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. ABSTRACT

P

-

' éhe' t%esis gives details of some of the crystallographic
maénehic and optical pfoperties of the semimagnetic semiconductor alloy
system (Cdl_zngz)(rel_ysey). '

Polycrystalline éamples were prepared over. most of the
composition range, Debye-écherrer X-ray powder photographs uere‘used to
inJéstigate chel.equxlibrium' ;bnditio;s and to determine the lattice
parameter values for th;'various samples, in which ché presénce’of one,
two or tgfeé-bhases was .established. The resulting {sothermal sections
- at 600 and 960°C are presented.

- . M@asurements of low-field magnetic susceptibility and
electron spin r;sonance (ESR) were made as a funétioﬁ of temperature on
the various ;ampleé of both the zinc blende and wurtzite phase fields
of the alloy gystém. ’

From the susceptibility measurements, values were obtained
for the‘spiﬁ-glass téansitioﬁ temperature Tg‘ the Curie-Weiss
temperature B gﬁd ;he Curie constant C. The variation of these three

T

parameters with both composition and crystal structure were nsidered

in some de of'fhe'exchange interaction

(ns were indirectly cou

values, suggested that the mag
each other through antiferromagnetic superexchange, involving

transitions between the valence band and a nonmlocalized 3

Predictions of the exchange parsmeter values, based on thes
. . A Q .

agreed with those determineda}pregiously‘ from oth

results,

types ,bf

measurements.
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The ESR linewidth was studied as a function of‘composition .

Qnd temperature. The 1linewidth was observ;d to increase with
decreasing temﬁerature- At lower temperatures, the ESR line became
asymmetrically broadened and then split into two parts well above any
magnetic transition p;int-- The depend_encgl.""'of the 1linewidth on
temperature results werel analyzed usiug"a theory based on .inhomogeneous
broadening. °

The rooT- temp'erature optical energy gap was measured as &

function of composition by wavelength modulated reflectance.

'Sﬁmperature-depe:ndent energy gap mea\surements were also carried out on

' tri_gujgram edge Cdl__anzSe; two di¥ferent structures were observed in

the low temperéture regions, corresponding to the fundamental
tranaition; and to the tranasition from the crystal-fileld-split valence
band to the conduction band; An extra Iincrease AE Iin the fundamental
energy gap was observed at low temperature and was found to increase
with Mn content. . A.E‘.whi‘ch was attributed to magnetic contribution was
'es.timted by extrapolating the high tem-perature‘behavimr. .The results
wei‘e the_n a;:alyzed using an equation which ‘depelnded on the spin-glass
traasition ten;perat:‘ure 'Tg. Previously obtained data for the observed
Erystal—field and spinorbit splittings were used to estimate the
variation of the Mn d-orbitals contribution to the valence band, with

Mn concentration.

Magnetic susceptibility and E.SR experiment’s were also carried

out on the .various samples of the cubic NaCl phase field, which are
derived from the antiferromagnetic compound MnSe. The.anomlies and

thermal hysterisis observed 1in the magnetic susceptibiliq:y regults



-could be- interpreted in terms of an {incomplete structural phase

transition from NaCl-type phase to héxégonal NiAs-typé. The results

for th-e Cdl_-zMnZSe a.l ys showed that the low temperature phase.
transition is strongly influenced by the substitution of Mn by Cd. 1In
the ESR work, the resilts obtalned for the Hn2+ resonance linewidth
dependence on temperacure,‘ were analyzed in terms of a critical effect
near the Neel temperature TN’ a.a'nd a paramagnetic effect at high
temperature. Values of the Curle-Weigs temperature,? and of the Neel

temperature TN obtained from the ESR analysis, were used together to

estimate the nearest and next nearest neighbour exchange interaction

parameters Jl and J2.
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thpter I

Introduction
. -

Considerable interest Pas been shown in recent years in the
properﬁies agsociated with a novel clasq of semiconductors known as
semimagdetic semiconductors (SMSC's). The term "seml” in seﬁimagnetic,
was coined by R.R. Galazka |[1], ;nd arises from .an analogy‘uith the
same term in the wofd-pemiconductor. ‘In & semlconductor, the carrier
concentrations may be varied by introducing impurities int; the crystal
lattice. If these impurities are magnetic, then the semiconductor will
posséss some magnetic propertiep which may be changed by varying the
concentration of the 4impurities. The general usage of ‘the term
“"semimagnetic” has come to encompass all'ngmiconductor systéms which
'possesa. a magnetic component whose concentration may be varied. g

The most common SMSC's are the solid solutions of #he type

II Hn_. ¥I, such as .Hg Mn_ Te, Cd
z 1-2z z.

-Hn Te; Cd Mn_ Se- etc.
l1-z l-z z z z

1-
‘The most interesting aspect of these mixed crystals is the presence of
the half-filled 3d5 levels of the manganese ions. The localized
magnetic moment of the 3d5 electrons interact with each other as well
as with band electrons via exchange interaction, giving rise to unusual
?agnetic and magneto-optical phenomena [1—31, (—“J

In tﬁe present work an investigation of certain properties of
the semimagnetic semiconducto; system [Cdl_anz][;el_ySey] will be

predented. This alloy system can be represented by a Equare as shown

in fig. 1.1. Each point in the square represents a particular value of

N | L
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z and y and hence a particula; cdmposition; The system Cdl;zﬂn;T; and
Cdl_an;Se which were mentioned above, are ;epresenced by the left hand
edge and the right hand edge,: rgppectively, of the diagram. The
corners of the square are the biﬁary compgunds CdTe, CdSe, MnSe and
MnTe. We note that a sample with a particular eémposition may be
referred to by_a label of the form (Z,Y) where. Z and Y are the
percencage compositions of Mn and Se.

L

Various types of measurement, have previously been performed
-

on both pseudo-binary systems Cd _anzTe i&-é] and Cd anzSe [6-7].

1 1-

Some of these measurements will be exteéded to the entire alloy system
ICdl_an;]iTel_zSey}_where Te 1s progressively replaced by Se or vice
versa. This‘would provide much more data to analyze which in rturn
;ould shed more light on the propérti?s of such materials and may,
therefore, reveal previously undetected effects. | .

The following measurements, were carried out on the Systém.
First, in chapter 2, the variation of the lattice parameters w;pﬁ
composition were measured, and hencé the limits of solid soclutions were
also determined. Some magnetic measurements were then performed on the
single-phase fegioﬁs of‘the diagram, in order to study tﬁe ?éénefic

behaviour of the alloys. These measurements involved magnetic

suscebtibi@it& and electron spin resonance experiments, described in '
chapters 3, 4 and 6. Next, in chapter 5, the variation of the energy
gap as a funcciop of composition was meaéured. The depgndence of the
energy gap on temperature was also studfed for CdleanSe edge of the

- diagrém.



MnTle . . MnSe
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Fig. 1.1. Representatif diagram for ( Cdl-z an) ( Tel;y Sey ).
Any point "P" in the diagram represents a sample’

of composition z and y .



References

J.A."Gaj, Proc. 15 Int. conf. Physics of Semiconductors, Kyoto,

(1980).

J. ﬁhys: Soc. Japan ﬁg_suppl; A 797 (1980).
J.K. Furdyna, J. Appl. Phys. 53, 7637 (1982)
< 22

N.B. Brandt and V.V. Moshchalkov, Advences in Physics 33, 193

(1984).

J.A. Gaj, R.R. Galazka, M- Nawrocki, Solid State Commun. 25, 193

(1978). '

R-R. Galazka, S. Nagata, P.H. Keeson, Phys. Rev. B22, 3344 (1980). )

At

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

~

Hi: Wiedemeier and A.B. Sigal, J. Electrochem. Soc. 117, 551

(1970). .,



_5..
1
Chapter 2
/
Solid Soclution and Lattice Parameter Values
2.1 Introduction ' /

An alloy 1s a combination of two or more metals, or of metals
and non-metals. It may-con;is{ of a single phase or of a mixture of
phases, depending on the composition and temperature of thé alloy,’
provided, that the alléy 1s at éﬁuiliﬁrium and held under the constant

atmospheric pressure. However, the term has come to be used . in

semi conductor work " to indicate .a mhterial in which single phase

behaviour occurs over, an aﬁpreciable ¢6mposition range:

The initial requirement in the.}:udylof-any of the physical
properties of an alloy is to determine the range of single-phase solid
solutions which can be‘ obtained; and this certainly apﬁlies to our
alloy systenm (Cdl—anz) (Tel_ySey). The boundary.edges of the diagfam
of this system, all of which have been invesﬁigated previously, are the
pseudo-binary sections CdTe ~ .Cds;e i1, Cd-'I‘e - MnTe {2], CdSe - MnSe
[3,4] and MaTe - MnSe [§J. These show wide ranges of solid solution in
all four pséudo—bigar& sections and a .varilation in these ranges with
temperaCure./ Two isothermal sections of tpe (gdl_zunz) (fél_ySey)

phase diagram.obtaine& during the investigation of solid solubility are

presented in this chapter as functions of. z and y.

2.2 ?}eparacion of samples and X-ray Work:

A little wore than ‘One h%ﬁﬁied_ samples of different

M
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-pe

- compositions had to be made up in order to cover the whole diagram. In .

each.cﬁse one éram samplég were prepared using the‘standard me'lt and'
annéal technique; The ;ppropriafznamoun;s oflthe elemgnts'were welighed
and. :heﬁ sealed- under yacuyﬁ“\{& sﬁgli éﬁartz aﬁpoules ;hich has
pr§vidusly been carbonized to prevent gny‘interaction of the components
q;ﬁh the quartz. The material was held at 1200°C for approximateli-
15 mln, quenched and then annealed to equilibriwm at a chosen-

teméerature; temperatures of 960 and 600°C-werehused in the present-
work. The condition of each sample af;er annealing was determined from

X-=ray éiffraction.experimencs.

X-ray diffraction data at room temperature were obtained qith.
Debye-Scherrer powder photog;aphs (Straumanis f;lm loading méthod)-'
using CuKae radiation aﬁd,llk;ﬁ om cameras, manufactured by Phillip;
(Holland).

It was fouﬁd that, for samples in-thg form of solid ingots,
very long annealing tfﬁes- @ere necessary to attain an equilibrium
condition. 1In the initial work the annealing temp;rafure of 600°C wasg
used and verf‘few sampies were in a state appréaching'equilibrium. The
annealing te;;é}ature was raised to 96b°C aﬁﬁ annealing times of up to
3 wmonths were'require& before;equilibrium‘conditions (2s indicated by
sharp high angle difffacéioé 11neé) were obt@lined. As had been found
previously for oﬁhér.allogs [Gl, equilibrium was attained much wmore
quickly if the sample was powdered after melting and quench}ng'ahd the
powder wa# compressed and annealed. Thus a /large number'of samples

were made and annealed in compressed powdered form. In these cases,

samples annealed at 960°¢C for 2 weeKs showed equilibrium had been

\
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attained, and those annealed'at'600°c required a2 little longer.
However, when optical measurements were to be made, solid samples were

.

~equired and so samples of each type were prepared in the single~phase

G et

rangés;
As indicat;d befowx the 960°C section gave a larger
single-phase field for the wurtzite structure and, since this was of
interest for magnetic measurements, most of the samples were annealed
é:‘this.:emperature-' However, sufficlent work was done at 600°¢C to
deter@lne the form of the diagram at the latter temperature.
e l . ' : r

2.3 Lattice parameter measurements:

The process of measuring a lattice parameter from a powder
photograph begins Qith the measurement of the positions of the
diffrac;iig ;1nes on the film. 4 travelling microscope 1s used for
this purpose. Knowing the position of the diffraction lines 'allows us
.to deduce each corresponding Bragg angle 9, and thus sinze. Tﬁe lacter
is direhtly related to the crystal lattice parameters, the values.of

which can now be determined. A cubic crystal gives diffraction lines

2
whose sin 6 values satisfy the following equation (Ref. (7)):

2
=2l 2wl e+ dh) (2.1) =~
~ A /4 a_

4

where A is the wavelength of the X-ray radiation, ac is the lattice

parameter and h,k, L are Miller indices.

. 2 2
In the hexagonal case: Q = sin 8 _ 4/3-0 +2hk * k +'£§ (2.2)
o .. A /[‘ a}] ch ’ )

where a and ch are the hexagonal lattice parameters.
I

The observed values of sinze always contain small systgmatic'

o
\
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errors; and that is mainly due to off-centering of the specimen and to
abelaarption ia the speclmsen. A precise parameter measurements would
then require the removal of such errors from the data. Two methods

-

were used in order to achieve this, the first one 1s known as the

ext rapolation method, :he?cond oneag the internal calibration method

(Ref. (7)).

-

Extrapolation method: .

It is mostly used in the case of cubic crystel where there is
one unknown parameter to determine (ac)'. A value of a. is obtained

from each diffraction line (‘gy using eq. (2.1)). Now the true value

a . of the lattice parameter can be found by plotting a, against

2 2 .
£(6) = g:: g + cog G) which approches zero as 8 approches 90°.

This plot 1s linear at least at higher © vali:es, and extrapolates to

.

doc at £(8) = 0. Least squares fit is used to draw ﬁhe best straight
line through the experimental points which minimizes the effect of the

random errors. . -

-

-
s

Internal calibration method:

We used this method in the case of noncublic crystals (namely
hexagonal) where there are two unknown parameters to determine. This

-

method is based on a calibrat.ion of the camera.film by means of a

substance of known lattice parameter such a_§ gilicon. The powder of

the specimen whose parameter is to be determined, is mixed with a small

amount of powdered silicon, and a pattern is made of the composite

powder. ' The true angle. 6 for any diffraction line from the gilicon can



-
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2.4 Results and Analysis:

N

be calculated, and then the differéncgp betwggg‘ the observed and
QFlculated values of slﬁze for the silicon is calculated and plotted as
a function of the observed values of 31526, # calibration curve is then
obtained. The errors represented by - the ordina}es of such a curve can

now be applied to each of the observed sin28 for the diffraction lines

o

. . 2 :
of the specimen, in order to find the true sin 6. Knowing the true

2 ‘ .
values of sin 6, one can apply the principles of the least squares

method to eq- (2.2) and obtain a set of two equations with the two

unknowns a, and cﬁ. These two equations can be simultaneously solved,

giving the required values of the parameters ah and ch.

The equilibrium samples showed one-, two- -and three-phase

behaviour, with the phases observed corresponding to the structure

shown by Phe four Compounds i.e. 'CdTe (cubic, zinc blende), CdSe

(hexagonal, wurtzite), MnTe (hexagonal, NiAs) and MnSe {(cubie, NaCi).
Lattice parameter values were detefmined for all of the single phase
samples ana for those .t;o— or tﬁQee—phase samples, where s;ch
parameters Qalues were wuseful in determining the limits of solid
solﬁbility or the form of the two- dr three-phase fields;

The varia&ion in the lattice pa%ameter_with composition for
the various fields is shown in %igs. 2.1-2.5. .Figures 2.1 and 2.2 show
fhe variation in the zine bléﬁde parameter a for samples annealed at
606°C; curves of a versus z at constant y and of a versus y at constant
z are given. In Figs. 2.3 and 2.4 éhe variation in the parameters a
and ¢ of the vurtzite phase .are given far samples annealed at 96000;-in

0.
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each case the variation in the parameter with z for lines of constant

. -y
y 1s shown. The values of the parameter a for the NaCl structure for

samples annealed at 960°C are given in Fig. 2.5; curves of a versus:

-

z at constant y are shown.

In order to use these results in locating the different
phases boundaries, one has to remember that, first of all, in any
single~-phase field, the’ lattice parameter always‘varies in smooth and
continuous ‘way with composition. 1In a fuo-pﬁase region “tie lines”
exist, along which éhé-relative amounts of the two phases change but

- their compositions and. hence lattice parameters remailn constantl
However, the co;;ositions of the. two _phases and consequently thelir
lattice parameters wilI’véry along any line which is not a "tie line”.
A three-phase field should be glways a trighg}e the corﬁers of which
fix the compositions of the three phases, so that the larttice

parameters remain constant'throughou:‘this‘field.

As a consequence.of these "rules” in most caqeé, a break.in
curve. of a against the relevant composition parameter give§ a good
indication of a field boundary; for example .the lattice parameter‘

.usuallfgchange; at a different rate in the two—-phase field than in the
. ) ‘ \/ .
singlefphase f%eld, which causes a break in the paramgter composition
curve. Each break in each lattice parameter purvé would then allow us
v
to determine one point ph the corresponding phase boundary on the
isothermal sectign. Let us consider fig. 2.2 for example, in this

figure, the lattice parameter a shows a linear variation with y in the

single-phase field as indicated by the solid linegs. The strange and

~

d;{irregular behavicur in the dashed lines of.thé,xwo-phase field is due.




