchange mechanisms which have been proposed
to explain spin glass behaviour, clearly in this case direct exchange
and R.K.K.Y. are eliminated as is superekchange through localized anion
p' orbitals. In the material under d{nvestigation the selenium »p
electrons are part of sp3 hybridized valence conduction band system and
the exchange via various indirect transitions needs to be consiéered.
One mechanism proposed by Bloembergen and Rowland [30] and discugéed by

various authors [36,40] involves virtual transitions between valence

and conduction bands. However although this exchange has an

-2mE ¢
exponential variation with distance {J(r)a exp( 2“) r} the exponent is

+h
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- & function of band gap Eg' Thus although this mechanism is important

in low band. gab materials e.g. Hgl anzTe [40], it cannot be the

*
-

dominant mechanism 1n the present case.

" Two other"exchange mechanisms giving exponen&ial distance
variation have been proﬁosea. ne, involving coupling :hroggh phonons
[&1], contain; also a cosine term involving distance and so is not
applicable hgre. ‘The second mechanism was proposed by Geertsma et al
[31] based on the work of Gongalves da Silva and Falicov.[&z]. This
gives long raage exchange interaction through vircual. transitions

between the valen?e band and a delocalized band of 3d states. The

exponential term in this case has an exponent which is a function of
the energy differe;c? between the two states and of tﬁe effective mass
of the valence baﬁd; Since for thesel zine blende and wurtzité
geﬁi—conductors, the valence band 1is insenéiti#g Fp changes 1In
composition, it appearg reasonable t£at this exponent should have a
constant value as described‘above:' Thus this exchange mechanism would
appear to have the form required to explain the present results.

:In the analysis of Geertsma et al [31] it has been shown-that
to a good approximation the exchange can be taken to have the form

- J(r) = I0 r-2 exg(-ar) 3.1&
i.e. there is an additional r_é\a;;ku;compared with Escorne equation

.(3.11). When this term 1s included in the present analysis, equation

(3.13) must be written as

=AI
k
'In Fig [3.16].the dat; for the system undef investigation, gd?ZnyanSe,

2/3 o

-1/3

9 -
in d”Tg'z = n { ) - d z 3.15

in this thesis, .and for other systems investigated by the workers in

the research group f.e. Cd Zn Mn Te, Cd Mn Se Te are plotted as
] . o X ¥y z -z z "l-y "y

EY

o
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2nd?T 2"

g
limits of experimental error, the\ggﬁuits lie on two straight lines,

2/3 1/3 >

vs, dz . It is . seen in this case also that, within the

[

one for the cuble zinc blende and one for hexagonal wurtzite structure.

Both the Escorne and Geertsma plots appears to be straight lines
o ‘

because the variation of d is-relatively small and so has relatively
v

little effect on the shape of the graph. Again it is found that the

2 -2/3 v dz—1/3

line shown in Fig. (3.16) in d Tg z S extrapolate to the

. 1
points representing the data of Novak et al [32,35] at low z values, ~
" From the slope and intercept of each of th ines in Fig.
(3.16) values of g and AIo/k can be determined for each structure:

-

these are

Sa

zinc blende ¢ = 6.1 * 0.4 nrn-1 AIo/k

1

) 2 02
-(2.03 + 0.5) x 10° Knm

+

It

- )
wurtzite ¢ = 8.0 * 0.4 nm -{4.35 + 0.9) x 10~ Knm2

AIo/k

n

v

As indicated by Anderson [&3], the parameter A can be equated
4

to $(S+1). The values of Curie-Weiss C in these materials show that in

all cases, $ = 5/2, so that the values of Io/k can be obtained from the

5
above data and these are for zinc blende Io/k = —(23 * 6) KnmTand for

1
wurtczite Io/k = =(50 % 11) Knmz.

+These results for Iofk allow values to be determined for the

-

exchange between nearest neighbour and next nearest neighbour sites (Jl
H

and J2 respectively) which can be compared with particular values glven

-

in the literaturei For the case of CdO.9SMHO.OSSe Aggarwal et al [&4]
from measurements of A-exciton splitting gives the value of JI/k as
=8.7 £ 0.3 K, while for the same alloy Shapira et al [AS] from high

field magnerization measurements give JI/k = 8.3 * 0.7 XK. 1In the

present work, the value of d for this composition is 0.4292 om and
. N
hence from equation (3.14) the value of Jl/k 1s -8.7 £ 0.7 K. Shapira
f

t

&
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. 4
et al [45] also indicated that for 2y 97Mg 03

-13 ¥, and from the present data for Zn

Se they obtained Jllk -
O.QTMnO.OBSe which has zinc

blende structure and so d = a/vY2 where a, the cublc lattice parameter
is 0.5654 nm, éhe vaiue obtained for JI/k.= -12.7 * 0.9 K. ]

The analysis of Geertsma et al [31] indicates that the
exponpnt @& has the value 2(2€m*/h2)% where € 1s the energy difference
in the virtual-transition and m* is the effective mass for the valence
band. A reasonable estimate of m* is given by the heavy hole mass for
CdTe, which is close to the free electron mass m [46]. Thus with m*
taken as ® the above values of a glve values of £ of 0.34 * 0.05 eV
‘for rhe zinc blende structure and 0.61 * 0.06 eV for the wurtzite
case, ‘
Turning now to Curie-Weiss temperaturé 8, it is noted that
magnitude of: the "paramégnecic" Curie témperature 8, 1is obserked to
inecrease with both £ and z. The variation with z in Fig. (3.12) is
non-linear, with the lines for f 0.5 bend upwards while those for
f 0.5 bending deownwards. This effect can he relafed to the variation
of the lattice parameter iIn the allo&s {see chapter two). As in
chapter (2) Fig. (2.6) it 1is observed that thé lattice parameter
decreases with increasing z for £ 0.5, and increases fﬁr £ 0.5, the
extremes of these conditions occur at £ = 0, and 1 respectively. The
reduction of the lattice parameter with higher z (f 0.5) increases
the iateraction between Mn ilons and results in an increase in & above
the linear variation, while the opposite effect is observed for the £
0.5 case,

After this qualitative description of the dependence of & on

composition, let us try now and make some quantative predictions of the

values of & for our alloys and then compare with experimental results.
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The standard mean field theory [&7] gives

S(S+1)

K I "y 3.16

8 = 2/3

where z represents the summation over consecutive sets of neighbours
i "

l.e. 15C nearest neighbours, an next nearest neighbours etc., and
where ny is the number of neighbours in each case and Ji is the

appropriafe value of the exchange parameter. If Ji is assumed to

i

satisfy eq. (3.14), and with concentration z of paramagnetic ions, n_is _

replaced by zni then
n exp(-ari)
r2
1

6 = 2/3 S(s+1) J /k z ) 3.17

For both structures, values of n, and r, were calculated by
Dr. Woolley out to seventh nearest ‘neighbours (Table 1). Theﬁ‘with 5,
Io/k and. lartice parameter values known, values of 8 were determined
from equation (3.17) and'compared_yith the experimentally determined
values. 1In Fig. (3.12) the points are the experimental values and the
curves values, calculg:ed from equation (3.17). It {s séen that very
good agreement is obtained.

Finally the remainiggk‘physical counstant that can be
determined from the magnetic susceBYibility measurement isg ghe Curie
constant C. The variation of the Ca%ie constant C(per mole of sample)
is linear with z and extrapolate\\/b the origin of coordinates (Fig.

3.14) within experimental error. This result 1is indepeadent of the

alloy composition f. Fig. (3.13) shows that the variation of C with f

for constant z is very small. These results are to be expected since

in the Curie-Weiss range C should depend only upon the concentration of

Mn ions.

[¥)



Table 1.

61—

Values of r

1 distances between cations, and s, the number

of neighbours at distance r

r

in terms of d the nearest

neighbour c¢ation spacing. ~ Values £or the =zinc hlende

structure (d = a/¥2) and wurtzite structure (d = a).

- Zinc blende

. 2d /54 /6d /74
a, 126 26 12 24 8 48
5=
Wurtzitre
8 11 17
I’i d ¥2d Ed ¥3d —3-d 2d ¥5d —-gd
n 12 6 2 18 12 6 12 12



.3.5 Conclusion

7
The results from the magnetic susceptibility measurements

proved to be very useful in giving valuable information on the magnetic
behaviour of the CdenyanSe qlloys ;nd all otheq materials belonging
to same class. The values of the spin-glass freéezing temperature 'I‘g
were determined, and when plotted against =z, the Mn concentration
extrapolation'to‘Ié = 0 gives z ~ 0.2, 1In very good agreement uith-the
theoretically calculated percolatioﬁ limit for nearest neighbouT
interaction [&8,&9,50]. However values of Té were obtained by Novak et .
al [35] for concentration down to z = 0.05 which could be explained on
the basis of next and next next nearest neighbour interaction by using
" the analysis suggested by Escorne et al [36] accorq;ﬁﬁ to which 2_nTg
should decrease in a linear fashion when the mean spacing between the
Mn jions increases with decreasing z, which is true in our case and even
for z < 0.2, This exchange causes an antiferromagnetic interaction
between Hn2+ lons, which decreases exponentially with distance and the
exponent is independent of composition. An exchange mechanism proposed
by .Geertsma et al [31] seems to satisfy these requirements, It
involves virtual transitions between valence band and delocalizeé 3d
state, From the analysis, very good agreement can be obhtained with
values of Jl/k and lek,determined from very differentlmeasurements.
Also the results can be used to give a very good prediction
of the value of 8 for the alloys, without any adjustable parameter.
The values of the energy separation e determined above are useful to
indicate whether the exchange 1is due to interaction of the valence hand
with a 3d band or the conduction band. The valence band 3d transition

would probably involve the transition of an electron from the top of
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valence band to the 3d5 state, converting it co 3d6 with & resultant
energy increase of €. As indicated above, € should be independent of
composition for a given structure with values determined hére of 0.35
eV for zinc blende and 0.61 eV for wurtzite samples. For all the
samples E > 1.56 eé and hence in all cases, .the valence-conduction
band spacing“is too large for any appreciable interaction. However in
case of Hgl_zanTe, the results of Mycilelski et al [51] shows that when
Eg is comparablejwith €, virtual valence—condgccion band transitions
play a significant role.