~11l-

1

—

| 1 L1 { L1 I
O 0Ol.02 03 04 05 06 07

Z
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Pig. 2.2. Variation of lattice parameter a vith y for lines of constant Z for the
 cubic zinc blende phase a.
Values of Z shown in figure
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Fig. 2.3. Variation of lattice parameter a with z for lines of constaot y for
hexagonal wurtzite phase B.
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to the fact that the section considered does not lie along a tie line.
When aqy'of the liées pass ihrough the three-phase region, é remains
constant. For example If we look af the line with z = 0.3, this line
ié‘ straight from y = 0 up to y around 0.1 where a break occurs
indicating the end of the single-phase field. Th?n the 1%“? shows kind'
of a bump until Just before y = 0.3 whére it breaks again and becomes
ho;iz;ntal indicating the end of the two-phase field and the begin;ing
of the‘three—phase field. Note that different.pymbéls wvere used in
order to dis:inguisf.between the single-phase points and the two-ph;:ise
points. The analysis of the remaining figﬁres 2.1, 2.3, 2.4 and 2.5
was also Tcarried out in t?e same. maﬁner-. Houeber, in attempt to
construct the two I{sothermal sections shown in Figs. 2.6 and 2.7, it
was not possible to do‘this using onlf these results, they had to be
used in conjunction with othe? informations obtained from xray
photographs observations and with previously published d;;a for the
pseudo-binary edges il—S]. In most cases for samples which were not
single 'phase; we were ablé to see on the x-ray photographs the
diffraction lines belonging to two or three diffe;ept phases, then to
identify these phases and, where poséible, measure the corresponding
lattice parameters. In addition, in some previous work ‘done on the
pseudo-binary edges Ll—S], the variation of the range of solid solution
with temperature for these edges was studied in some detail. All these
datq and information put together, helped us to determine the
boundaries of the various fields, and the change of these boundaries

when changing the annealing temperature. To illustrate thisg, let us

o
consider for example the wurtzite B phase in the 960 C fsothermal

b
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gsection; from the.br‘.eaﬁ:s'in i:he parameter compos:ltion' curves in Figs.
2.3 and 2.4, we could determine the single-phase field boundary.
Beyond this bOundary; any existing two-phase field mus: be crossed by
"tie lines”, along each of which the composition and hence the lattice
baraméter of each of the two phases renaiﬁs congstant and has the same
value as that at the intersection of the tie line with the
corresponding two-phase fleld boundary [7,8].  Since the lattice
parameter values at the two—phase fields boun;iaries ags well as, where
possible, inside these fields coul& be obtained for both phases, we
were able to estimate the positions o? the tie lines in the a + Kand
f + & two-phase regions. These are shown in Fig. 2.6. Again from
Figs. 2.3 and 2.4, we see that the change in the variation in the 2 and
¢ parameters with z in the two-phase region, indicates a change from «
+ B to B + 6 between y = 0.4 and y = 0.5, and this is reinforced by the
observed pt{ases in neighbouring two—phase samples. Between these
two-phase field, there is a I:hree-ph-ase field confirmed by checking the
presence of -t?.rree—phases a, Band & in s'amplea of this reg:_ton. Now for
the o«phase, an identical. method was used‘ in determining the
boundaries, however it is to be no.ted that in this case three two-phase
flelds were observed (a + B, a + 6 and a + y) with two three-phase
fields (¢ + B+ 6 and a + vy + 6) separating them. However, some of the
fields involving & a:i‘dr Y were apbro:d.mately estimated from previous
work [2-5]. Finally, this lengthy investigation resulted in the 960°C
isothermal section shown in Fig. 2.6. Less work was carried o'ur: f‘or
the 600°¢ section, but suffic;ent samples were investigated to

detg.rmine the forms of the a and B single-phase fields. However the

- ~
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?ir’;. 2.6. Isothermal section at $60° c.
A single phase saomple X seople observed to be two or three phase
o sample assumed to be two or three phase from lattice parameter

curves.

g
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Fig. 2.7. Ieothermal section at 600° c.
4 single phase sample
¥ saoples for which three phases were observed

x ump'les for which two phases wvere obgerved
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form of the y and & flelds fin this case are approximated from previous

.

“work {2-5]. . . : o . o

Turning to th® values of thé‘lattice parameters, %t 1s‘usua{,'
in cases of this type to 1o§k for a convenient maﬁhematical e;presaion
to represent the parameter as a function of the composition variables.
This 1is .convenient for ng?oses ©0f interpolation etec. It was found
that for each single-phase field the dependence of the lattice
parameters on y and z could be expressed by a simple mathc;.matical

.equation. Lookiqg at Fig. 2.3, for instance, we saw that the

'experimental points on each line representing the variation in a with'
- -

respect to z at constant y could be easily fitted to-a straight line
equation of the form: a-= n + mz where n and m respectively the

intercept and the slope, were found to be y—-dependent. All the values

-

of n and m obtained for all the lines of constant y were then plotted

as a function of y, these plots showed a linear dependence of m and n

-

on y. The same kind of results were obtained from the data of Figs.
2.1, 2.2 and 2.4, so that the required mathematical eq.ual:ion would have

the following form:

a =A<+ Bz + Cy + Dzy (2.3)

where A, B, C and D are constants. These ¢onstants could be obtained
from a least square fit calculation which was carried ocut using an

Apple II computer program {see_ Ref. (9)5. In* the zinc blende (a)

region we have:

-

a(am) = 0.6483 — 0.0145z - 0.0437y + o.om1zyw

with a standard deviation ¢ of 0.0003(am)}. In the wurtzite {(f) region

-

we have:

a(nm) = 0.4595 - 0.0294z - 0.0297y + 0.0177zy

-



I

c(am) = 0.7615 - 0.0867z - 0.060ly + 0.0639zy
with a standard deviation ¢ for a of (.0002(nm) and f9r c of 0.0003 am.
In.the NaCi (46) region:

a(nm) = 0.4896 +;0.095fz + 0.0792y - 0.1216zy S

with ¢ = 0.0004(nm). The smali 'value of ¢ obtained in each case

indicates that equation (2.3) is satisfactory for the present purpese.

4

2.5 Discussion and Conclusion - /,

Two 1sothermal sections of the phase diagram , of the
semimagnetic semiconductor alloy system (Cdl_anz) (Tel_ySey) were
determined. In ‘boch sections, our system ;howed one—, .two- and
three-phase behaviour. However, in the investigation of the properties
of semimagnetic semiconductors, only the single—phasé fields are of
interest, and the wider the range of single solution the better it is
for the comparison of qagnetlc properties. The narrvowness of the zine
blende field above z = 0.2 thus limited the range of investigation in

: : A
that case and hence the selenium-rich B and & phases were of greater

"

interest for the magnetic work. The present results for z < 0.2

confirm the results of the CdTe - CdSe pseudo—binary alloy 1] that TR
e

there is a considerablp change with temperature in the range of the a s

and B phase fielﬂs. “Thus around y = 0;4, it 1s possible to obtain

single-phase samples with. the same’ composition either in the zine
blende or the wurtzite structure depending on the anhealing
temperature. This i{s illustrated if we look at the sample (Cd0 9Hn0 1)

(Teo 6520 6)' In the c-phase this sample has a lattice parameter of

a = 6.302 A." In the 3-phase ‘the lattice parameter are a = 4.454 A and
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¢ = 7.313_,A. A calculation of the spacing between nearest neighbors

shows that it 1is tht same in both structures, this 1s also true for

[

next nearest neighbors spacing. These results are in agreement, with

"

the fact that the cubic zinc blende and hexagonal wurtzite structure
are 1dentical to the nearest and next nearest neighbors, but would

differ beyond- that.
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Chaptéer 3 .

-

Magnetic Susceptibility MeaSuwnts

3.1 Introduction

The quantum mechanical theory of the atom tells us .that the

permanent magnetic moment of a.free atom has two principal sources:

the spin with which electrons are endowed; and their orbital angular

momentum _about -the nucleus.

Hoyever, atoms with filled electrons

shells have zero spin, zero orbital

moment and ‘consequently ‘zero

- fl

magr;etic moment. Only atoms with unfilled shells and unpaired spirs

. . . -
possess ‘a net magnetic moment, ¥

<

=+

where g 1s the gyromagnetlc ratio, u

-

given by {1}:

r

= —gugJ B .1
guyd (3.1)
" eh

is the Bohr magneu-)‘n (uB - -ﬁc)'

B

-+ . ' + +
J 1s the total mngular momentun vector (3-‘- L + 5). For example, the

manganese atom whici'; has a half filled 3d _subs.helll with f‘i‘v.e unpaired

o

electrons, possesses a net magnetic moment of SuB‘, and c'Qnsequently is

said to be a magnetic atom.

Ay

When a solid 1s constituted of magnetic atoms or has some of

-

s

. these incorporated in 1it, it will consequently show certain magnetic

behaviour, the nature of which depends on the way the magnetic moments

"interact with each other in .the solid.

to investigate the magnetic béhaviour

resp'onse to an applied magnetic field;

the magnetic susceptibility x.

The

One of the most effective ways

of a solid is the study of its

‘one aspect.of this 1s known as

.magnetic susceptibility of a

matertal is defined as tp‘é'magnetic moment per unit volume M(the

v

-



o

' -2;- i ' f

s

magnetization) divided by the applied magnetic field H;

; X = M/H. ' (3.2)

In 1895 Curie gshowed that_a'é:rtain class of substances had a

‘poslcive and temperature dependent susceptibility given by

x=% _ (3-3)
This is known as Curie's law and C 1is called Curie's constant.
Subgtances that obey Curie's law, at least tp a first approximation-are
usually called normal pa;émagnets. In a normal paramagnét the
interaccion between the magnetic dipoles is negligible‘and:;oéaequeutlf
always overcome by the disordering effect of the temperature which

tends to_randomize the magnetic dipoles orientaiions, 80 that the net

' magnetization vanishes as soon as the applied. magnetic field 1s

switched off. However, in other paramagnetic material, the
dipole-dipole infg}action ‘13 not negligible and as a regult ‘these

materials obey a modified Curie's law, known as the Curie—Weise law:

-

- ?ga ©(3.4)

where @ 1s .2 coanstant "which takes inta account the effect of the

inter-dipoles {interaction and called the Curie-Weiss paramagneCic

temperature. When this internal interaction tends to line up the

magnetic moment parallel to each other, we have a ferromagnetic
behaviour and the constant § ig positive. Such a material goes into an

ordered state below a characteristic temperature T where all of its

o~

5p1ns are aligned parallel to each other. The ‘susceptibility goes to
-~

infinity at this temperature. When the intérnal interaction favors, an
antiparallel orientations of neighbouring spins, we have -

antife{fomagnetic behaviour and © 1s negative in this case. The

'
. -




magnetic susceptibility of an antiferromagnet increases,.according‘to

the Curie-Weiss law, when the temﬁerature'is decreased; however, the
susceptibilicty shows a singularity iIin 1its* curve at a critical

temperature T , known as the Neel temperature, below which the spin

system 1s in an ordered stdate of antiparallel alignment.
4 -

In the neulclasé of;magnetic materials known as g in-glass,
the magnetic spins inﬁeract with each other ia Buch‘a‘ggy hat when
temperature is low enough for this {nteraction to ovepcome che‘tﬁermhl
agitation, the spins freeze into a completely random configuracion
|3-6}. This is bagtpally dize to “"frustration”™ of the spin system.
fhis concept of “"frustration” was first'introduced by- Toulouse |21-22].
It expresses the fundamental conéequence that not all interactio&s can
be satisfied simultaneously. .
i Tﬁe‘ﬁagnetic’suscéptibili;y of a spin-glass material shows t;
some extent, simlilar behaviour to that of an antiferromagnet with a
singularity occurring at the freezing temperature 'I‘8 [7-12]. Neutron
diffraction 113-15] and Mossaber effect |16-18] experiments have
cgnfirmed the random freeziné of the spins. Accggfing tonthese resultsa
it would seé; that a magnetic phase'tr;nsition occurs.at this ffgczlng
temperature. However, 1in contrast to the magnetic propetties no
@Lsconginuity at Tg has been obs&rved Iin the specific heat behaviour
| 19-20}). _Knowing that such a discontinuity 1is an essential indication

for a phase transf{tion and that the freezing process takes place over a

narrow range of temperatures rather than at a unique temperature l3~6];

7/

- 14 :
cast doubts on the occurrence of a phase transition in a spinglass.

So the question of whether there Is in fact a phase transttion has

P

1]
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still not been resolved although the evidence 1s clear that it is

certainly not a simple type of phaée transition.

What causes the spins to orient themselves parallel to each
other in a ferromagnet or an;:iparallel 4dn an antifen_-‘omgnet is the
kind of internal interaction between the spips. This interaction is

known from quautti:i mechanics, as, the exchange interaction* which is

- -

characterized by the so—called exchange integral, Je; Eexch - —Jesisj.

The exchange energy appears from the above equation as though there .

exists a direct goupling beq}een the two spins (Si_and S$,)- Hpwever,

3
this interaction is funda;ngnt-ally electrostatic and the spin enters
iato the expression of the energy as a consequence }'6f the Paulil
exclusion p~r;ncip1e_ Ll'_]. The sign of the exchanée integral je, which
depends on the distance between the interacting spins (see Fig. 3.1
for example), det:emineq the kind of alignment of the spins. A
positive Jegives‘a 'ferroﬁagnetic behaviour a nega'cive.Je gives an
antiferroﬁgnetic behaviour. The randomess oi; the's':pins freezing in
metallic spin—glags-systems such as CuMn, AgH.n, etc., Is attributed to
ar? oscillating Je b;atween positive and negative values as the distance

between spins increases (fig. 3.2) [3]. This interaction known as the

RKKY (Rudermn—Kittel—Kasuya—Yosida). interaction, regults Iin é

comperition between ferromagnetic and antiferromagnetic interactions.

-~

between the randomly distrituted magnetic spins, which consequently

become "frustrated” and freeze in a disordered fashion which minimizes

-

the system energ&-
éoncentrat__ion in petals [2,23]. However, stoichiometric semiconductors

: ‘ . ~
with wide energy gaps (which include the system under investigation)

My e

The . RKKY intei‘amc;ion arises from the large charge carrier.

~

-~
~.
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J_ : Figz. 3.2. RKKY Intcraction
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have low carrief concentration so that .th:e RKKY Iinteraction between
spins can only give a negligible coantribution in determining the
- spin-glase behaviour. - It has been suggested by De Seze |24] and
discussed by Villain |25| that a spin-glass behaviour could be obtained
in 1insulator by wusing frustrated disor;iered systens wii-:h only

antiferromagnetic interactions. Our alloy system (Cdl_zb!n‘;_)(Se ‘rey)

1-y
18 a good example ‘of an insulating spin-glass, where the Mn atoms

randomly &place Cd atoms in a ziné blende lattice_'or__in a wurtzite
lattice (see chapter 2). A spinmpglass regime with only AF interaction
was pre'-dicted for a fcc lattice d‘u.e'to frustration [21,22].- A similar
b;ahaviour can be expected for a hep arrangement. |

A basic question about the nature of the antiferromagnetic

coupling between.a pair of Mn iomns is still not fully resolved. Some
theoretical gc;rk suggested that the indirect exchange interaction
between two localized moments} which arises from the virtual
t.ransif:ions between the filled valence band and the empty condu;tion
band 1in insulators (Bloembergen -~ Rowland mcf;anism.[zal), is a

possible mechanism [26,27]. However, there has been no experimental

w

evidence which supports this theory in our case‘.. To explain the

magnetic - properties of rare earth compounds, Goncalves et al [51]

proposed an Anderson-type superexchange the theory of which they had

developed. Geertsma et al [50] extended this theory ‘to- include the

transition metals compounds. This will be discussed later in some

detail. ) .

»

One of the main objects of our ihvesti'ga:,‘tion' of the magnetic

susceptibility 4s to try and identify the right exchange mechanism
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which is“faking place ia, our glloys add consequently in all similar
wide gap semimagnetic semiconductors.

3.2 Experimental Procedures:

- The d.c. magnetic susceptibility of a sample 1s obtained by
measuring the magnetizatfion 1induced in the sample by an sapplied
s teady magnetilc field. - An rf bilased SQUID magnetometer was used for
this ‘purpose. 'The word SQUID is an acronym for Superconducting Quantum.
Interferpncé Device. This instrument i1s capable of sensing very small
magne;ic'flu';tes (~ 10_11 gauss. cmz) with an extremely high degree of
accuracy l_29—31]. Consequ?znt:lir a swall awmount of samples (~ 20 mg) and
a snall applied mgﬁeric field (~ 3.0 gauss) only are needed.

CoucePtually, the magnetic flux sem?or of such magnetomeéer,
consises of a palr of astrotically wound superconductingrpickup coils
which are pa:tr of a contlnuous superconducting transformer cireult
coupled to a superconducting riné wi.l:h g single weak-link which in turn
is coupled inductively to an rf resonant circuit. The superconducting
ring-resonant circuit a;'rang;ament 1s‘common1y calléd an rf-SQUID. When
the sa:;:ple is inserted into one of the pickup coils: the change i
magnetic flux is transmitted to the SQUID producing a change in the
magunetometer o‘itpgt propo-x;tional to the sample's' magnetization.