The exchange interaction in our alloys system was found to be
antiferromagnetic interaction as indicated by the fact that values of
Curie-Weiss paramagnetic temperature 8 were found to be negative; thus
confirming the antiferromagnetic interactions betwéen the Hn2+ spins
and an iscrease in the magnitude of the 8 valugs with increasing z
which indicates an increase in antifefromagnetic interaction.

With the values of Curile constant C we were able to calculate
the spin of the Mn2+ ion, and cthis was found to be 5/2.

With the help of magnetic susceptibility measurement we are
able to get a good agreement between the experimental and calculated

values of Jl/k’ JZ/k and 8, and the exchange mechanism between the Mn

spins in the alloys.
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Chapter IV
ELECTRON SPIN RESONAﬁCE MEASUREMENTS

-

4.1 Brief History

- Paramagnetic resonancé was discovere& in Kazan by Ye. K,
Zavoyskiy (1944). His first experiments dealt ‘with resonance
-absorption in salts of‘the iron group ions. Electron paramagnetic
rescnance (EPR) has become one of the most powerful tuols of physical
research. Its application 1is extremely broad. In ionic crystals it
makes it possible to determine the structure of the energy levels in

magnetic centers, explain thf fine structure of the crystalline

lattice, and define the parameters fhat characterize the kinetics of

P

” ¥
magnetization. We can study <wcrystal lattice defects by means of
) 4
electron paramagnetié resonance (EPR). In 1liquid salt solutions

electron paramagnetlc resonance provides the possibility of
investigating solvate shell structure. With EPR we can study the

properties of conduction electrons in metals and semi-conductors. 1In

nuclear physics, paramagnetic resonance has proved valuable as a method” ™~

p
for determining nuclear moments, and it is one of most effective means

of polarizing aucledi.

Also the method of paramagnetic resonance has been very
useful in chemistry. It has enabled the first detection of free

-10 to J.Om13 mole quantities. Also ir has heen useful to

radicals in 10
biological materials and most recently paramagnetic resonance has found
“ important applications in radio engineering 1in the construction of =

g : :
,——new kind of low-noise amplifier.
rd . .
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4.2 Introduction ' A

.A free magnetic ion thch has a resultant angﬁlar momentun
quantum nhmber J would give 2J + 1 different degenerare levels., The
application of the static magnetic field H will produce Zeeman
splitting of the 2J + ! states into the levéls with energfes of E =
guBMJH, where MJ is the magnetic quantum number, g is the Lande
splitcing égctor, and ﬁB i3 the Bohr magneton. TFor the alloy system
being investigatgd, ions form a part of a crystalline solid and are not
free, therefore thé angular momentum may be described by a spin quantum
number S i.e. J = S. In a2 field H, the energies of the split 2§ + ]
levels can again.be written as MsépBH and g 1s expected'f6 be very
close to 2.0. Without any other coqsiderations, the form of the

splitting would be given by Fig. (4.1).

In electron spin resonance (ESR), transitions between the

" levels can Be induced by the application of an oscillating magnetic

fi;ld (i.e. altérnating electromagnetic field) and the resulting
absorption 1s measured. According'to quantum mechanices, a selection
rule operates so that 'for magnetic dipole radiation, only the
transitions between adjacent levels for which AMS = %1 is allowed, ;hd

~

frequency of oscillating magnetic field is given v

fiw = ghy 5! (4.0)
It can be seen that the resonance may* be obhserved by either

fixing the frequency w and varying H or vice versa.

© In normal: ESR the

former method is used, with the frequency fixed at some point in the
microwave range.
Lt should be mentioned that the condition represented by eq.

(6.0) may be modified by fine and hyperfine splitting. In the former
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case, some of the degenerate lavels aré split initially by the
crystalline field as éﬁown in Fig. (4.2) when a magnetic field 1is
applied, multiple resonance points would gceur, ‘resulting in the
observation of more than one line. With hyperfine splitting, the
nuclear magnetic moments are coupled to the electron moments to produce
an e#tra splictting of each level. 1In the materials Cdl_zanSe,
ICdl_zanTe the ESR spectra due to the above effect have heen observed
in diluted samples (z < 0.05) by Oseroff et al [1]. ’

As wich éll resonance effects, some broadening of the line
occurs due to various factors. The 1lirne width may be related to
several different effects, including various cypes of relaxation
phenomena, such as spin-spin and exchange interaction [2]. Another
factor which may affect this linewidth, referred to as AH, 1is
inhomogeneous broadening and is caused by an overlapping of‘any fine or
hyperfine structure, as ?ell as by the presence of inhomogeneous fields
in the crystal [2]. The main aim in performiné the present ESR

L 4

Deasurements was to determine AH as a function of temperature and
composition and to investigate the cause of broadening.

4.3 E.S.R. Measurement Apparatus

The ESR measurements uere. made 1In Dr., Armen Manoogian
laboratory undef\\is supervision and with the assistance of technician
specialist B.W. Chéhn, |
) .The apparatus consists of a klystron producing microwave
power at x—band microwave frequency (~9.2 GHz). The peoduced microwave

power can propagate in a mf crowave bridge, known as "magic™ T, which

consists of four-armed wave guide structure (as shown in the figure)
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allowipg the microwave power to feed into the sample cavity through one
arm, and thé power that is reflected back from the cavity to leave by a
separate arm to the detectiop system. The slide~screw tuner contains.a
pin which can be inserted into the path of the microwaves, and can also
be moved along the length of the waveguide comprising the slide screw
tuner. The attenuator consists of a miéa card covered with carbon that
can absorb nearly all the microwave power that is not reflected back by
the pin and hence that reaches the attenuator. As a result the pin
depth of the slide-screw funer changes the amplitude of the microwave,
while the position of the pin along the tuner changes the microwave
phase. The crystal detector consists of a silicon rectifier mounted in
the wave guide. The rectifier detects the ?igh frequency microwave
power and changes it to a difect current (d.c.) voltage. Lower
frequencies however, even up to several tens of megacycles, are able to
pass through without being changed to .d.c. The microwave resonant
sample cavity is a plece of ; wavegulde with copper plates soldered on
each end, one end of which haé a hole of 4 inch in the center to allow
the microwaves to enter the cavity. The length of the cavity is one
wavelength.,

_A frequency stabilizer keeps the glicrowave frequency
stabllized against the resonance frequency of the sample cavirty. A
phase sensitive detector (fSD) is employed when recording signals on a
chart recérder. While 1t 1s being swept, the magneticl field 4is
modulated at 100 KHz by means of a pair of Helmotz coils mounted on the
two opposite Iwalls of the cavity which face the two poles of the

magnet. The derivative of the ESR absorption lines is then produced on

the chart recorder; and the peak to peak linewidth AH is measured with

- /
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an NMR gaussmeter; also the resonancg.fleld HR is defined from the zero
of the derivative curve.

The temperature ofrthe samplf can be controlled in the range
between 10 K to 500 K. -Circulating nitrogen gas around the sample
cavity 1s used for the temperature control between 500 K and 90 X
whereas helium gas is used between 90 K and 10 K. The temperature of
the sample 1is wmeasured by means of a thermocouﬁle which can Se in
direct contact with the sample. A gold-chromel thermocouple 1s used
for temperature below 300 K, and a copper—coﬁstantan thermocouple for
temperature above 300 K. The ESR measurements can be carried out at

various temperatures.

.

4.4 Results

The ESR‘measurements were carried out on all the samnfes in
the single phaée region, The resonance absorption for different
compositions was observed over a wide temperature. range, (10 K to
500 K). At higher temperatures (i.e., room temperature and above) all
of the single phase samples produced a single symmetric line with a
g-value very close to 2.0. Plots of Aﬁ versds temperature for a wide
raﬁge of concentratisns are presented in Figs., (4.4,4.5). In all cases
it was observed that the symmetric éﬁ resonance linewidth increased
with decreasing temperature remalning symmetrical 1in the hizher
‘temperature range. However at low temﬁerature where AH bhegan to
increase appreciably, the lineshape was ob;erved to broaden
asymmetrically. When this occurred, the low field peak of the

derivative line remained eséentially the same while the high field peak

became greatly broadened and flattened out. An example of this is in
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Fig. (4.6). At this point the line intensities decreased and quickly
fell to almost zero with further cooling of the sample. This effect
was most rveadily observed for samples with z > .25, since in those
cases this low temperature behaviour occurred above the 10 K lower
temperature limit of the equipment used. This effect has also been
noted in other materials being investigated by the research group, e.g.
Cd) ,Mn Te, -Se (3] and Cd_ Zn M Te [4]). As indicated by Sayad and

1- 1=y

Bhagat, in their ESR work on Cd _anzTe [5], the ESR lineshape for each

I
of these alloys remains symmetrical down to certain temperature below

which the line becomes assymmetric.