An actual susceptometer sy;stem must,, of. course, be
" considerably more complex. Fig. 3.3 ghows a schematic represenrtation
of the system we used. This gsystem was designed and deveioped by. Dr.

Gilles Lamarche and was constructed in the Physice department work

shop. The cryostat is a typical double, . dewer system with liquid

»
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FJ_.g. 3.3. Magnetic Susceptibility Apparatus. A sample is ' ’
placed in position B. A fecond sample or a
+ ~»_ Paramagnetic salt is.placed in position A.
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heliwe in the Zinuner d_ewer and liquid nitrogen in the outer. A lead
shield inside the helium b.at‘h surrounded the inner pa-rt of the system
and so reduced ;n;..;\enetracion from external stray field. A solencid
and a niobium cylinder were placed inside this shield in the heliwm
bath. The golenoid provided a‘magnetic fj.eld which was trapped by the
superconducting niofaium when liquid helium was transferred into the
dewer. A field ranging between 25 to 30 gaus-s was applied through the
solenoid. Tt;e niobium cylinder also provided a'dditional magnetic
shielding.

A S.H.E.. model 330 SQUID was used. The SC pickup éoila are
located 1inside the niot;im‘éylinder and are rigidly affixed to the
outside wall of =a vacuum can inside of which an exchar;ge helium gase
* chamber is placed. .This gas chamber contains the -safnp'le holder which
lconsisfts of a very pure coppe.r container attalched to a long plastic rod
which exteands outside. the cryost;t and 1s attached to a réversj.ble
motor. This enabled aifferent samples to be Iinserted and t.;xtracted
without opening the whole system as well as provided a meéns for
driMng the sample through the pickup coils. ‘

What we 'could measure with this system is the SQUID wvoltage
from which the absolute susceptibility _could determined through the
use of the following calibration relation: |

L - (125 x 107 v

‘ (% +0.23) M

emu/gm

wvhere V is the SQUID ".volt:age, M the mass of the sample 'in gra;n and 1
the current through the solenoid in mA.
The temperature of the system was controlled by circulating

heliun gas around the sample. The gas from over the helium bath could
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K

' énter the gaé‘chamBer through a:tuse which was wrapped several times
arbqnd a coﬁpef ballast attached t;-the outside wall of the top part of
the gas chamber. The coppér ballas;-was heated so in turn 1t heated up
lthe He gas as the latter was going th?ough- Thig system allowed us to
control the temperécure in the range between 4.2 K and 275 K. Thfee
diffqreﬁt thermométers placed nat different locatlions were .used to
monitor the temperature. A ch;omel gold 7Z 1iron thermocouple was
pogitipned at‘thertbp of the copperAﬁlqck. A calibrated Ge resistance
fhermometer was placed near the bottom of the block. Finally a

"-magnetic thermometer (& paramagnetic salt) was placed on‘}he sample
. .

holder about 10 cm above the sample. Thus the magnetic susceptibility

could be determined*as a function of temperature.

' 3.3 Results:

- The magnetic susceptibility measurements were carried qut'for
all the single-phase sampiei in thé wurtzite and'zinc‘blende fggions.
These measurements werg made as a function of temperature to determine
vﬁluéa for épin—glass trangition temperature Tg’ the Curie—Weigs‘

paramagnetic temperature 8 and the Curie‘constant C for the alloys.

For zero—field—eooleq samples with z > 0.25, the values of

the magnetic susceptibility x as a function of temperature T showed a

well defined cusp at a temperature Tg' This 1s 1llustrated in Fig.

3:43 where values of 1/x are plotted as a function of T for a sample

with z = 0.4, y = 0.9, .For z < 0.25 any such cuéé occurs at or below
4.2 K, and ‘so could not be observed with the present equipment. The

- values of '1'8 obtained are plotted in Fig. 3.5 as a function of z for

@
-

*

F g

-
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Fig. 3.5. Plot showing the spin—glass transition temperature Tg, measured hy
' . magnetic susceptibility, versus the Mn conéentralion z for alloys
in the cubic zinc blende & phase and the hexagonal‘uurtzitc & phase

fields. chf- 44 _._DRef. 32, “Ref. 45 .-
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measurements versus the
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“

Tg' 6 and C obtained from éusceptibility

fraction y' of Se atoms for various

(a) gives the spinmglass transition

temperature Tg’ ib) gives the Curie-Weigs temperature 9, and (¢)

givee the Curie comstant
sample).

single phase fields.

C. (C is wmeasured in emu per mole of

The dot-dashed lihes"indicate the boundarieé of the

The symbols representing the z values are

(x) = 0.2, (0) = 0.3 and (+) = 0.4.
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various y values.and in Fig. 3.6(a) as a function of y for various z,
in both the zlinc blende a and wurtzite B\ffelds. Alsc shown In Fig.

3.5 are the ‘values of '1‘g given by Oseroff 132] for the Q_:.il_anzfre and

Cdl_zH_r_lee alloys. It is seen that the values of 'I'8 are relatively

insensitive to the value of y‘ 50 that within the limits of experimental

error the variation of Tg- ith y -at constant z for a givdn phase field

15 too small Yy be decermin)ed with any accuracy.’ "I‘he'refdre"‘“i_n Fig. 3.5

-

only a mean line of ‘I‘g vs z 1s shown. This graph of 'I‘g vs 2z appears to -
be linear within the limits of experimental error and to extrapolate

toT =0 at z = 0.2.
g .

It is seen from Fig. 3.4 that for values of T well above T
; ST ] o

the 1/x vs T results have the linear Curie-Welss form and can be
extrapolated to give a Curie-Weiss. ‘temperature 6. Values of © so
obtained are shown in Fig. 3.6(b) and 3.7 together in Fig. 3.7 wi cwe

values given by Oseroff |32] for the Cd _zﬁnzTe and Cdl_z}'}nzSe allo;s;

1
As is seen from Fig- 3.6(b) thé variation of 8 wifh y is only

a litctle larger than the experimental scatter and so in Fig. 3.7 the
various values 'for y are not distinguished. The 1lines drawn in Fig.

L4

3.7 1indicate appr'oximatively the values of 8 for the y = 1 "edge.
(selenide) and for y = 0O edge (Telluride). The values for the. '
quaternary alloys. should lie in the area betweeil,the two lines. The

dot—-dashed lines show the limits of single-phase behaviour.

. ) ‘. .t
The slope of the linear part of the 1/x vs T graph gives the

" values of the Curie constant C. The wvalues of C (emu per mole of

sample) so obtained are shown plotred as a functigp of the composition

parameters in Fig. 3.6(c) and 3.8. At temperatures nearer Lo Tg' the
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1/x v8 T curve shows a downturn deviacfon from the linearsCurie-Weiss
o A

. behaviour, . as shown 1n Fig. 3.&?_ showing a strongly: enhanced

paramagnetism. This behaviour is typical for all samples with z < 0.5.

However samplés with z > 0.5 shows 'an upward deviation from the

) Curie"wéiéé “line. - indicating a decrease in their magnetic

. susceptibility. An example.is given in Fig. 3.4b for a sample with z =

0.5, y = 0.05. These downward and upward deviations from the

- - .. - \F—J/“

Curie-Weiss line will be discussed lafer.

3.4 Analysis and Discussion:

-

' The results of the varfation of the inverse susceptibility
with temperature (Fig '3.4) are consistent with ‘the behaviour of

. - o ) 2+
spln-glass material [3,4,33,&0]. At high temperatures the Mn spins

interact weekly in a normal paramagnet fashion, giving the Curie-Weiss

‘behaviour for the magnetic susceptibility, manifested by a linear

variation of the 1/x vs T curve. The extrapolation of this linear
portion intérsects the negative T axis, iwplying that an

antiferromagnetic interaction is taking place betweenthe spins so in

'this high temperature reglon the susceptibility:

-

22 "
. ZNﬁuﬁg S(S+1)
per mole 3k(T-86)

) x(T) (3.-4)

. where NA is the Avogadvo number, z the Mn concentration and 6 2 0. _As

the tempera:uré is-lowered the spins begin to show greater correlacion
i;e.‘cend to stay antiférroﬁagnetically.aligned in small ciusters for
longer time in:ervgls{ As the c;mperakure concigue to  fall the range
of the interaction extendrand the,&n clusters shpw-greater correlation.

The formation of ' these finite spin clusters and the growing interaction

-
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. between the spins in them, cause a superparamagnetic effect to come

into.play'so that x 1s increased and hence 1/x changes slope and falls"
below the Curie-Weliss Iline .(Fig. 3.48). ' The concept ‘qf

superparamagnetism (or enhanced paramagnetism) was finst intorduced by

Neel (1955) [3;4]1to explain some unusual effects seen 1in magnetic

T rocks. Similar effects has been observed in these class of materials
S .

exhibiting spin-glass or cluster-glass behaviour. This, super—

paramagnetic effect here 1is believed to be due to the presence pf

uncompensated spins at the surface of finite independent clusters; not

to forget the presence of isolated spins also which give a paramagnetic

contribution.

-

lAccording to Brandr et al i35] the susceptibility in this

temperature region follows the Curie's law:

w2g”s(s+1)

X(Toper sole = 29N, —5pF— wvhere here the factor & (0 < a< 1) is".

introduced so that eNa represents the effective number of magnetic ions

with spin S, and that is because the effective numhg?mgf‘fgee spins'had

N -

, _ .
been reduced through the antiferromagnetic coupling and hence the spins

correlation in the clusters. As we mentioned before, this downward

L

» devimation from the Curie-Welss line in the 1/ vs‘T_resplts occurs for

samples with Mn concentration z < 0.5. However for z » 0.5 an upward

.
m

deviation occurs Iinstead, Indicating a decrease in x, (Fig. 3.4b).
This can be interpreted as follow: when the Mn concentration 1s high

(z » 0.5) large Mn clusters are most likely to form, so that the
. J . .

surface to volume ratio £Br these large clusters is small; consequently
- o

the number of uncompensated splns will. be reduced:relativej:o smsll

sized clusters (for z < 0.5), so will be the probabilicf'bf finding

S
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isolated free épins. All tﬁat con;éibute to a diminishing of the
superparamagne;ic'effectliwhich will be swamped by the effect of longer
correlation time {i.e. the spins ‘1n éhe big sized clusters ténd
to stay anfiferromagnecicaily aligned fo; longer periods of time and
over a range of temperatures, causing the decrease of X below the
Curle-Weiss behaviour and hence the upward deviation in the 1/x qurvé.

As the_:emperature is further lo;ered. Ehe cérrelatidn range
égtends to include farther and orfginally independent spins; as ;

B o . _ T

resuLb":hg size of the magnetic clusters increases until they begin
making contact with each other, i.e. they become strongly interactiné.
Finafli;'&gen the system reach a certain cﬁafacteristic temperature Té’"
a p;rcolation takes place which generates an infinite cluster of frézen
spins. The spins inside the infiqite élu;cer are strongly correlateﬁ,
and have their directions governed by a uniaxial anisotropy fleld which
is .assumed to be randomly discribﬁéed over all directions: f%us the
spins are no longer able to react‘fo the external field'since‘they.are
embedded 15/ the infinitg cluster; -thig causes thé magnetic
susceptibilicy x to show a cusp maximum.aﬁ Tg(uhich'corresponds to the
minimum-ln 1/ x vs T curve in Fig. 3.4). It is this freezing process
which made Oseroff describe this class of materials as cluster-glass
|36 ) rather than spin-glass. . ‘ - C .

Escorne et al {37 have shown that for this class of .
méterials; at T g Té fhere are still some frée smali cl&sters or
isolated spins which are not part of the infinite cluster and which

behave in a paramagnetic manner. "However at T<< Tg more and more of

those free clus;ers or spins will join the infinite cluster, thefeby‘
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producing ; uniformly distributed collection of fro;en spins.

It is worth noting that for T < Tg’ X shows a thermal
hystergsis and the results depend‘on whéther the sapplé Jas zero=fileld-
cooledwgr field cocled. This behaviour was ulso Qbseived by Oseroff et
al. | 32,36 and Naga;a'ec al {38,39] for {nsulating spin-glasses and is
similar to that of the metallic spin-glasses CuMn {33 and AuFe E&Oi. :

Considering now the variat;on of £he parameters cbtained from

. magne;ic susceptibilicy méas;remen:s. As indicated above T8 varies
very little with y at constant z, and for z > 0:2 appears to show a
lineaf-vafiation with z (Fig 3.5). This graph of Tg vs 2z extrapolated
to zero Tg at z-~ 0.2, which is veéy close to the value of 0.195
calculated for the percolatioﬁ limit for nearest neighbour 1nteract1;n
for an fecc 1éttice-\&1,46]. For an hep a value of 0.204 has been
reported {43]. The Bepaviour of '1'8 has bee;_greviously‘explained by
‘postulating cgat spin-glass behaviour cannot occur for concen:ration'

less than this percolation limit.  However results by Novak et al

1&&,45] have shown that values of Té can be obtained at concentration

1

"down to x = 0.05. To HisCuss this point further, we saw that it was

convenlent to use the relation suggested by Escorne et al iﬂﬁ].'"

It is is assumed that the exchange parameter-J between two Mn

ions varieé as
J = Jo exp(—-ar) (3.5)
whiere r 1s the distance between the lons; then for a concentration z of
Mn ions arranged at random on a cation sublattice of upécingod, the
C 2+ . -1/3
mean Mn spacing can be written as dz , 50 that the mean exchange
-1/3

interaction between the Mn ions can be taken as Jm - Jo exp({~c dz ).

]
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If also it 1is assumed that kTg' - —AJm where A is a positive constant

independent of z then this gives:
S —AF ‘
nTg -_E.n[ ko] - a dz 1/3 ) (3.6).

. : .
" d 1s related to the lattice parameter, and for cublc zinc blende

h A plot of E.n'l‘g vs

d = ac/v/2 while for hexagon'al'l wurtzite d = a

-1/3
z

d should give a straight line if the assumption concerning the

e.thange integral is valid.

1/3

The r'esult:s- for i’.n‘I‘g vs dz have already been given for-
the Cdenyan‘I‘e alloys by Donofrio et al .1&71 and 1t was shown that for
z € 0.6 a good straight line was obtained not only for-‘the points with
z > 0.2 b.u-l: also for. thc‘a- point with a small value of z given by Novak
. et al |44,45|. It thus appears that the equation of Escorne et al ig
valid down to a very small value of z. Fig. 3.9 shows a plot of R.n‘I‘g
vs dz-lls._for all sémples investigated here, bocﬁubic 'and'hexagonal,
and. i;u:ludes the the values of Cdl_éanTe given preﬁously [47] and
'values! for 'thq:"lo; concentration alloys of Novak et al {4«’4,@5]. These
results indicat};’ that, within t:.he limits of experimental e’gn‘o;: and for
a given structure, the _expone_nt a }is .constant and independent of
-‘ composition, namely of the Mn concentration z.

- Turngn:g once more to the variéciop of. Tg‘ with z, it 18 seen

that for z > 0.2, within the limits of experimental error, both the

-1/3

R.n'rg' vs dz (Fig- 3-9) and the ’I‘8 vs "z (Fig. 3.5) plots appear to

give a linear behaviour. However for z < 0--.2, f -l:i1e R.n'['8 vs dz—]’/3

result is followed, the variation of '.I'.‘8 with z deviates from linear
behaviour as shown by the dotted curve in Fig. 3.5. The extrapolation

of the linear region to the nearest neighbour percolétion limit 1s

-
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explained by the fact that- for z > 0.2 nearest neighbour -effects.
dominate 1n:the exchange prqceaa- However as z is reduced, the number
of nearest neigﬁbours correspondingly-fails so that the néxt nearest
neighbour and next next ueares; neighbour effects expected from the
equation of Escorne et al, begin to have noticeable effect. As shown
by Domb and bg;ton l41], the peréolation 1imit for nearest neighbours
1s 0.195 fo?. next nearest neighbours .0.136 and for the next next
nearest neighbours 0.061; ‘On t?is basis the.'rg vs z ;ériation shown by
the dotted line 1s to be expected. -

1/3

As we mentioned above, the-result of laTg vs dz in Pig.

3.9 ghowed a 1linear variation implying that the exponent a is a
constant independent of z and y. Consequently & is independent of the

energy gap Eg which varies substantially .with composition (see chapter

5 for details). Thus Escorne's equation 1ndic§tes that there {8 & long
2+

T

range indirect antiferromagnetic exchange inéeraction between the Mn
ions which has an exponﬁnt;ai‘ﬁariati;n with distance and for which the
exponent c is indepeﬁdent of composition and hence various other ‘
parameters which are composition dependent.

Turniné to the exchange mechanisms which havé been proposed
to .éxpléin spin-glass behaviour, clehrly in this case the direct )
exchange 18 excluded from the considerations because of large gistancés

between Mn 1oas (even in the case of nearest Mn neighbours there is an

intervening anion situated between Mn 1iomg). The RKKY is a&also

"eliminated because of the low éharge carrier concentration in these

- -

materfals. With regard to superexchange through anion p orbitais, in

the present ﬁaterial,_the tellenium and?or selenium p electrons are

ro




¢ } .