4.5 Analysis of ESR Linewidth and Discussion

In the ESR measurements of all the alloy samples it was
observed that the symmetric Mn resonance linewidth ’1ncre§§gd with
decreasing temperature, eventually becoming asymmet:ief at low
Lemperature. As an example given 1n Fig. (4.6? in which it is seen
that the low field half of the line is broadened and flattened out.
The same kind of ESR line shapes were calculated by Searl et al [6—8]
for a random polycrystalline assembly of uni-axial crystals having
uni-axial g-value anisotropy. For more detail see reference Searl et
al {6-8].

To analyse the variation of 1linewidth with temperature,

[

initially the method of Oseroff et al [1] for Cd;_ Mn Se and Cd,_,Mn Te
was used with the expression
'I'c [+ 2 a
BH = A b Tc} + B o (4.1)

*

developed by Huber [9] whére B is Ehe higher temperature linewidth, Tc 4

1s the "transition temperature”, o is a_;riticaifzzgaﬁtnfy\énd A dis s

-
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a parameter dependenc of T. This is the standard form used to analyse
critical phenomenon results. The results obtained by Oseroff gave

values for all four parameters Tc’ A, B and a from a least square fit

¢ .

‘.condition. However the values of A and a were finconsistent with
composition variation, especially. the wvalue of ‘o "t\he critical
exponent"‘ which varied by aé much as an order of magnitude, Thus in
the initial work on the present alloy, which is CdXZnyanSe, we
analysed the data by employing a log-log ploi such as

- log (AH ~ Bi = ¢ log [TE/(T-TC)] + log A (4.2)

The values of TC used in this analysis were chosen as the
. temperature at which the linewidth became very large. These values are
considerably higher than the 'I‘g valués obta?ned from the ?nagnet:i_c
susceptibility. It was found that a linear variation of the type
indicated in the equation (4.2) could be obtained only for the c‘e_lse
B = 0. The values of a were then found to fall within the range of a =
0.33 +0.08. il ”

But, a zero value of B is not physically meaningful, because
it is not possible to have a zero linewidth at very high temperature (T
+ ®) in the paramagnetic reglon, which- was implied by this analysis,
Also it 1s not possfble that the existence of the linewidth and its

broadening at all_t:emperatures‘ is a result only of critical effects
T a

T—T)'
¢

represented by the term A( Consequently equation (4.1) had zo

be discarded as a good expression representing AH vs T in our case.
In subsequent work [10-12] Oseroff used a modified Huber
expression Lo fit the data of AH vs T for Cd1 zan'I'e and Cdl anzSe.

AH = A(TC/T-TC)“ + B(1-6/T) C O (4.3)
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The equation is littlg more complicated than equation (4.1), because
the parsmecér B is replaced by the term B(l1 - 8/T), giving a 1/T
variation for the high temperature linewidth, & is the “paramagnetic
Curie Weiss temperature” which i1s negative in these materials. This
new term was introdu;ed for antiferromagnets by Dormann and Jaccarino
[1@]{ to account for the non—critical high temperature dependence of
the ESR linewidth. 'The resuits obtaineé-using the equation (4.3) by
Oseroff 'varied for a between 0.2 to 2.0, so this equation was

discarded, because theoretically the value of critical exponent should

be constant for the same critical phenomenon.

It has been suggested by Webb and co-workers [1&] that the
. -.') “

variation of AH with temperature is due to the resonance line being
broadened because of the inhomogeneity théh must be present with the
random distribution of Mn2+ lons, and which results in an effective
clustering of the fons. Webb et al [1&] suggest that the variation of
&H due to this effect can be written as an empirical‘exﬁression of the

form

=T
= — .4
AH = T exp(To) + T, (4.4)

where FO is high temperature linewidth and [ and To-are empirical
‘parameters associaﬁed with the interaction of the spins. This
expression seemed t§ work quite well over a wide range ofy T, more
épecifically in the lower temperature region. However itswas not clear
how the high temperature linewidch Po values were chosen by Webb et al
: [14] in every case. Apparently_in most clses Po was chosen as ;hé
value of AH at T = 300 K, the highest temperature at whicﬁ ESR
measurements were taken. In the present work the measurements were

extended up to T = 500 K, and AH showed a noticeable variation between

-
L

]
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300 X and 500 K. Knowing that for a given composition the values of
these parameters (To and T) should be constant ia;ependent of the high
tenperature linewidrh, convinced us further that our.high tEmpe;acUre
linewidth term B(1-8/T) 41is the one to be _used. Therefore the

expresslion becomes

AH = T exp ﬁ-T/TO)t+.B(1—e/T2qu . (4.5)
From the wvalue of AH in the range whg%égfhe inhomogene;ﬁy

broadening is negligible, i.e. at high T, values of & and B could this

be obtained by plotting T AH vs T. Equation 4.5 can be written as

T AH = F(T% + B{T-8) (4.6)
where F(T) = TI exp (—T/To)._ It gan be seen that the second term in
tﬁe equation (4.5)'isclinear in T and so plotfs of T AH vs T should
glve straight 1lines for the high temperature range, where the
paramagnetic term is valid. ' In Figs. (4.7=4.10), which shows examples
of g;ch plots for the lines f = 0, f = 0.2, £ = 0.8, and £ = 1, it is
observed that for each plot a linear behaviour is obtained down to a
certain temperature below which there is a deviation from linearicy.
Thé slope of the line will give the value of parameter B and intercept
will give the value of 8. The values obtained for & in this way for
all the samples were in good agreement with those obtained from the
magnetic susceptiblility measurement (see chaﬁCer 3), also the values

-

for B varied systematically with composition. These result justified
the use of the temm B(I-E/T) in describing the ESR linewidth dependence
on temperature in pureiy paramagnetic high temperature regilons,
However it was found that at lower temperatures the B(1-8/T) term

appeared Lo overestimate the paramagnetic contribation, so that in some

cases the rapid increase in AH appeared to be dominated by the
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paramagnetic term rather tﬁan'ﬁhat due to the inoomogeneiﬁy effect.
This can be a:cr;buted to the fact that the paramagnetic contribution
1s due to the fréé'Mo2+ opﬁns all of woich can be assimed to éontribote
at high temperatures, However at lcwer tempe;;EG;eo where exéhange
éffects become important, the increased corrolation between the spins
mean that the effecofve number of free spins is reduced. To allow for
‘ th}s; the B coéfficignt An- the paramagnetic relation needs to bhe
modified and so has been written as B{l—exp(—T/To)}. Hence this term
is made to decrease at a rate oompatiple oito/che increase in the
‘eichange effect. The experimental wvalues of Aﬁ versus T were then
.f;tted to the equation . N . - /
AH =T 'exp(—T/To)‘ + B{1 - exp(-T/'r'o)} (1-8/T) (4.6)
Vgiﬂoslof e.were.taken from the susceptibility measurements and T, To
and B were determined by a least square fit to the experimental values
of 84 from the maximum temperature of 500 K down to that at which the
lino showed; aopreciable assyome try. Indeed woeg the 1line _shows
asymmetry, the value of AH cannot be clearly determined. The'least
squérés caleulations were carried oot using an Apple II microcompucer
programme written by Tom Donofrio, a oember of the research grour.
In all cases, the fit to experimental poilnts was very good
witb’éE%Eﬂard deviation in the order of 0.0l k gauso. Also the values

of - B obtained wlth this method, were 1in good aéreement with those

S
obtained graphically.

K]

The variation of the. parameters B, T and To witn the -

composition Gariablgs f and z for_ a typical section of the alloy phase
B
diagram, are shown in Flg. (4.11-4.14). The wvariation with .alloy

composition of the parameters B, T', and To obtained from the analysis

™~
\
\

!

e
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of the ESR results provides additional‘ imsight into the behaviour of

the materlals. In each case the parameter values are ohserved to vary

- i

linea;ly with £, (see Fig. 4.11), with the magnitude of the parameter
being greater with increased ménganese concentration z. The variétion
with £ ;erveé to show the trend of the parameter Yariation as cadmium
is replaced by-zinc. .
The paramagnetic parameter B. shows the paramﬁgnetic behaviour
of- the material, as is seen from equation (é.éS, B giving the linewidth
-‘AH at high temperature (T >> 8). From Fig. (4.12) it is seen that
within the.limits gf experimental error B shows a linear variation with
z at conétant f, so that B can be expressed as B°+ Yz. 1t 1s of
interest to consider how the ﬁarametgrs BO and y vary $?r the system
under investigation, Firstly 1t is seen from Figt (4.12) that the
intercept Bohas the same value ~66 gauss forlall of the Cden anSe
alloys. Secondly with regard to the slope y, within a given crystal
structure vy 1s found t¢ wvary smocothly with cation composition,
increasing as 6d is replaced by Zn, as is seen in our case. This is
illustrated by the limiting values for CdenyanSe system

Wurtzite Cd,™ Mn Se v = 250 Gauss Zn. Mn Se Y = 440 Gauss
1-z 'z : -z =z

The varilatien in AH indicated by y can be attributed to line
broadening due to spin-spin interaction, for which the dominant effect

can be expected to be the indirect exchange which 1s responsible for

the spin-glass behaviour at lower temperatures. Abragam and BRleaney
[15] have discussed this 1line broadening effect and obtain an

expression for the second moment of the form
. 7
2
W < avis = 173 S(S+1) L (3 30 _/2)°
§1 zz ij

where J;z is a component of the total spin-spin interaction tensor. To

v

(4.7)
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. ) .
a reasonable approximation, the second moment may be taken as
proportional to the square of the linewidth [16]. )
Given the exponential form of the exchange 1interaction
previously postulated [17], which gives a good fit to the parameters qf
the spin-glass behaviour, all components of J may be expected to vary
in a similar way as the cation is changed from zine to cadium. Thus
the ratios of‘the nearest neighﬁour exchange parameter Jl determined
previously [17], may be used Eo give an indication of the ratiocs of the
second moment to be expected and hencé'che ratios of ¥ as cadmium is