. -

part -0f " the spaﬁybridized valence—conduction band system, am'i 80
superexchange. involving wvarious interactions with valence and
conduction band states as discussed by various authors L26,28,&9-51.,'53]
needs to be cmnaidered. One . mechanism Propc;sed by Bloembergen and
. Rowland |28} and discussed by various authors |26, 48] involves virtuél\
transitions !':»et:wee.n valence and cb-nduction bands. Howeve:r.', although

*

.ch‘is excha-ngé has an exppnehtial. variation with dlstance

| . ome * ’ - - .
: {J(r) a exp(- —25-) I'J}s the exponent 13 a function of the band gap Eg.
o | . .

Th_ue, although this mechanism is important in low band gap mterials
e.g. Hgl_zl'lnz're [26_], it cannot be the dominant mechanism in the
s present case since Eg -is of the order of 2eV in our materihls.

Another méchanism 1is that proposed by Geertema et al Lso] -
based on t:he. work of Goncalves da Silva and Fali;ov [51]. This g:_l.ve-
exchange interaction t:hrougﬁ virtua_l transitions between the valence
band and a delocalized band c:f' 3d state‘s._ The exponential term in this
c;:se has an exf:pnent which 1s a function of the energy diffe_rence
between -the two states and the effective mass of the valence band.
Since for the zinc blende and wurtzite semiconductors, the valence band
{8 Iingensitive to changes in cémposition, it appears reasonabie that
this exponent should have a constant value as described above. Thus
this exchang: would appear to have the form required to explain the
present results. This conclusion is consisi:ent with récen; results of
Larson et al |49] who have given a general an.alysis .'of_. these
interactions and show for Cdl_anzTe alloys that superexchange via the

valence band, which is essentially what the work of Geertsma et al

consic_lers,‘ is very mch more important than the BloembergemRowland

-
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exchange involving the conduction band. .

i -In the analysis of Geertsma et al [50] it has been shown that

to a good approximation the exchange can be taken to have the form:
.0 ‘g -
J(r) = Ior 2 exp{-ar) - - (3-7)

-

i.é. there i1s an additional r factor compared with Escorne's equation’

(equ. 3.5). when this term {8 included in the present analysis

equation (3.6) must be replaced by . ~
_ -AL .
- g & T, 2 2/3,. 1n(-—'—1-(2) ~adz 113 (3.8)
In Fig. 3.10 the dat ) i otte
n g the data for our systfm [Cdl_anzJ[Tel_ySey] are plo;teﬁ'
2 -2 -1
as fn d '1‘g z /3 vs dz /3 together with those for the two system’

CdenyanTe and CdenyanSg'investigated respectively by T. Donofrio
and M. Manhas [47,52] members of our research grouﬁ. In Fig. 3.11, the

-2/3 vs dz-ll3 but in

2
data for our system are plotted also as %n d 'I‘g z
this case the data of Novak et al iaa,as] (low Mn cdancentration) are’
included. It is seen from the two figures, that in this case also

within the limits of experimental error the results lie on two straight

lines, one for the cubic Zinc blende and one for gbe hexagonal wurtzite

-

—

structure. Both ﬁypes of plot (Fig. 3.9 and Fig;. 3.10, 3.11) appeac
to be straight lines because the variation-of d is relatively small and
ép has little effect on the shape of the graph.

From. the slope and the intercept of each of the lines in

Figs. 3.10, 3211 ‘values of a and AIolk can be determined for each

strTucture.
‘ o A 2 . 2
These are: Zinc blende & = 6.120.4 nm = —2 = =(2.03£0.5)x10° Knm
' Al

Wurtzite a = 8.020.4 nm-l' —EE-- -(4.35.‘:0.9)::102 Knmz

As Indicated by Anderson i53], the parameter A can be equated

!
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to S(5 + 1). The slope of the linear variation of the Curle constant
C(emu/mole) values with Mn concentration z in Fig. 3.8 shows .that: in
all cases S = 5/2 .for these materials (this will be discussed in more
details later) so that valuesrof Iolk can be obtained from the above
data, and these are for zinc blgnde Iol_k - (23 * §) Knmz and for the
wurtzite I_/k = ~(50 * 11) Koa'. '

%, The results for IO/k allow val_ues to 'be detetmiged for the
exchange between nearest neighbour and next nearest neighBour sites
(Jl and 32 respective.]{) which can be compared w.ith pa;rticﬁlar values

quoted ia the literature. For the case of Cd Se Aggrawal et

_ 0.950.05
al. LSQJ from tx{easu.re.ménté'of A-exciton splitting give the value of
J,/k as -8.7 £ 0.3 K, while for the same alloy Shapira et al [55] from
"high field magnetization measurements gives Jllk - -8.3 £ 0.7 K. In
the p;esent work, the value of d for .this composition (the hemgonal
lattice parameter ah) is 0.4242 nn (see chapter 2) and hence from
equation (3.7), the value of Jllk is -8.7 * 0.7 K. For .I2/k the
obtained value is -1.1 * 0.06- K where the spacing r inlthis case'ls /2d
= 0.6070 nm. TFor the case. of Cdl_anzTe, taking the lattice parameters
at z = 0.05, a = 0.6470 nm, 80 d = 0.4575 nm snd J, /k = =6.8 ¥ 0.4 X.
Shapira et al also quote for Cd, Mn Te a value of Jllk ~ =10 K.

Ching and Huber |56] for cd anz'l'e with 0.4 ¢« z < 0.5 gquote

1-
a value of J /k »-1.1 K. As indicated by Shapira et al [55] this is
probably lek and not Jllk- The appropriate value of r in .th_at case 1is
a = 0.647 nm and this gives a value of lek = =1.1 £ 0.05 K from the

-

present results.

The analysis of Geertsma et al |50] indicates that the
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exponent a has the value 2(2::;/‘!‘12)i where € 1s the energy difference in

the virtual transition and m £fs the effective mass for the valence
i . . ‘ .

band. A reasonable estimate of m 1s given by the heavy'hole mags CdTe

which 18 close to the free electron miss = [57]. Thus with m taken as

= the above values of o give values for € of 0.34 * 0.05 ev for the

zinc blende structure and of 0.61 % 0.06 eV for the wurtzite case.

Turning now to the Curie-Welss temperature 6, it seen that in

this case also the variation of 8 with f'atlﬁonstan; z 1s relatively
small. Fig. (3.6) indicates that there is a sﬁall increage in 8 as y
i5 increased i.e. as Telle;ium is replaced by selenium. Extrapolation
th?Ough the miscibility gap indicates that there is a smooth variation
of © with‘y and.there 18 no indication of any effect on 8 due to the
change in crystal structure. Fig. 3.7 ghows the variation of B?ith_z.'.
Since, as was, seen above, 8 vafies smoothly with vy, tﬁé twp edges
corresponding to y = 0 and y = 1 gshow the typicél & v8 z variation. It
is seen fhat‘in both cases there is some curvation of.the & vs z line

and this can be attributed to the®reduction in lattice parameter as z

18 increased. Thus the reduction in lattice paraﬁeter with highe} z
values increases the interaction between the manganese ions and results
in an increase in 6 with z above the linear variation.

After this qualitative description of the dependence of 8 on

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

values of 6 for our alloys and then compare it with experimental

results. /

We know that the standard mean field theory | 58] gives

2 - )
ke = = -~
& 3 S(5+1) E L , (3.9)

.

N
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Table 1.1 Values of ri. distances betweeéen. cations, and Ry thé'number.

of neighbours at distance r in terms of d the nearest neighbour

i‘l
cation spacing. Values for the zinc blende structure (d = a/¥2) and
wurtzite structure (d = a).

Zinc Blende -

T, d /2d /3d 24 /5d : Y6d /7d

n, 12 s 26" 12 % 8 48

Wurtzite fad
r, 4 JY2a %d‘ /3d Y %d 24 /54 7 %d _

n, 12 6 2 18 12 6 12 12

where I represents the summation over consecutive sets of neighbours
1

i.e. 1 nearest neighbour, 2 next nearest neighbour, and where n, is the -

numnber of nelghbours in each case and J, the appropriate value of the

b

- exchange parameter. If Ji is assumed to satisfy equétion 3.7, and with

concentration z of paramdgnetic ions, n, 1s replaced by zni, then

i
& . -
8 = -§— s(s+l) 1 fk z | Ma&Pery) (3.10) -
o ———————————————
. i r2
For both structure, values of hi,and r, were ca culated out to seventh
nearest neighbours (Table 1.1). Then with S Io/k and lattice
parameter values known, values of & can be determined from equation
3.10 and compared with the experimentally determined values. ., This 1is
shown 1in Fig. 3.12 where the dots represents the experimental values

and the curves are calculated. It is seen that very good agreement is

obtained and as indicated above, thé nonlinearity of the 6 vs z_ line
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is accounted for by the variatfon in lattice parameter with z, since

this has effect in the )} term of equation 3.10.
- i -

Finally the remai%fng 'phjsical‘ constant thét can -be
decermined'from>the‘magnetic suééeptibilfty méaaurements is the Curie
constant C. ' This was' calculated from the élope of the linear part of
the 1/x vs T curve for eacﬁ alloy per mole of.sample- Fig. 376 (g)
shows that the variation Aof C with y at comstant z 1is very small
although the graphs 1nd;;ate a slight increa;e in C as y 1is decreased.
In Fig. 3.8 it 1s seen that within the limits:§f experimental error, C

varles linearly with z and extrapolates to C = 0 at z -'0, following by

that the equation ro .

2 2’
N& S(S+1) ug

3kB

Cper mole 2

Usilng g = 2, obtained from cthe ESR work {see chapter 4), ,aﬁd

calculating the slope of the straight line in Fig. 3.8, one can then

determine the value of S. This turned out to be equal 2.53 so that we
A Y

* 24 R PR
can say that § = 5/2 as expected for Mn~ . (Note that this result was

used earlier in the calculation.of Iolk)

3.5 Conclusion

-

¢ ! )
The Efknetic susceptibility wmeasurements and the results

deduced from them have proved to be very useful in giving valuable’

informatiofi on the magneric behaviour of the (Cdl_anz) (Tel;ysey)_

alloys and hence of all the materials belonging to the same class. The

spin-glass freezing temperature Tg and its depenaence on composition
were determined; more specifically Tg'has shown aulinearAvariation.qith
the Mn concentration z, extrapolating to Tg =0 at =z~ 0.2. This

P




S T

keault ds In very- good agreement with “theoretiiflly calculeted
percolation-limit for nearest neighbour tnteraction-lkl—AB]. However,
values of Tg were obeainee by Novak et al |44) for concentration down
to.z =~ 0.05 ;hich could be exﬁlained on the basis of the next énd next
‘next e;e_neares: neighbour.interaccion having noticeable effect at this
low Mn EOncentrations. Therefore, it was more suitable to studylthe
dependence of Tg upon z using ehe relation developed by Eseorne et al
|46 according to which in’l‘8 should decrease in a linear fashion when
the mean spacing between the Mn ions increases with decreeeing z. Our
data have shown’ chis!to be true even for z < 0.2. This fact has shed
new light on the nature of the exchange mechanism taking place between
the Mn spins. Accordingly this excheﬁge causes an- antiferromagnetic
interaction between the Hn2+.1ons, decreases exponentially with
distance and for which the EXponent i; independent of composition. An
exchenge mechanisn proposed by Geertsma et al [501 seems Lo sati;f;
these requirements. It involves virtual transitions between the
valence band and a delocalized 3d state. An analysis of our results
, based on this theory, gave values for 31/k-and qzlk which were in very
good agreement with those de;ermined f}om_very different meaSurementsf
The ratio J1/J2 was found to be ~6 in tﬁe zin¢ blende and ~8 in the
wurtzite structures. Cbnsequently Ji i1s smaller but not negligible
with respect ib Jl contrary to the agssumption made in previous.models

138,39 .

Values of the.energy difference in the virtﬁal transition €

. were calculated for both the zinc. blende and wurtzite structures.

These wvalues were useful to tndicate" whether the'exchange Is due to




e

interaction of the valence band with a 3d b;md or the conduction band.

The valeace band-3d crénsitiou woulid probably involve the transition of

an electron from the top of the valence _ba'lnd to the 3d5 state

convertiang it to 3d6 with a resultant energy increase of £. As

indicﬁtéd earlier, € should be reaso:lmbly independent of composition

.for a given- structure with values obtained here of 0.35 ev for zinc
blende and 0.61 ev for wurtzite samples-. For all alloys considered

h.ere Eg >1.35 ev (see chapter 5) and hence in all cases, the

‘ valence-c_onduction band spacing 18 too large for any appreciable
interaction. However, in contrast to the presen.t materfals it is worth

ﬁoting that in the case of Hgl_zbmz‘re,‘che results of Mycielskl et al

|_5_9J show that when .Eg 18 comparable with €, virtual valence-conduction

band transition play a signi.ficant Tole. |
Vdlues of the Curie-Weiss paramagnetic 'temperature 6 were
obtained for all the ‘inveatigated allaoys. These ‘;élues were found to

.

be negative conforming to ‘an antiferromagnetic interaction between the

-

2+ .
Mn“ spins and to decrease {or |G| increases) with increasing z which

indicates an increase in -the antiferromagnetic interaction when we

increase the Mn concentratioon. /B__’\

y using' the mean field theory in

conjunction with the proposed thedry for the exchange parameter (equ.
. .

3.7) we were able to prgdict:“values of 0 for the alloys which again

turned to be in very good agreement with the experimental ones without
any adjust#ble parameter.

With regard to the values of the@Curie constant C, they were
| "

2+
determined, which enabled us to calculate the spin S of the Mn ione

in the alloys, S.was found to be 5/2.
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Finally, itlis worth noting that Fhe close agreement obtained
between the experimental and calculated vélues for illk, JZ/k and 6,
séems to strongly indicate that the proposed exchange mechanism (eq.
3.7) is.fgijglly the one occuring betweg9 ;he Mn spins in the alloys;
and consequently we feel a good step forward was made in the
understanding of thé m;gnetic behaviour of wide-gap semimagnetic
semiconductors, which eventually can lead to a cléarer picture of other
physical pfoberties which are exchange interaction dependent, namely

magneto-optical properties. -
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Chapter &

- ,3 ’ M
.. .

Electron Spin Regonance Measurements .

|

4.1 Introduction - : *

Consider atl1 ion with a permanent magnetic mo:ﬁent. 1f the ion
is free and has ;1 resultant angulgr momentun quantunm number J, the
application of a static magnetic field H 'will produce Zeeman splitting
of the ZJ + 1 statesg into .levels w:l:th energi-es of',HJguBH; HJ is the
maghetic quantun number and g 1s the Lande splitting factor. If the
101-1. forms 'a‘pért of a cryscall.ine solidr‘and is, not free, 1its angular
momentum ;nay be describeé by a spin quantum number S. In a fleld H,
the enérgiés of the split .28 + 1 levels can agaln be. wl"itten as HSS“'BH’

except that  here g is a splitting factor that makes the energy

hdifferencé ‘between levels, ngH, come out correct‘iy- In general, g is

" not edual to Lande "value,"and its deviation from the latter is due to

the crystalline field effect on the orbital angular Tome nLum of the
ion. According to quantum .mechanlcs. a sele'cti_on rule operates so that
for magnetic dipole re{diatic;n only the transitions between adjacent
1eveis for which AHS =+l 1g Possible.' Transitions’ between levels can

be i_nduced' by ‘the application of an oscillating magnetic field.whcae

frggw is hw = —guBH or

S (-0

This is just the classical Larmor frequency [1] modified to include the

effect of the spin by the inclusion of the factor g. For a system of

- ions yin thermal equilibrium  the lowest energy levels will have the



{_ In our systemQCdl_zmz)('I:el_ySey), the manganese ion, Mn

..

s/

experimentally. Since the absorption occurs only for frequenciles at or

near the larmor frequency, the phenomenon 1is ca "Paramagnetic

v

Resonance “or™ Electron Spin Resonance”.

.2 . " .
% The Electron Spin Resonance has been found tiS_be an effective

-

technique which can be used in the invest'i'gati'on of the fi_s"uamic of the
spin system, spinspin interaction and related relaxation pi‘ocesses, as

vell as internal magnetic fields experienced by the spins in the solid.

.

These“ kinds of information are usually revealed: by the pos{.tion and
” .

width of the resonance lin'e, as well as by the changes that might occur

in any one of these cﬁo, when the temperature is changed. ‘These kinds
',‘:, * .

of information obtained “from ESR measurements carried out on all

single-phase samples of our alloy ayscém,\-a}'e expected -to be very -
- " n » . - . - .

useful in substantially improving our ,understanding -of the magnetic

behéviour of these and ‘similar materials. * .

2+

,has” a. permanent magnetic moment; 'and_ this 15 a cbnsequence of the 3ds'

-

electronic configuration’ of the ion. The ground state spectroscopic

term, accotging to' Hund's rules, will be 6

(28 + 1)(2L‘_+ 1) = 6'%x 1 = 6. . Such =2 sp_herica,lly synpmetric ground -

‘.
55/2, with a degeneracy of

‘state Lcannot be directly affected by'a crystalline e‘lectriﬁ- field.