replaced by zine. As shown previously in chapter 3, J, for Cd,_ Mn_Se

1
is 8.5 K and that of ZIn anSe is 13 K giving a zinc to cadmlium ratio
.‘ \

l1-z
1.5. From the above results the corresponding ratio for y is 1.7.
In the plot of the variat%on of T with z, Fig. (4.13), the
graph is represented. by single liée because of the scatter of the
//ﬂ\\ﬁhsbints‘wichin the intervai of £ values at each.z. The plot shows that
the line for z < 0.2 extrapelates t; zero I' at z = (Q.17. However as in
case of the Tg values, for z < 0.2 n;n-zero values of T are obtained
and curve appears to change slope at about z = (0.2 and pass through the
( p
origin. T 1is detepmined by the width of thé distributign of the local
field seen by Mn ion in the lattice. In any random arrangement as %s
ébtained in these alloys, the relative width of such a distribution is
proportional_to z(1-z). At the same time, the total number in the
distribution i1s proportional to =z, the number of Man atoms in the
syégém. Thus th; actual width of the distribution might be expected to
be proportional to zz(l—z). i.e. T should vary as T = Dzz(l-z). in
Fig. (4.15) the experimental values of I are plotted against zz(IJg)

for the alloy CdenyanSe under investigation and a reasonable straight

line variation is obtained with the parameter D being 36 k gauss.
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With regard to the physical significance of the parameter To’
Sayad and Bhagat [5]_have suggested that To is a measure of the
éotential barrier separating two neighbouring ground states of a
disordered spin system., It 1s seen from Figs. (4.11,4.12) that within
the limits of experimental error, T; varies linear;y with appropriate
composition variable within a given phase field.

For the variation of To as a function of z Fig. (&4.12) a
series of straight lines can be drawn through the points of constant £,
with all the lines extrapolating to the origin. i

The values of dTO/dz at constant f (where £ = y/x+y) and of
dTO/df at constant z can be determined and these are shown in Fig.
(4.16). It is seen that dIS/dz varies linearly with f and that dTO/df
varies linearly with z and is zero at z = 0. Thus in general for these
alloys, the relation between Tb and’ composition can be written as *

T6 = (g + ﬁf)? C(4.8)
If a least square fit 1is made to the experimental data for the
deZnyanSe alloys, the relation To = (117 + 156 £)z K with a standard -
deviation ¢ = 2.8 K is obtained.

Similarly the alloys CdenyanTe [&] gives the relation for

zinc blende

) T, = (146 + 86 £)z K with ¢ = 4.4 K
One factor which may have some effect on these val;es of T6 is the
variation of the lattlice parameter a, since for a given z {if a
increases then the effective number of Mn atoms per unit volume
decreases. This can be allowed for by using a corrected value z' in
equation (4.8). Thus for any given value of f, z' has been taken as

o

2(30/3)3 where ao is the lattice parameter at z =« 0. In the present
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case Lhe stsucture is wurtzite and c/a is ﬁractically constant at 1.63,
so that this correction is valid.:yUsing z' instead of z in the fit to

equation (4.8), it is found that only sma%l_changes in o and B are

observed. Thus for CdenyanSe alloys B becomes 173 K as opposed to

~

the previous value of 156 K. Thus, at this stage, the effects of
: x <

lattice paramecer on T, can be neglected.

These ﬂgsults for the T0 analvsis can be seen to be
consistent with tée qualitative comments of Kremer and Furdyna [18] on
the variation of‘the £ESR linewidth AH with composition at constant z
aqd constant ;eﬁper;turﬁ T, since at constant T, an increase In To wi}l
give an increase in AH. Kremér and Furdyna indicated that for constant
T and z, the linewidth AH increases as: the atomic number of the non-
magnetic cation decreases (i.e. Cd + Zn in this case) and the ahove
values of B8 are consistent with this. The question of what physical
par;meter is producing this effect is not clear at this time. One
possible effect is”EKé change in the amount of Mn-—anion p hybridization

recently discussed by Hass et al [19]. The values given in that work

for the J exchange constants indicate that J decreases as the
. sp-d . _ sp=d ‘

non-magnetic cation is changed from Cd to Zn.

4.6 Conclusions

e The variation of the values of ESR Ilinewidth AH with

temperatture can be well fitted in terms of the spatial inhomogeneity
effect, represented by the form T exp(-T/To), as proposed -by Webd et al
[I&] plus =2 pa;amagnetic term. The parameters [, B and Toappear to he
characteristic of the material investigated. To' which according to

®
Sayad and Bhagat [5] is a measure of the potential barrier separating

-4
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»

neighbouring ground states of the disordered spin system, is found to

be well fitted by the relation (a + Bf)z. It is found that when Zn is

substituted for Cd on the cation sublattice the coefficient B 1is
positive while in ﬁase of Cdl_anzTel_ySey when Se 1s substituted for
Te tﬁ], the coefficient B has negative value, This is consistent with
the qualitative comment of Kremer and Furdyna [18] on the variation of-
AH with coﬁposition at constant T and constant z. It is suggested that
the v?&ﬁes of B may be determined by the changes in the exchange
constant Jsp—d [19] with compositiop. .

The parameter T can be takgn as a measure of thé width of the
distribution of ;he local fields as seen by the Man ions and it 1is
argued that T should be proportional to zz(l-z). Graphs of T vs
zz(l—z) give réasonable straight lines in all cases and the slopes of
these lines appears to be characteristic of the crystal | structure,
being ~37 k gauss for wurtzite and ~56 k gauss for zinc blende.

The parameter B, which characterizes the paramagnetic
behaviour and gives the linewidth AH at high temperatures, 1is found to

~

vary linearly with z f.,e. B = B0 + vz for al} cases of cqnstanﬁ, non-—
magnetic cation ratic. The valﬁes of Bo are found to be independent of
cation composition and to depend upon anion type (and/or crystal
structure). The parameter y can be attributed to the effects of spin-
spin line broadening and for a given crygtal structure shows good

correlation with the values of exchange 1interaction determined from

analysis of the spin-glass behaviour at low temperatures.
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ChaEter v

Conclusion

In this thesis an investigation of some of the properties of
the ﬁleudo-ternary alloy CdenyanSe has béén presented. The ailoys of
this system which are known as semi-magnetic semi-conductors have
iﬁceresting‘ propeEEies iECh as disordered magnetic behaviour, spin
glass transition, antiferromagnetically correlated spins in clusters
and other magnetic effects. Three different typggﬁof measurements were

e T
performed on cthese materials; the determination of ia;tige parameter,
magnetic susceptibility, and ESR 1inewidth';.

Once the iimi:s of solid solutioﬁ were defined wich %he help
of lattice parameter values, the magnetic pfOpercies of the a}{oys'were
studied. This was done by carrying out mégnetic{susceptibility and
electron spin resonance measurements, I

The magnetic Suscept;bility measurements made on the wurtzite
and zinc blende single-phase séﬁg&gs, as described in chapter 3. We
were thus able to degermine the spinfglass.freezing temperature Tg, the
Curie—weiss-pgramagnetic temperature 9, and the Curie constant C, It
was found tﬁat the variation of these parameters depend mainly on the
Mn concentration z. Also when the concentration of the Zn component in
2 sample was increased while keeping the manganese concentration
constant, the results showed a change in magnetic effect as well as
lattice value. It was found that for both Té and 8, this increase was
directly attributable to an increase in the exchange energy which
resﬁlted from a decrease in the lattice parameter, Another interesting
aspect of the 'I‘g ?esults was that lnTg was found to decrease in a

~
¢
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linear fashion whgn the mean spacing between the Mn ions increases with

decreasing z. This indicared that the exchange interaction decreases‘

exponentially with distance between the magnetic s?};;. An exchange

mechanism pr?agggd by Geertsma et al., involving virtual.transitions

from the valenggyband to Mn 3d levels was assumed as the ond occurring

in tﬂese wide gap sémi-conductors. Using the expression for this
\ .

exchangé, J(r) .m Ior—2 exp{~cr) (see Chapter 3 for details), in

a

conjunection with the mean field theory we were able to predict values
for J1 and JZ’ thé nearest and next nearest neighbour exéhange
parameters, as well as;\Fhe values for the Curie-Weiss ‘paramagnetic
temperature 4. All.;hese calculated values agreed very well with the
expeFimencal values, which' was strong evidence 1in support of our

.

aSSu;ption that the Geertsma exchange mechanigé is the one having
maximum effect.

The results of electron spin resonance exﬁeriment revealed
Some oche; magnetic properé&es of the alléy. The ESR line was found to
broaden in a symmetric fashion down to a certain temperature depending
upon composition of the sample below which the l;ne starts broadening
assymmetrically. The linewidth dependence on temperature was fitted to
an empirical equation (Chapter 4). The parameter (B, To, and T) values

obtained from the fit showed consistent dependence on composition.

With regard to the physical significance of these ESR parameters, as

discussed in Chapter 4, B represents the linewidth ar highest possible

temperature, 'I'o is 2 measure of the potential barrier separating two
¢ .
neighbouring ground states of the disordered spin system, while T is

determined by the variation in the magnetic environment of a Mn ton in
LY
the laccice.
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Finaglly the investigation of the CdenyMﬁzSe alloys system
presented in this thesis, has yielded valuable information which was
very useful in giving better understanding of some aspects of the
physical behaviour of this new class of materials Ealled seml-magnetic

— .
semi—conductors.
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