- .

However, it has been known that a field splitting of this state doas

occur. This aplit'ting is.assumeg to be due to an admixture of higher

"lying levels into the ground state. Physical wmechanism’ that can

-

-
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-, o
account for such admixing involve high order process consisting of a

combination of the efffcts o?‘crystalline field, spin-orbit- coupling

and spin-spin interaction [2-5]. o %

Consequently, & cubic or a nearly cubic crystal field (aw

tetrahedral crystal fiélq in our case) splits the free-ion ground-state
sextet into twa levels, the upper fourfold degenerate at +a, the lower

two fold degenerate at -2a; a is the cubic crystal field splitting

parameter. In the presence of a magnetic field, the Zeeman interaction

¢
-

lifts the degeneracy of the quartet and doubl:i\and splits them into a
‘tétal of six sﬁin’states [4,5]. The fine structure splitting in a
cubic crystal fleld plus an‘eitqrnal magnetic field hpplied along a
) fourfold symmetry axis, is illustrated - in Fig. 4.1;

Nearly #ll (~ 100X) of the Mn2+ isotopes h;v; nuclear spin
I =5/2. As a résult, each fine structure 1iﬁe is split into 21 + 1 =

6 hyperfine lines. Tﬁe splitting of the M_ = 1/2 + -1/2 fine structure
L

S
‘line, for example,ﬂis illustrated in Fig. 4.2.

7 According to the theory‘[Z,A,S], the deviation of the ant
fon g-value from the free spin value of 2,0023 ié‘exp;cted_fo be very
small (4g ~ 0.0004). This was confirmed by thé experiment [5.7] and
therg-value of Mn2+ in any compound p&ssessing a cubic or near cubic
crystal field was found to be, to. g good approximhtion, the same as

that of the free fon.

fThe t;o_non-magnetic cogpoundé that our alloy system involves
. éEeZCdTe and CdSe. The former has the zinc blende structure and the
latter has the wurtzite structure. _Both structures h;ve tetrahedral

- synmetry i.e. four fold coordination; hence every catfon 1s surrounded

/ o . :
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Fig. 4.1. (a) Energy level diegram for a 3dS ion in cubic
¢rystal field. (b) The allowed ESR spectrum is
show® for hv >> 3a. '

.
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by four anions occupying the corners of a regular tetrahedron (and vice

A s ’ 2+ 2+ : '
versa). Consequently when a Mn ion replaces 2 Cd_ ion in any of

these two compounds, 1t will be subject to a tetrahedral crystal

-

fleld.: - ] Co

.

LEZSR experiments were carried out on Cd‘I‘e.crystals containing

-

manganese (~ 0.01X) by Kikuchi et al [8]. '\A,well resolved hyperfine

Structure was obsery,ed at 4.2 K, with the sextet of the principal lines

% corresponding to che.Hs = -1/2 + 1/2 tranhi:fon having ‘the l‘argest
. ; : .

intensity. The g value obtained was of 2.010 uhich is very close to
. : .

the free .-spin gvalue. Sipilarly. Mn 1n CdSe showed the same kind of
results with a g-value of 2.003 [9]

Hore recently, the ESR spectra of single cryatals Cd Hn Te

1-

(0.001' ¢ X< 0.60) and Cd anSe (0.001 < z < 0.45) have been studied

1-2z

by Oseréff [10-13]‘ According to him, at room temperature the gpectrum

wag almost independent of frequency for both system. For z < 0.005 a

-

w_ell—}esolved hyperfine structure was observed. ‘For z > 0.005 the

[

hyperfine lines inicially broaden due to dipole—dipole interacpioﬁ,‘

eventually becoming a sinéle_ broad 1line for z ~ 0.015. The linewidth

Q ! v . - . .
narrows as z increages up to z ~ 0.03 due to exchange narrowing. For \—'\\'
. ’ & -

' - ~ -
z > ;‘0.03 the linewidth broadens monotically with increasing’ : v

concenlr.ration at all temperature meaeured. Oseroff‘hée aiso measured
- [
the amgular dependence of the ESR line and found that there is 2 very

smll variation of linewidth = 3% 1ndependent- of -concentration.

-
.

'Consequently. there should be no significanc difference between ESR

- - -

line obtained from a single crystql and that from- a po&ycrys lline in

these materials.. .

L ~
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4.2 Experimeﬁtal procedures ‘ ‘ ) *

' The ESR measurements'uqre carried out in Dr. Armen Manoogian

-
-

Jdaboratory under ‘his supervision and .with the Eechnical assistance of

the technicien specialist B.W: Chan.

| A schematic diagram bf the spectrometer systea used in this
work 1s represented.in Fig. 4.3. "1t consists of a Klystron producing
ﬁigrouave power ;c X-band microwave frequency (~ 9.2 GHz). The
produced microwave power can propagate in a microwave bridge,'kncwn as,

the “migic” T, which consisted of fou:4armed wave guide structure

1

allowing-the microwave power to feed into the sample gavity thrdugh one

arm, and th;7;ouér that 1s reflected back from the cavity to leggg/ﬁ?‘a
' —_—— .

separate arm to the detection system. Moreover, the arm opposite the f:D-
: -

sample cavity can be used to control the amount of power entering the
- 1
detection system. The slide-screw tuner contains a pin which can be

inserted into the path of the micro;ave, and can also be moved along

-

the length of the uavégui@e'comprising the slide-screw funer. The
attenuator consists of a gica card covered with carbon that can absorb °
nearly all the microua;e pouer_chag is not reflected back by the pin

_aﬁa hence Fhac'reaches thecmtEenuator.' As a result the pin'dépth of

the slide-screw tuner changes tﬁe agplitude’of the microwave, while the
position ;f t#e pin along the tuner changea'the microwave‘ﬁhasef“ The , .-

. . . " ’ . N N .
crystal -detector.conslsts of a stEFoa rectifier mounted in the wave
, . . . ‘ _

guide. The rectifier detects the 'high frequency microwave power and =

chang;:\it to a’ dirgé&icurrenttid-c.) voltage. ° Lower frequencies
o - N

. _however, even up. to several tems of megacycles, are able to pass

-

- .
* -

through without being changed to d.c. The microwave. resonant sample

-
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cavity is a plece of a waveguide with copper plates soldered on each

lend, one end of which has a hole of 1/4 inch in the center to allow the

.

microwave to enter tHe cavity. The 1éngth of the cavity is one

-wavelength.

-

A freﬁuenq&a stabllizer keepé the microwave frequency
stabilized against the resonance frequency of the sampie caQitf. A
phase sénsitive detector (PSD) is employed-when recordiné signals on a
chart recorder. While it 1is beiﬁg swept, the magnetic field {is
modulated at 100 KHz by means of-a pair of.Helmotz colls mounted on the

cavity two oepnsfﬁe\:§lls 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 4H is measured with an NMR
_gaussﬁeter; also the resonance field HR iq dgftned from the zero of the .

derivative -.curve (see Fig. 4.4).

The temperature of the sample can_gé controlled in the range
. 3 .

between 10 K and 500 K. Circulating nitrogen gas around the sample

cavity' is used for the temperature control between 500 K and 90 K;

L
uhereag\gzlium'gas is used for the same purpose, between 90 X and

10 K.\\ The temperature .of the sample 13 wmeapured by wmeans of a

thermocouple which can be in direct contact with the ~sample. A
h -

gold-chromel thermocouple 1s used for temperature below 300 K, and a

copper—constantan thsfjgsggple for temperatures above 300 K. Thus ESR

"™
meagurements can be carried out at various temperatures.

4.3 Results . : : : ; K

© . The ESR.measuremenﬁs.uere.cartiednout aon all the samples in ..

h r

o e .' : &

“ . . . -

L h;_aqi. 7 ‘;‘“‘ ‘f—
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Fig. 4.4. Effect o{_}he modulation on ESR absorption line.

(a) shows tha@ the 100 KH% modulation field causes

the m1crow1ve power in the cavity to be moculnted

at the same frequency when the sample absorbs. power

. "_at resonance. As the steady field Eo is.slowly swept
~through the absorption curve the amvlitude of the
modulation of the microwave power changes in hronortion'
to the absorption curve as shown in (b). The _medulated
microwave power travels from the c/vity to the crystal
. detector where it is demodulated and the 100 KHz ﬂlgnal
passes to PSD (Phase Sensitive Deteqtor). ‘The output

. sifmal from the PSD.gives  the first derivative pattern

of %ﬁg;ESR line dp‘the;chaft recorder ac sho;f'ih“Tc)f
. . ’ i o . . ’
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the two single-phase‘ fields: zipnc blende and wurtzite. "At  room

temperature all samples produced a single symmetric and broad ESR line

due .to manganese with .the broadening béing proportional tpo the

- -
. .

manganese concentration; and the resonance field HR was observed to be

-

consistent with a g value of 2.0. .

The -resonance linewidth AH was measured as a function of

—

temperﬁéure within the interval 10 to 500 K. In all cases the line

~

width increased with decreaéing témﬁfrature.remaining symmetrical 1in
the higher temperature rque. However at lower temperatures, where AH
Pegan £é/4ncrease appreclably, the lineshape uas_obserﬁéd to broaden
asymmetrically and finally to split into two parts,'uith the amount of
spiit:ing increasing with'further lowering of the temperature. At this
point the liné inteqsities déqreased and quickly fell to almost zero
with furéher cooling .of the sﬁmp%e. This effect was most easily seen
for samples wvith z > 0.2 since in those cases this low temperature
behaviour was above the 10 K lower.temperﬁture limit of the-équipmeng
used. Fig. 4.5 shows the lineshape at selected témperatgres for.the

sample with z = 0.3, y = 1.0, which is typical resdlts. When the.line

becomes asymmetrically' broadened, the low field ".part of the 1line

-remains essentially unchanged in shape but the high fleld part becomes

Py

greatly broadened and flattened out. It is worth noting that Saysd and
. ) . b e

Com e

oL .
Bahagat, in their ESR work on_Cdl_zhsze [14]‘have reported that ESR

en L)

.lfnébhape for each of theff® alloys remains Lorentzian down to a certain

- temperature beflow which the line becomes asymmeétric.

Typilcal sets of .AH vs T curves are shown in Figs.‘&;6-4-8.

v

Fig.rﬁ.élshous these for the alloys with y f;9.05:1n the zinc blende

- » -

v
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field. Fig. 4.7 shows &H vs T cu’rﬁes for the alloys with y = 1.0 in
the wL.xrt:z-it:e field; here the curve for the sample with z = 0. S y=1.0
is seen to be out of the. step with the reat of the curves in the
Sequence indicating that this sample is ‘not single ph-ase, in agreement
with the x.—ray ‘diffr—action results (see chapter 2). Finally Fig.:lr‘.a
shows 8H vs T curves for the alloys with z = 0.3 in ;he wurtzite field.
In each. of these figures‘-(&.G-A.B) a typlcal error bare for the

exper imental results is shown on one of the curves.

4.4 Analysis and discussion

As we mentioned above, Fig. 4.5 x.'epresent:s a typlcal example
0of the evolution of the-ESR line with respect to the te_m;ger\atur_:e; the
shape - that ouf ESR line .,tak_es when it becomes asymmetric (with'its
low-field l't‘alf remaining essentially wunchanged 1in shape and 1{ts
high~field half becoming greatly broadened and flattened out) is very
similar to the callculal:ed ESR line shapes by Searl et al [16-18] for ‘a

random polycrystalline as'semny. of uniaxial crystalsﬁhéving_ uniaxial

-

g-value anisotropy. According to Searl's work the asymmetric line .

LY : .
shapes in such substances could be explainéd on the -basis of the

L
uniaxially anisotropic g—value with 8, > 8y* (81. is the g-value when
the magnetic field is per_:pendiculer to the symmetry axis, and 8y is
that when the magnewdic fleld is parallel to the symmetry axis). Also,
’Searl maintains that his calculacions would hold equally well for a
random arrangement of free radicals showing unlaxial symmetry in a
magnetic field. \Consequencly, we suggest that the Mn- clusters. in our

-

case, can plray the same role as those uniaxial cq‘rstallites of a



‘ - - ‘)
polycrystalline substance or these free radicals in a magnetic field.

As we Indicated previously, we are dealing with random substitutional .

solid solution alloys in which the statistical fluctuations in
conceatration give rise to microgscoplc regions more concentrated in
solute (mané;nese) atoms tgam_other regions. The spins within such
regions become more and. moré: antiferrbmagnetically correlated; when
lowering che temperature, forming what is knoqn &8 m#nganese magnetic
clusters. It is the antiferromagnetic interaction inside each of tbése
clusters, which gives rise to an uniaxial anisotrop§ field and hencgjfo

the Mn clusters magnetic uniaxial symmetry whfch 1s agsumed to be

randomnly distributed over all directions. ponsequenti&,-in the lower

temperatures region, the g-value of the maﬁganese magnetic complexes .

becomes axially symmetric with 8, > 8, which causes the asymmetry of
the ESR lineluhen 8, is slightly larger than gi,'and Fhen the split of
" the line into two parts when.:he difference (gl-gl) becomes more
significant. This is illustrated in Fig. 4.5.

Turning now to the variation of the linewidth w;th
temperature (Figs. 4.6-4.8), we were faced by a number of difficulties
in our ‘attempts to fit the experimental data of &H vs T to an
expression which has a physical significance; and that is because there
has ot been'any theor} developed yet for the interpretation of the
dependance of the ESR linewidth on 'téiperature for this class .of
\ materials (SMSC's). )

At first we tried to follow the steps of Oseroff in his fSR

vork on Cdl_zMnTé.[li], where he analysed the ESR linewidth values in

terms of Huber's expression [19] which was developed for

antiferromagnets above the Neel temperature:



. - c . L : -
8H = Az=F ) +Bp- ‘ (2.4)
. e
where B is the high temperature linewidth, TC is.the "transition

&
temperatuge”, a 1is .a “eritical exponent™ and_ A 1is an empirical

‘parameter.  This 1s the standard form used to analyse " critical

’

phenomenon results. This analysis attributes the increasing linexidth

‘ _ , ‘
to a rising relaxation rate as the transition temperature  was

approached’ from above. Oseroff obtained the wvalues of all four

parameters Tc’ B-and A from the best-fit condition. The results

obtained for A and « suffered from an Inconsistent variation with
1]

composition, moreover the values of the “critical exponent”™ a varied as

much as an order of magnitude. ﬁhat we did instead, I8 to analyse the
data by employing é log-iog plet such as

log(4H - B) = a fog [TC/IT - rc)],+ fog A (3.4)
It wa; observed chgt a stFaight 1{ne couid be drawn through -the

<

calculated points only for the case of B = 0 with values of a were

found to fall within the range of & = 0.33 * 0.08. -
. ;;\- ‘The values of Tc which fit this analysis, vere chegsen as the
J

tewperatures at which the Mn resonance lines became very broad and
showed asymmetry and appreclable decrease in intensity. However these

values were conslderably higher than the T3 values obtained from the

magnetic susceptibility, furthermore the fact that B should be zero is

not physically meaningful, because is not possible to have a zero line
widcth at veéy high temperature: (T--v w) in the paramagnetic region,
which wag_iﬁplied by this analysis, also it {s not possible that the
very existence of the linewidth andri:s.ﬂroadening at ali temper;tures

1s a result only. of the critical effects represented by the term

-
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- a v -
T—; ) . Consequently equation (2.4) had to be discarded as a good
c .

expression representing AH vs T in our case. ,

’ In subsequent work [10,12,13], Oseroff used a modified Huber
expression to fit the data of AH va T for Cdl_zanTé and Cdl_zanSe;
. . . . " Tc a M e . . - ‘.. -
- - -5 NCWA
oR A(T_Tc) +B(1 - D) (620)

equation (4.4) 1is 1li{rrle more complicated than equation (2.4) becauge

T

for the high temperature linewidtfi. Here & 1s the "paramagnetic Curie
. i .

8 1
the parameter B is replaced by the term B{l - ?) giving a — variation

Welss remperature” which is negative ‘in these materials. “‘I'his ﬁehrly'

. o

introduced term was developed .for: antiferromgnet‘s, by Jaccariﬁo et al
[ZOJ, to account forK the non-critical high-temﬁerature dependence of
the ESR linewidth {.e. when T >> TN" Oseroff alsé used fhe best—fit
condit:ion in his analysis to obtain values qf all the p_arametérs in
expression (4.4). Once ;;;I; his wvalues of the "critical exponentf a
varied 'between 0.2 and 2.0 for Cdl_zm;Se and-between 0.3 and 1.5 for
Cdl_zanTg with Mn concentration; This 1is a‘very big variation for a
cr%tical exponent which ig cheo;etlcally supposed to be constant for a
same crgki_cal phenomenon taking place. |

) We'also tried to analyse our 'et'p'e;z"imental data of :’.\H vs T, in

term of expression (4.4). The‘firat step we made was to plot the.
e:q:.oerimental values of 'I:AH as a f-u‘ml:tior.: of T and that to verify the ‘
validicy bf the second term of Equ. (4.4), B(l-?)- In the hiéh
temperatures region;-. 1f MM is due mainly to the paramagnutic
cAotztributicm AHP é\p-;e'.sented PyI-AHp - B(I‘—?—); the plot of TAH against T
should then be linear in this temperatures region. In Fig. (4.9) which

shows examples of such plots for the edge with y = 1, it 1s observed
" - '
. 2
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that for each plot a linéar behaviour is -obtained down to a certain

xtémperature below which there is a deviation from linearity. Valueés of

M -

the parameters 'B and 6 could .be obtained from the slope and the

intercept of the linear part respectively. The values obtalned for ©

4

in this way for all the samples were in éood\hgreement with those
obtained from the magnetic susceptibility measurenents (see cho 3);
also the values for B varled systematically with composition. All
these were poei%ive arguments'in favour of the validity of-the B(l - %D

term in describing the ESR linewidth dependance’ on température in the

purely paramagnetic high tewmperatures reglon.

The second step wag to verify ‘the validity of the

T o
contribution of the second term AHc‘-VA(T-T ) to AH in the lower

. ¢

‘temperatures reglon. What we did was to calculate the paramagnetic-'

scontribution aHp = B(l—gﬁ using the valyes of © and B obtained from the
graph of TAH NS‘I;' nd that down to the 'est measurement temperature;

then the differencd (AH — AH ) = AHC represents tﬁe contribution due to

P
a ]
the ¢ritical term A ) - Afterwords, the thing to do would be to
. Tc ‘ ’
plot lLog AHC against Qlog (T-T ). Thegg_gkote should have a linear Y
c .

N

variation, with a« ad slope and Rog A as "intercept. In fact, these

-,

plots were linear, b&t in a short range of temperatures in the vicinity

» -

of TC,'with a value of ¢ odtained, in every case, falling close to.0.5
which is the value that the mean field theory [21] would give for the
magnetization exponent . However in a tpcent ESR work carried out by

Furdyna_on Cdl Mn Te using the Faraday rotation technique [221/(which

1s an 1indfrect technique for measuring ESR), Furdyna observed .a

-
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continuous_inctease'in..:ﬁe lidewidth with lowered temperatures a_na %h‘a:

s ’ L - ’ d
even below our T, velues.. Consequently no critical phenomenon was ‘

observed .at 'I‘c.‘ As results of Furdyna's observatiosns and the poor fit .
I M N - -
s - . a . - ~

. . _ <
obtained from the analysis usidg the critical term A(;r_—;—) , the latter
LY ) ¢ ‘. .

term had to be digcarded as belng the. right term accounting for the °

increase of AH id the lower temperatures region.

-~

. Therefore, the éxpre‘ns;on ‘of AH had to be rewritten. as
AH = F(T) .+ B(l—;?-), where F(T) 1is .an unknown function of ten:ﬁg_rature R
the form of whi{:h had'to. be found. : _ l ‘ ‘ ‘

L

. - It has beea réceqtly suggested by Bhagat and co-workers [15]-
that the variation of AH with temperature is due 'to the resonance line

being inhomogeneously broadened because of the raadom digtribution of .

. r

+ . ’
the an ions. They showed that the variation of AH due to this effect

N

can be represented by an empirical expression of the form:

) *T
- . AH-rexp(—T)-i_-I‘o
) -0 -

where T‘o_- is the high temperature linewidth and ard 'ro are empirical

‘parameters assoclated with t freezing o
An( AH- 1;) against T for data of CdenyanTe} and- nbtaine;l a st:rn_}ght
line, in every case, from the slope and intercept of which they deduced
_ the parameters '1‘o and T ;especcively. ';;his expregeion geemed to wvork
quite will over a wide range of T ‘more specifically in Al;h'e lower .
temperature région. However it was not clear hos; theihigh temperature -
linewidth 1‘o value was chosen in every case. Apparently, in ;noat of
‘the capea' I'o vasg c?lose:n a8 the value of AH at--T = 300 K, the highest

temperature at which the ESR measurements were taken. © Therefore the

values of the parameter To ob_taine-d did not show ax—smooth and

13

L4
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con313;5927§;;13c10n with respect to compogition. In our ESR work,

the weasurements were extended up to T = 500 K, and AH’jshéwed a

notfceable variation becueeﬂ 300 ¥ and 500 K. 'Cohséquently,yzf one was
to plot Ln(4H -‘Po) vs T taking I; as the value of AH at T = 500 K, in

this case] one would obtain 4, linear variation in a certain range of

Cemperatures, however the values of the parameters T, and T obtained in

this case would he totdlly difkefen: from those .obtained g}th T; = AH
at T = 300 K. Knowing that for.a given composition the values of these
parameﬁers (EO and Fj'shoulﬂ be constant independ%nt of the high
temperature linewidth, convinced us further that our high temperature
lineuidch term B{(l - éb is.the one to be used. Taking‘F(T) - }'exp(-

% ),the &H expression becomes:
o . .
. * -r e .
AH = T exp(- 7))t - (4.5)
s ' N -

As qe'mentioned;before, by plotciqé the values of TAH vs T in the high
L. . : ‘
‘temperature regions, the values of B and & can be determined. Knowing
the vhlues of these parameters allowed us to calculate the paramagnetic

contribution to’ the linewidth for the whole range of temperatures.

. _-. e .
However, it was found that at lower temperatures the B(l - Eﬁ term

appeared to overestimate the paramagnetic contribution so that in some

‘cases the rapid increase 1in AH appeared to be dominated by the
paramagnetic term rather than.that due to the 1nhomogenei;y effect.
This can be attributed to the fact that the paramagnetic contribution
18 due to free Hn2+ spins all of which can be assumed to contribute'ac
high temperatures. However, at lower temperatures where exchange

effects become important, the increased ‘correlation between the spins

means that the effective number of free spins is reduced. To allow for
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thie, the B coefficlent in the _p.aramag:;etic relation needs to be

_modif.ied and 80," has been writ't_en as B{l-exp(-T/To)}- Hence this term

16 made to decrease at a raté compatible with the increase of the
. . : \ ‘ . "
‘inhomogeneity effect which. is caused by the increase in the exchange
effect. Consequently the experimental values of 8H vs T were fitted to

L S -t

-

the equation: . .
: v

M= T e 3 )+ B DAL - (- 3 (4-6)
O ' .0

. Values of .9 were taken from the g etic susceptibi;lity_ineaaurements

and 'I', T(; and B wer.e.dete*minedrby a least squares fit o the values c;f
‘ !' 2. e - . .
AH..fh‘\om the maximum t:emperature used down to that at:-which the ESR line

shaed appreclable asymmetry. Below the temperature of asymmetry a

Jalue of AH -to be used could not be clearly det:ermined. ‘I'hre/teast

1

<.squares caleulatione were carried out using an Apple I1 microcomputer
programme .;rrirren by Tom Don-ofriq,'member of our research group.

tting for all three‘pa}rame'.cefs -(To, T and B) would give a larg{:'
w_wnecertainty; to go around it, we fit over a large range .of To values

and fit for the two other parameters (B andI ) and used the criterion

of minimum standard deviation. This way seemed to glve more consistent

variation of the parameters as seen from Figs. 4.10 - 4.13,

In all cases, the fit to the experimental points was very

L

good with a stahdarci deviation of the order of 0.0l KG. Also, .the
values qf B obtained with this method, were in good agreement wfth‘
those obtained graphically (see above). |

The variation of‘the parameters B, ' and 'I'o with different

composition wvariables for representative sections of the alley phase

diagram  are shown in Figs. 4.10-4.13. It 1is seen that while the
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~

Pig. 4.10, variation of the para.mct;:r B 1in equation 4,6 versus the Hn

-

concentration z determined by fitting equation 4.6 to the &4 vs. T

‘curves for the {ndicated wvalues of y. The dot-dashed lines
ind{cate the boungaries of the single phase field. .
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Plot of the parameter T {n equation 4,6 as a function of the
manganese concentration "z for wvarious alloy composifions y
determined by fitting equation 4- 6 to _the 84 vg. T curves. The

dot-dushcd curve indicates a singlc phase field boundary.
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variations due to changes' in y are amallerv:han those due to z, they
are appreciably larger than the changes 1in the susceptibility
parameters (see previous chapter). As 1s seen in Fig. 4.1q: the ~

paramagnetic parameter B shows & linear variastion with z at constant y,

2 -

-7 a not unexpégféﬁ result since the paramagnetic effect is the sum of the
;Z;individuai spin contributions. E#trapolation'tﬁetugh the miscibility
~gap (Fig. 4.11¢a)) appears to indicate ‘a2 smooth but non-linear
var&atioﬁ of B w{fh-y at constant z with no%i;dication of any effect of
cfystal structure. For y = 1.0 the B vg z line extrapolates to a val&g
of B = 40 gauss, while for y = OIand 0.05 the corresponding value is
about 115 gauss. For the quaternary alloys there again gppears to be a
ey smooth variation.with ¥ The;e values_are considerably smalier than
linewidth for isolated Hn2+ impurities (~250 gauss {8,9]) and this
indicates that there must he appreciaﬁle exchangé:ﬂarrowing of the ESR
line at high c;:;eracures and for the conééntrations of manganese
investigated here. The .results in Fig. 4.11l(a) 1ndicate5 that this
effecmiis greater for the selenide thaﬁ for th; éelluride'aﬁd varies ..
smoothly as tellerium is substituted for selenium, again independent c>‘f'u

-

crystal structure. It is tempting to interpret the greater effect of

- .
]
the exchange narrowing in the selenide than in the telluride, on the

bagis that in the selenide the spacing betw;en two adjacent Hn2+ ions
({ ap? 1) 15 smaller than that in the télluride (and that from lattice§;
paramECer gonaideracions), consequently the exchange parameter IJ(rij)l.
and hence the'exchange narrouing effect are e;pected to be greater in

‘the selenide ‘than in the telluride (note that ia ch. 3 we éaICulated

the nearest neighbor exchange parageter’Jlfk for z = 0.05 irf’both cases



"
Cd,_ta Se and C4,_Ma Te: |33°/k| = 8.7 K >|31°/| = 6.8 K).

Fig. 4.12 shows the variation of with z for various values
of: y. These graphs show that for z » O.i the various lines tends to
extrapolate to zero [ at a value of z in the range 0.15 --0.2.
However, as in the case of Tgl values (see chap. 3), for z < 0.2 non
zero values of T are obca_ined end the curves appear‘ to change slope in
the vic:'inity:' of z ~ 0.2 and to ext:tapolaf:e to zero at £z = 0. The
parameter Iluaed here has similar form to the qu.’antities rp'p of Webb. et
al |_15] and 4, 8, of Sayad er al [14] in their analysis of the

results for Gdl_anzTe alloys. In those works the authors suggest that

;,(ﬁ:a\variatidt; with z falls into two separate parts, one with z >_§8.2

and the other with z < 0.2. Again‘ in Fig. 4.11(b), the variation of

: witﬁ y at coastant z can be 'intqrpreted as a smdoth curve showing. no
structure dependence. - ’

The variation of the parameter 'I‘o is shown in Figs. 4:.11(c)

--and 4.13, Fig. ‘l;.ll(c) ghowing the vﬁriation.of 'I‘o with y for various

values of z. It is of interest to note that while T, shows a linear,

and appreciable variat¢iod with y in the wurtzite f field, in this case

these values‘ do not extrapolate' to the values obtained in the zinc

-
ot

blende « field. It appears that for T_ although there is a smooth

variation of its value with y in & given structure, in this casé tl}g

'.\w‘:ﬁllue of To is affected by the cryste] structure also. In Fig. 4.13

the variation of 'I'o with z 1s shown, #nd for the sake of clarity only

the case of y = 0, 0.05 and 1.0 are presen;:ed. It is seen that within
\\ -

the iinpi ts. g experimental error, in-éach caee the variation of TO -with

z can be taken as linear and extrapolates to To = 0 at z = 0. To



—94=

represents the temperature at, which appfeciable clustering occurs in
the materials. It is worth notiné that with reference to the line
shape, . 1f TA is the temperature at which significant aéymmetry could be

" observed, it was found that to a good approximation T, ~ 1.5 T for the
hexagonal B phase and T, ~ 2.5 T for the cubic phase.

With regard - to the physical signiflicance of these ESR-
pafametera Sayad and Bhagat [14] have suggesated that 'I'o is a meapure of
the potentisl barrier separating ti;bé neighbouring grout'nd states of, a
digordered spin system, wh'ile‘I‘ is determined by the variation in the
magne%}c environment of a Mn 1on 'in the lattice. I' egsentially
measure?_ the width of the distri‘ﬁmtio-n of the local fields seen by the
Ma ifons, which 1is a measure of the degree of random behaviour in the
alloy. ' . [

As a result, the variation of 'I'o with z shown in Fig. 4.13
.1ndicates that the potential barrier. between 'ground state increases
linearly' with Mn concé_n_trat:ion z, and as might be expected,
extrapolates tb zero-for z = 0. The variacio.n of 'I‘o with y for
constant z( hown In Fig. 4-1]&) shows tt{tat the barrier height
increases as selenium 1s replaced by tellerium in the wurtzite phase
.field. This 1s conslistent with the observations of Kfemer and Furdyna
23] Those .guthors h;ve pointed out that at a constant temperature

. —
and a Piven value of z, for a given group II element, nom-magnetic

J/
cation, the ESR linewidth becomes greater as the atom¢ number of the
group VI element, anion, increases; but for a given anion, the line

width' decrease as the atomic number of the nonmagnetic cation

b ncreases. A similar analysis of the results for CdenyﬂnzTe and



CdeuyanSe carriéd out by T. Donofrio and S. Manhas (members of our

research team) [24]‘ shows in both cases t:'n-at, at a constant z, '1‘0

-
L

increases as‘cadmium is replaced by zin¢, in the former case ‘for zinc.

-

blende structure and in the latter case for wurtzite structure.

\\

In recent work, Ching and Huber [25] have calculated the
cl-istribur.ion of local fields as a funetion of occupled sites z. '?hey
s;how that the distribution width initiélly increases with z, but at a
decreasing rate as z Iincreases, then 1t is practically constant for

0.6 < z < 0.8, and then falls for larger z and becomes zero when z = 1.

One might therefore expect a simlilar behaviour for . In the present

work, I can be determined only for z < ' 0.7 in the cublc case and ,

‘2z < 0.5 in the hexagonal case. However the curvature of the [ vs z

lines in Fig. 4.12 15; consistent with the form of, variation predicted

-

by Ching and Huber. If .T 1is !directly related to the random

-

distribution of the Mn fons, then it should have a similar beh-a\riour to
the function £(z) = z(l-z) which is- the standard statical function for

‘a random distribution. f(z) has its maximum at z -‘-0.5. However,

2+ .
since only the Mn ions contribute to the effect, an extra factor z

. should be included i.e. F(z) = zz(l—z). This can also be concluded

/
{

from the w;rk_ of Huber and Ch:_Lng,. where the breadth of the calculated
distributions of local fields for various values of z does not have its
maximum at. z = 0.5, but the maxinum is.ra:her'somwhere between z =
0.6 and 0.8, which was found to be more consistent with the function

F(z) = zz(l—z) thag with £{z). -In other words, f(z) has to be

[~ .-
multiplied by z in order to meet the demand of the variation of local

fields distriﬁution width. This is not unreasonsble, since the width

-
-



of the distribution, along with its .heighc increases when the Mn
concentration is increased. .

In Fig. 4.14 we compare the data ;f T vs z for y = 0, 0.05
and y = ', with.the function F'(z) -‘sz(l-z). A value of 59 was found ,
for C in case of y = 0 and 0.05.and of 39 in ?he case Bf y = 1. Thesge
values of C were obtained from a least squares fit gf the experimental

points which are seen to a good approximation to follow the variation

of F'(z). ‘ ‘ .

4.5 Conclusion

In this chapter we have presented a detailed investigation of
the Electron Spin ﬁesonancé\sf the alloy system (Cdl_anz)(Tel_zSei).
*in the two single-phase fields: zinc blende and wurtzite. The results
obtained in this work, were found té be very useful in giving more
insight into the magnetic behaviour 6f these SMSC's alloys, more’
rspecificall_y into their gpins dynamic.

_-The evolution of the ESR 1line with the. temperature was
carefully investigated. In all cases the linewidth  continuously
incééased while lowering the temperature, and the lineshape remained
symmetric dogn to\h ;ertain_ﬁemperature below which the line became
asymmetrically broadened and then split into two parts in the low
temperatures reglon. Tﬁis 1:3 interpreted on the bagis of & 9nax£al
anisotropyﬂaf tbe g-value with 8, > 8" The linewidth variation with
temperature was fitted to a phenomenological equation (4.6) based on
the fact that the broédening of the ESR l;ﬁe beyond the paramagnetic

region, 18 due to inhomogeneity effects arlsing from the random
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distribution of Mn ions. The values wof the parameter B, 'I‘o and T
obtained from t:he‘ ffr showed congistent depéndence .on composition, with
a rate of variation with z much greater than that'wigh y. Consequently
these values seem to be mainly determined by the Hn2+ concentration.
- The parameter .B' represents the linewidth at the highest
possible tem;e;:'ature. '1‘0 reﬁresenc‘s the temperature ‘at which
\pprecia\ble'correlation in the Mn clusters occurs, and hence 1s a
measure of a -potential bar;'ier separating two neighbouring ground state
of ché disordered spin system. On the other hand T is determined by_
the variation in the magnetic environme;lt of a Mn ion in the lattice,
consequently {t measures'-the width of the local fields distribution
. S5¢en by the Mn ions, and het-'lce is directly related to the &egree.-of

~

- random behaviour in the =alloy. The way these parameters vary with

composition, seems to agree fairly well with their physical
interpretations ) - |

i-‘i-nclly, one can say -t'_h'at the results given "above are
consistent with _:‘he‘behaviour of a cluster—glass material. At high
temperatures the. Mn2+ epinsg interact weakly in a normal paramz;gﬁetic
fashion giving the paramagnetic coatribution to the ESR linewidth. As
the temperature is lwered the spins begin to show greater correlution

"Wers, causing the inhomogeneous broadening in the linewidth,

represented by the exponential term iIin equation &.6. As the

temperature is furcher reduced, «the correlation effect increases and

extends giving rise to’ larger clusters of correlated spins, but the

- intensity of the ESR line becomes so small thatq' it can no longer be

.
-

observed, which limits any further 1nv£>tlgations of the ESR line.

N J
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Chapter 5

Optical Energy Gap Measurements

* .

5.1 Introduction

One of the most important physical constanta which
characterize a semlicounductor is its energy gap, Eg, also called the
band gap. Eg represents the difference in energy between the lowest
point of the conduction band and the highest poi:‘zt of the valence band.
The determination of the energy gap is fundamental in investigating the
seni conducting properties of any seﬁ:iconduc!;or material.

T .
As indicated earlier, our alloy system [Cd. Mn ||Te. Se |
) ] l-z z 1-y v
belongs to the new group of sgemiconducting wmaterials knowm as
. A
semimagnetic semiconductors (SMSC'g), the ,ma‘jot interest in which
started with the observation of the glant enhancen;ent of
magneto-optical effects that these materials (SMSC's) exhibit [1,2].
: ' )
We note that in zero external magnetic field (H = 0) typical SMSC's

such as Hgl_zl{nz're, cd anz'I‘e etc. behave in a gsimilar fashion

1-

their normal (non—magnetic) counterparts such as Hgl_szzTe, Cdl_zanTe

etc. 1in which &he magnetic glement (Hn)"is‘ replaced by’a nonmagnetic
one (Cd or Zn). 1In both cases (SMSC's a'nd their normal colmterparts),
che' canduction and valence band structure depeund on the c np:)sition z;
consequently by changing z the band structure can be modified i.e.
forbidden energy gap Eg, effective masses etc. L},Z].

In this work, energy gap measurements were carried out on

samples in the zinc blende and wurtzite single-phase fields of our
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diagram (see fig. 2.6). The e-nergy bands structures of the crystals
with both the zinc blende (sBuch as CdTe) and wurtzite (such as CdSe)\
aymmet:'r'y are fairly well known throughout the Brouillon zone [3] / In
both structures, the minimum of the conduction band and the maximum of
the valence band are believed to ocecur at the I'-point, the center of
the Brouillon zone ('E = 0)}. On the basis of a ‘E‘neoretica‘l a.nalysis
carried out by Birman [4], the band structure of a wurtzite crystal ét
Aany point in K-space along the hexagonal c-axis (and in Particuiar at-
the I‘-poim:, K = 0) can be regarded as obtained f;:om a zinc blende
crystal with a slight perturbing uniaxi;l c;'ystal-field rV_: app_fied
,along the [111] direction. The perturbation V' can be written a‘s
V! = kur - VZB; irs maénitude depends on (a) diffe;ence in bond type
{e.g. effective char'ges in the two structures, and (b) departure of the
‘wurtzite scFucture from ideality (the ideal wurtzite has -E- = ¥8/3).
Fig. 5.1 shows the band sEmcture and selection rules for zinc blende
and wurtzice structui'es_at the I'~point (K = 0) [5.7]. This applies for
the two compounds CdTe (ZB) and CdSe {Wur) . In both cases the top of
the valence Ban;'l at ‘the TI-point is '53. three-fold p—type state, lthe
bottom of the conduction band also atr the [-point, Is an s-type state.
As it 1is seen in Fig..' 5.1 4in the zinc blende case, the
spin-orbit interaction splits t:he:\fz thx:'e‘ae fold degene;‘ate lével of the

valence band into the two-fold degenerate level 1"8 and the one fold 1"7,

usually known as the spinorbit split~off. (Note that the spin double

.

degeneracy of each state is not taken into account}. The I‘lstate of

the conduction band becomes 1‘6- In the case of the wurtzite, the

crystal~field V' splits I‘l: into a two-fold degenerate f‘s level and a.
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one—fold I‘l; then the spip—orbit gplits PS- into two one~fold degenerate
states 1"9 and I‘.’-, also the I‘1 of the valence band, as well as that of
the conduction band, both become I‘7.
The simplest method of measuring the band gap of a sample is

to measure 1its absorption spectrum. Limitetions in this technigue

usually arise from the inability of sdihé materials to transmit enough

1)

-1ight- to be measurable at energies below the band gap, because of

background absorption -even when the sample 18 polished down to an

extremely small thickness. This is not a problem in the present case,

'becaﬁse our material shows small absorption to light with energy below

the gap even with samples up t§ one mﬂ-lim;_-ter in thickness. However,

.the usefulness of absorption is severely Mimited by another factor,

when this energy gap becomes larger than ~‘2 eV, its observation becomes
mafked by sou-:e kind of internal manganese tgrausitio:;, the exact nature
of u:hit‘:h' 1s not yet fully known |8,9]. This effect has already been
observed in the Cdl__zan'I'e system [9]- Since quite a f-ew samples o.f
Our. system vere expected to have energy gap » 2 éV, a differenr
.technique vas needed™ We used the wave: length modulated reflectance

technique to determine the gaps.

5.2 Wavelength Modulated Reflecl:tance '

The dielectric function e(m,i} depends sensitively on the
electronic band structure of a crystal, tﬁerefore, it describes the, !
response of the crystal to an electromagnetic field. Sif:pc_g both the

absorption and reflection spectra are related to € [10,11], then t}iey

»

-may be used as tools for band structure detel:mination.

N - .
The condition. for absorption of photon.fw ‘in a

- -



o

' ) '-‘-‘:",':2.' -
semiconductor: - Moe

“ra

E (K X) >.h 5.1
) c(,.-) - Ev(l() hu . . (5.1)
RS -
where Ec and, Ev are. the energies of .the efipty conduction band and
filled valence band respectively. At the threshold of absorption where
only the equélit:y- holds, the reflectance .pe-aks- In fact, the oot

reflectance ' peaks at all points Iin the Brouillon zone for which the -

conduction band and the valence band are paraliel; that is where

VkLEc(K) - Ev(K)] -0 (5.2)
and o Ec(i) - gv(i) - ho -

(for more details see Ref. 11)

-

In order to determine experimentally the reflectance R of a

'rsa:nple as a function of the incident photon energy, the intensity of

the re’f}ected light I is measured. These two quantities are related i:y
the following: I --RIO," where -Io 18 the inteusity of the incident
light. However, the peaks of the reflectance spectra are not very
strong io most”ca'aes, which may make dn accurate dete;m'nation of the

transitions energies difficult. One way to go around this difficulty

1s to measure the derivative of the reflectance with regpect to

~

wavelength. This make the transition signal much more distinct.

In wavelength modulation spectroscopy, the &erivative of I

with respect at A ig me.asured- Taking the derivative of ‘the equation‘

I - RI;; we will obtain:

dI :
dI 0 - dR .
I R__dk +IOH. . {5.3)
the quantity to be investigated 1is %. The quantity which can be -
measured, however, is z—];:-' This can present 2 problem in that the term
dIo | dR - ) | -
4 may be much stronger than the a term. In addition, the two terms

o

%4
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are also multiplied by R and IO respectively. However these two

_ . L&
< quantities (R and Io) can, in most cases, be assumed to be constant in
. . - dIo
comparison to their derivative over a limited wavelength range. T

depends on the exact nature of the incident light. Ideally, I° should

# +be flat in term of its response to the wavelength change; ‘but 1in

Y

practice, this 15 not quiée the -case. Ia_depends on the
characteristics of the light source and the diffraction grating used in
the monochromator, as well as (to a lesser degree) any mirrors used to

focus the 1light in various parts of .the system. In fact, any

Mt

significant change in the response -of these elements can glves enormous
A

derivative curvesdthat may virtually wipe out any trace of the wanted

signal in that particular regi®#f of the sﬂs%trum.'

| ~

\

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

light into two; one of the beams will be reflected off the.sample as_‘”

usual, while the other is measured directly. The latter éignal should.

T dr . -
contain only the dko ternm, whille the former would contain both. The

two signals are then subtracted using some kind feedback arrangement in
’ ‘dIo B .»
order to keep the two g% terms at the same amplitudes. However, in

s

order to be able to accomplish, this, the two deteéﬁo(i\ifed must have

dI

identical responses; otherwise, the two EKE-:erms will not cancel ocut

after the subtraction.

I | .
n the case of (Cdl_anz)(Tel_ySey), the transition signal

was strong enough to be seen in most reglons of the spectrum without
any ~subtraction, except in and around the glant paaks mentioned -
earlier. For these cases, a manual subtraction routine was often

successful in extracting the energy gap.signal. This routine co
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"Fig. 5.2. The light from the source, whiﬁh'can'be a tungstun £1)
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d
peak the E%-signal was zero. .8

.
™

S.3 Apparatus Used and Experimental Procedures

5.3.1 Wavelength Modulated Reflectance

A schematic diasgram of tﬁ; experimentai se:-up is
ent
Bulb or a quartz 1odin lamp, is focused on a slit with an apertute set
at 1.0 mm. From there, the light ié ref}ec:ed onto a grating and then
dirgcte& onto a mirror which can be continecusly oscillated through a
small angle. This where the wavele;gth modula;ign takes place.

A  small wmotor conkrols the osciliation frequency gf‘ the
mirror. With the frequency of oscillation set to zero, thé‘ light
reflecting off the oscillating mirror is directed onto the the exit
slit: .g;nce the light-has'been split into its:different doﬁpdﬁékfgﬂby
éhe grating, there is a spatial Ais£51bution.inlgavelength along the
wall around the exit slit. So only the wavetlength that happens to be
directly incident on the slit is permitted through. The angle of the

diffraction grating determines uh%t this wavelength 1is.. With the

oscilllating motor on, the mirror vibrates back and forth, which in turn

shifts the wave?irgth of the admitted light by a small amount Ak, back

»>

and forth. The frequency of the oscillator was set to be between 22

and 2§ﬁ§:¢wto.avoid any  interference frow subharmonics of sixty cycle

line noise. '
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The widch of the g;&i: ‘8lit was set ar 1.0 m@ just as the

eln:ranee slit was, although it was found that small deviations from

4
L]

these valuee did not affect the result to any -great extent. The
podulated “monochromatic” light is then focused onto the sample with
the reflected light measured by ; photomultiplier (Fairchild 6911).

The photoniltiplie;' signal\wés fed into a lock—in ‘amplifier
which was locked on to the oscillation frequency of the mirror. In “
this way, only the modulated signal wag read by the loclr.—in. The
output signal was in turn fed 1n% an X-Y recorder or, a signal

analyser which esseantially served the same purpose as the chart

recorder. For all the measurements carried out at room temperature,
Fal
LA

the energy gap sigpal ?ld be observed, but it would have been

e energy*gap directly from this, The,

~
procedure used to do so, starts with measuring the sample signal over a

certain wavelength range and storing it on the signal analyser. The
gagple in the monochromater is then replaced by a mirror.  The

amplitude of the new sigm'il is then adjusted so that the 1evels -of the

two signals (the sample signal and the mirror signal) are as gimilar as

possible at a wavelength far away from any transition. Since the

~

refleqtance of the mirror is not very dependent on the wavelength, this
\ . ;

{
proce_dhre is effectively measuring a signal which 1is proportional to
the derivative of the incident lighﬁ dIoldk; so thig signal is measured

over the same range as the sample signal and simultaneously subtracted

. dI
from it, using the signal analyser. This way most of the dT term is
eliminated and the resultant signal mostly contains the aR term.

an
e

~
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5.3.2 Cryogenic Apparatus .

For measurements below room temperature, a CTI—CRYOéENICg .
model 21SC CRYODYNE CRYOCOOLER was used. A schematic diagram of the
entire system is p;‘esented in Fig. 5.3. The system employs Joulg—
Thompson expansion of He gas to cool down to Jjust below 10 K. The

-
cémptessor is ;onnected to the cold head by He supply and return lines.
Together, they compress and expand-thsféae and so provide cooling for
the cold station below the cold head. The cold station (Fig. 5.4a) is
- divided into two stations where two different temperatures can be
wmaintained. For the present set of_méa;urements, the second stage cold
station was used in order to reach the lowest possible temperacure;

The temperature was controlled using a LAKE SHORE CRYOTRONICS
model drc—8Qc digital cryogenic thermomerer coutrollfr. This includes

.a 0-10 ;att and 0-25 watt heater and a calibra:;d DT-8500 series
6ilicon thermometer. The accuracy of the sensor is stated to be within
0.5 K at 4 K and 77 K, and 1.0 K at 273 K. The latter was mounted on
the second stage cold station. ’

The sample holder (Fig. 5.4b) was firmly attached to the
bottom of £he second stage. It was made of copper and consisted ;f two
pieceé- The wmain part had a large surface contact with the cold
station. The samples was mounted on a removable cop;er plate which is
attached to.the main part of the holder by three brass screws. These
screws, being made of a different material, had to be tightened

strongly in order to prevent any loosening of the plate at Low

.temperature. In order to facilitate mounting and removing samples, a

~ 5
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heat sink grease, which has a high thermal coﬁductivity, was used to
o’ .

attach the sample to the copper plate,

The entire cold station was enclosed in a vgéuum chamber that
was pumped out aqd malntained at a pressure of 10-4 mm of Hg during
::;ration to provide thermal isclation. The chamber possessed fo;r

windows for optical measurements of ths‘enclosed sample.

5.3.3 Sample Prepération

h The optical measurements were performed on suitablé piec;s of
each sample. These pleces were'obtainéd by slicing off a poFtion
between two and three millimeter in thickness. One face of the plece
was hand polished uﬁiggal.o micron alumina powder, in order to remove
any shallow damage in the crystal as well as to make the face as'flat
ag possible. The next step was to etch the polished face in a 3%
solut;on of bromine in 99% pure methanol. The etch;ﬁg process Iinvolved
gently rubbing the face of the sample over the surface of an abgorbant
paper saturated with the solutfon. Two to three minutes of etching
were needed to obtain a good.reflecting surface on the face.

5.4 Results of the Energy Gap Measurements

Energy gap mwmeasurements were carried out, at roowm
temperature, on all .the samples of the zinc blende and wurtzite
single-ﬁhase fields of our diag;am. Temperature .dependent energy gap
measurements were carried oui on gamples of the CdlﬂthzSe edge with

_ the wurtzite structure.

An example of the type of signal obtalned at rooé temperature
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for the derivative curve corresponding to a transition through the band
gap 1is shown in Fig. 5.5. This figure shows the “raw" signal (sample
signal), ‘as well as the mirror signal and the resultant subtracted

-

signal, from which the energy gap is evaluated. It was found for most

dl

‘ o
of the cases, it was necessary to subtract.the-sx— term 1In order to be

able- to measgure the signal. However as we sghall see later, this
subtraction proved ro -ge unnecessary for the measurediﬁts performed
below room temperature.

The method used to evaluate the energy gap from the signal is
illustrated also in Fig. 5.5. It simply consists of measuring the
energy values at the positive and .negative peaks of the derivative
curve, and then calculating the value of the energy at the midpeint
between them. This midpoint is taken as the energy gap~

Using this arbitrary method 1in a2ll casges, would
systematically reproduce the samélrelative error- in each determinaflon;
Furthermore the width betwsen the maximuﬁ ‘and the minimum of the s}gnal
shown in Fig. 5.5 (which 1s a2 typical curve) correspends /jto a
difference in energy of ~0.05 eV. This is fduite small compared th the
value of 2.13 eV for the energy gap  obtained at -the‘ midpofmEs
Consequently, any systematic error in our method for plapointing the
gap would have to be even smaller than 0.05 eV. An uncertainty of 3 nm
for determining-where the energy gap 1s, gives an error of ~0.01 eV in
the energy gap. This figure 1is smaller than the standard deviation
obtained when the room temperature energy gap results were fitted to a

polynomial equation as we shall see later.

Using the method described .above, the energy gap Eg values

.

[}

1Y
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were determined at room témperature, for the wurtzite and zinc blende
a'ampleg of our alloy system (Cgl_zr'in;)('rel;ySey). The Eg values were
plotted as a function of composi:io;. Fig. 5.6 1llustrates the
‘variation of ES' for lines of c-onstanc z{Mn concentrgcidn), as a
funct.ion of y(selenium cohcentration).; on the o.l:hei' hand Fig. 5.7 shows
E:8 ‘variat'ion, for lines of constant y, ap-a function ;af z. While the-

latter shows a linear behavicur for the Eg dependence on z, the former

:th_ibits a p-araboliélike curvature for the Eg dependence on y.
Turnin;o the temperature dependent energy gap measurements,
the energy gap was determined between 300 K and 10 K for alloys along
the Cdl_z'anSe edge. _Typicfal wavelength modulated reflectance (WMR)
_spect.ra for Cdo.amo.iSe at various temperatures are shown in Fig. 5.8;
also the % curves as a function of wavelength, fo’i‘ CdSe are shown in
Fig. 5.9, for three different temperatures. :At: Toom temperature, the
"WMR structure due to‘-\th;e .fur_zdamental transition (EA -‘1‘9-1‘7; als-o seé
Fig. 5.1 for the m‘eanhi;;g of E, , EB’EC’EI and Ez) was small and broad.
As a result, the transition from the cryé'tal-field split-valence band
to the conducrion band (-EB = vb l:pptr I‘7-cb 1‘7') was not resolved. As
the temperature was lowered, the signal became bigger and narrower,
with further lowering 'of T, the signal became sharper aﬁd the WMR line
finall;: split into two, 1.30 that the EB transition was resolved. But
the E_B tfansition line was always smaller tha-n that of EA' The
transition from the'spin-or‘bic-split valence band teo ti.1e conduction
band (Ec: = vb lower I‘7 = ¢b I‘7) was observed only in the case of CdSe
(Fig. 5-9-)- We were not. able to observe this tra.nsition for the other

élloys, probably because we were dealing with polyerystalline materials
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I

and not single crystals. However in the case of Cdy_ oMng 4Se a thw““.%

additional structure was observed in the low temperature region, but

we could not be sure 1f this was due to an E ~type transition

+ .
(vb lower 1‘7 - cb_I‘7)'; or to the exclitation- of an states. This will

be discussed in a liﬁtle more detall below. L

The dependence of EA and EB on temperature ls presented in

Fig. 5.10. Also the dependence of EC {for the CdSe) and I:Zi (\the third .

trangsition observed in Cdo 7Mn0 382) on temperature is shown in Fig.

5.11. -

5.6 Diécussio’n%nd Analysis‘

T . Looking at-the variation of the room temperature energy gap

-

Eg with composition, we see that:‘li:8 seems to li.nearly increage with .z
.(Fig. 5.7), with a variation rate slfghtly higher in tl{e zine b.lelnde;
case th“an in the wurtzité case. On t';'ne other he;nd, al'thcou.gh E
dependence on y is not linear (Fig. 5.6), Eg' appears to vary arxzoo_thlly
and continuoﬁsly -with y, regardless of the missﬂ;ility gap an.d ‘hence of
othe ch‘ange in the crystal structure. This should not be surprising
knowing that both the zinc blende and wurtzite .str‘x.;'.ctures are identical

up to the second nearest neighbour. A close .look at Fig. 5.6 shows

.that- Eg varfiation with y exhibits an upward cdncave non=linearity,

corresponding to what 1s known as the optical bowing. ~ The la-tt‘e<

expregses the reduction in the optical band gaps of semiconducto
'ailoys below a linearly intérpo‘lated vaiue, wk}iéh is the concentration
weighted average of the band gaps of the constituant binary

-

semi conductors [12']. The coptical bowing has been found in III-V and
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II-V1 pseudo binary alloys'[13-l6] and hds been recently discussed by

Zunger et al [12]. -

Turning now to the values of the energy gap plotted in Fig.
5.6, each set of E8 velues with cccstent z cOulc-be expressed by a
parabola equation of the form:
Eg(y)z = A(z) + B(z)y + ccz)y2 | (5.4)
~ where A, 'B and C-are constan:_wich respect ta y,*but depend on z.
Consequently, for each line of conmstant z in Fig. 5.6, a set of values
for the constants A, B and C could be obtained by a simple least square

.

fict calculasion. These values were determined and plotted as a

function of z in Fig. 5.12. The standard deviation values obtained in
eech case are listed. in Table 5.1.___ A, B end C show .a systematic
dependence on z; the constant C 1 I1s a measure of the curvatiﬁe of
the parabola, increases with.z i‘dicating an increase in the copfavity

and hence in the optical bowing of the constant z linas when going from
L}' -

the edge of z = 0, to the inside of our diagram. This can also be seen
graphically in Fig. 5.6 where the fitted curves (represented by ‘the
solid lines) of equation (5.4) are drawn using the calculated values of
A, B afd C. :e fact that the. optical bowing appears to be stronger
inside the agrac 1s not unreagonable, since here one, expects
contributions to the optical bowing to come from at 1east‘two edges of

the diagram. The same behaviour has been previously observed by

- —

Moon et al [17‘.

As indicated earlier, the variation of the fundamentel energy

gap Ea_with temperature 1s pregented in Fig. 5.10 for the series -

-l

Cd, _,Mn _Se. 1In all cases, E, increases with decrcaqing the

temperature. It is seen for the samples with low Mn concentrations (0%
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Table 5.1: Standard deviations for the various lines of_constant z

obtained-by fitting Equ. 5.4, to the experimental data of Eg

shown in Fig. 5.6.

z . o(eV) . .
- .
0 0.022
: o.1~ 0.036
0.2 " 0.022
) .+ 0.3 0.039
" 0.4 ' 0.006

and 10X), the curves of EA vs T are of the standard form observed with

1

conventional non-magnetic semiconductors. However for the samples with

higher Mn concentrations (20X, 30% and 40%), the shape of the curve at

‘lower temperature is changed, an increase in EA

curve which i{s almost linear, instead of a bent over curve. This

in this range giving a

increase AE in the energy gap is attributed to the, presence of the,
magneric Mn spins and hence to magnetic effects which are absent in non _

magnetic semiconductors. We note that the present results are similar”

to those obtained by Stankiewicz [18] foxn Cdl_zHﬁzSe. ‘

L
H

In order to décermine the increase AE in the band gap due to
nmagnetlc effects, it was necessary to extrapolacei the higher
teeperagu?e_regiona.of the curves, Qhete the magnetic effects were
negligible. This was done using a simple.Hanoogian-Leclerq equation

P :
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{19} of the form: " .

E,(0) = E(T) = or?/3 4+ vo(coth == e -1) (5.5)

where U, V and 6 are cor;stant independent of T. As has been shown
;revious'ly' by Manooglan and Leclerc, the main contribution to the
change in EA is from the V@ dynamic term (lattice vibration or phonon),
the UT2/3 étatic term (lattice dilation effect) contributing only a
‘small fraction over most of th_g temperature range. The two authors
also indicated from the.vz;lues: of @ obtained in their experimentel
analysis tt}at: KBB ag_rées very well with known values for the mean
optical phonon energy for the material concerned. An empiricel.
relation between © and the semiconductor concerned [20] showed that in
the present work, © could-be taken as 240" K.

Knowing the value of 8, the curve of EA vs T for z = 0 was
fitted to equation (5.5) to obtain values of U and Vi U = 7.27 x
10_aeV/K2/3, V= 1.26 % lO“AeV/K. It was then assumed that because of
the similarity of the alloys in the series cd

1-
effect of the U'I‘ZI3 term, the expression for the samples could be

Hn Se, and the small

written in the form: .

EA(O) - EA(T) = N(z) ‘{UT2/3 + VB(coth 6 1)] }b {(5.6)
We note ‘that"‘a similar a;zsunption had previously been madeby D-onofrio
et al {23} in their a\tudy of the Cd ZnyHn Te alloy system. For the
cprves with z >0 only the parameter N(z) and E (0) needed to be

determined. Therefore, each curve was fitted to Equ. 5.6 for the range

of"temperature between room and ~150 K, in which the mgnetic'effects ‘ '

could be considered negligible, according to the magnetic

susceptiblility and ESR studies (chapter 3 and 4). The values of N(z)

-
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and EA(O) 'so found, are listed in Table 5.2. By using these values,

the values of EA(T) given by Equ. 5.6 were calculated down to 0 K, and

the difference between these and the experimental values were taken as
. »

AE. The two sets of curves are plotted in Fig. 5.13, and the
difference between each pair of curves clearly indicates the variation

rd

of AE with T.

Table 5.2: Values of the parameters N and EA(O) obtained by fitting

Equ. 5.6 (see text for details).

z N EA(O) ev
0.1 1 1.913
0.2 1.351 2.046
0.3 1.547 2.195 ®
0.4 1.75 2.296

@
In a theoretical study, Alexander et al [21] considered the
effects of spin fluctuatiea, around a magnetic criticaJ: point such as
'Ig(the spin-glass transition temperature), on the energy value of the

conduction_band minfmum, and indicated how the absorption edge of a

&miconductor will change im;Hét region due to these effects. Thelr

»

. 8nalysils 1s made Iin terms of ;p"in correlation functions and 1t shows

that for a temperature region close to the critical point, the dominant
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contribution comes from short-range gpin correlation, the long-range
effects being relatively small in thts region, but becoming relatively
more important furthef from-Tg.” On this basis -they shgwed that the
variation of the magnetic contribution AE to the band gap satisfies the

relation E%-(AE) @ t-p, where t is the reduced temperature difference

¢

T-T |
'ﬁf—& and the form of the'exponent p depends upon the particular
g
conditions belng considered. Including -P as 3 constant of

proportionality, the variation of AE with t can be expressed as:

d -n '
T (AE) Pt (5.7)
—pelTH
and integration gives: AE = + C {5.8)

Alexander et al, consider two different temperature  Tegions; the

LY

critical one, close to'Tg, where short-range spin correlations

dominate, and non-critical region outside this' critical one where the

longer-range effects become important. For a semiconductor with

antiferromagnetic interaction between the spins, Alexander et al showed

ot -

that in the non—critical region, p should have the values of 0.5 while

Kasuya and Kondo [22] indicated that in the critical region, uméhould

have a value close to zero.
If the value of AE at TS is written as hEC, then the constant
of integration in EEu. 5.8, C = AEC and and Equ. 5.8 can then give:
. P
Ln|&E - AE | = Ln 1= + (-wiiat (5.9)

Thus, the present results can be analysed in terms of Equ.

5.9 and can-give values for u, which may be compared with the
theoretical predictions, and values for P, which from Equ. 5.7 measures

the strength of the total spin interaction on the band gap variatipn.
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Using the values of Tg determined from magnetic susceptibility
measurements (given Iin Table 5.3), the value of AEC was determined for
éach saﬁple and values of Ln‘AE - AEC plotted against Lnt. The
resu}ts are shown in‘ Fig. 5.14, where it is sgeen that to a good
‘approximation a straight line can be drawn through each set of points.
For each sample, appropriate values of P and B were determdﬁed from
these lines. These values are listed in Table 5.3. All three p values
" obtained lie very close to zero with a mean _\;alpe of 0.026 and a
deviation o of 0.021. This 1s in good agreement ;1th the prediction of
™~

Kasuya and Kondo, for thé éritical region. However, not enough data
'.and lots of scatter preven:gd us from deducing any sensible results
f;om the plot of LnjAE - AEC vs Lnt points which lie beyond the onés
shown "in Fig. 5.14. As a result, no conclusion gould be drawn on the

non-critical temperature reglon. Values of P also determined from the

straight 1lines drawn in Fig* S.14, are plotted against‘ the Mn

-

Table 5.3: Values as a functions of Mn'Qoncentration of the parameters

from Equ. 5.9.

|
z - T (k) " l PleV)
- ] R
-4
0.2 ~1.5) 0.057 ' 3x10
. 0.3 6.1 | 0.009 'I 10x10" '
0.4 12.1 o.o11 | 2107
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concentratfon z:dn Fig. 5.15, 'It is seen that the variation of P with. '
"z can be represented by .a straight line givix{g P = 0 at a value of

z ~ 0_-18, the nearest neighbor percolation limit shown by the magnetic

' sus;epgibilicy re::sults (sge chap. 3). Thus, as is not unreasonable in
o this‘ ‘rang;:, above this.percolation limit the magnitude of the magneti'c
effects varies line.arly with Mn concentra;‘:ion. ].:1: is 1rﬁportant to note

. ' )
that the results of the present analysis agree very well with Donofrio

J al results for the CdenyanTe alloy system [23].
+

It 1s often of interest to know the value of the energy gap

EA near to absolute zero. The graphs of the experiméntal values of
, EA vs T in Fig. 5.13 were exi:ra‘polated to givé the experimental value
of E:'x(O) and ch‘ese_are lshc'.wn plotte& ag_ainst'z in Fig. 5.16. As can
_ be seen, to a good approximation, a st:.'ai'ght line can be drawn through
these poinCS.' Fch ,the sake of comparison tﬁe values of the r'oom
.ltemperature energy éap EA(300) ('-I-:8 in Fig. 5..7) plotted against z, are
also sh.mn in the same figure. - It 1s of interest to. note ‘the
divergence between E:x(O) and EA(3OO) lines. Thus, because of the
magnetic effect, the di'fference'E:x(O) - EA(BOO) ‘is much larger for thg

sample with z = 0.4 than for the non—magnetic sémple (CdSe) with

. 4

o -

z'-o‘o ) . oL A "

As we indicated earlier, the transition E. from the crystal=.
A :

B
-fiel&-split valeace band I‘7 co'the conduction band I‘7, was observed in.

the low teﬁxperacure uregion- The variation of EB with T Y5 hpresented in

. . .
Fig. 5.10 for all the samples investigated. It 1s seen that the
transition-EB lies slightly higher than the fundamental trans:f,ti_on_EA,_

with the separation El - (EB-EA) not showing any significant dependence

+

)

>
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on the temperature. The "crystal-field seﬁaration"- El is shown as a

function of Mn concentration z in Fig. 5.17 where E, shows a decrease

AN

with increasing z. The présent results are in close agreement with

-

those obtained previously by Stankiewicz [18]. . A8 mentioned earlieff

the valence-band .splitting in wurtizite crystals 1s caused by the .

noncubic crystalline field, and it 1is much stﬁaller'w the spimorbit

splitting in the case of the CdSe compol_md '[24,25]; its wmagnitude
N - —
depends on the bond type (e.g. effective charge) and on tf\e departure

-

from‘ the ideal (perfect) ‘wurtziCe strucc;.:re. Knowing that the
lateice-cohstant racio% of CdSe is pxjac::cically e;xn_.;hl to the ideal
valu.e. of 1:633, and since the total chgnge in the c/a ratto. ft;.r the
investigated rangé of cor:-:posit:ion ts less éhan 10_;3 (seg chlap. 2, also
[26']), it does not seem probabie that the built-in uni_;axial- deformation
due to this change 1s the dominan:r factor in the observea‘ splitting.

»

According to Stankiewicz the variation of the crystal~-field splitting

. =4
is due mainly to thedifference between substituent and substituted (Mn
and Cd) which er in their ionic radil by 21%.°° '

-

As we mentioned earlier, a higher-energy Ctransition was

-

observed in the case of CdSe and of Cdy_oMng 45e, at low temperatures.

The temperature dependerice of these transitions, are shown In Fig.

-1

5-¥l. The assignment of these structures to the :ransition.(Ec) from
~ -
the spin—orbit-:-sialit valence band to the conduction band was certaln tn

the case of CdSe, since the observed spimorbit splitting, Ez - EEC-EA
(the energy difference between the highex—eﬁergyr trangition and

fundamental "transition) w;s found toﬁ%.o.ldo + 0.010 eV in agreement

with-previous results (18324,25]. On the otler hand, in the case df




B

[{".

the alloy Cd0-7Hno 3Se, - K sTowce was ~0.053 eV. Since we
. : +
could not use the critekig rtion effecte, because

since no previous results have bee e in the \literature for

compari'son,. we\could not be certain about

transitioﬁ, whether iﬁ was an EC transitig

excir..;:tion of Hn2+ atatea-; In-Stankiewicz's electroreflecta

ork’ on
single crystals of Cdl_zM_nzSe alloys, observation of the transition
from the spimorbit-split valence band to :he_ conduction band has been
reported on t:he. samples with z = 0, 0.05, 0.1 "and 0.2. iio -such .
.t.rana:gtion has.'beeln observed .fc.>r alloys with higf'ner z. The E_Iz 'fralués

(the observed spinmorbit splitting) 'q'btained by Stankiewicz show a

strong variation with z. However, according to the theory [7-], the |

valence band. spinorbit splitting parameter A, should be determined

primarily by_)che p wavefunction and the potential near the anion

. »

(selenium) and should depend only weakly on the nature of thé cation.

This 1s not the case 1in Cdl_anzSe, where it 1is suggested that the

I3

d;:'crease in the apin;orbit splitting may result from the presence of
ﬁn2+ d levels near the valence band. The’ adﬁixt&‘re of-d wavefm;ctions
into the p‘—like valence band sf&tes_w;[ll result in a reducti?n.of A,
since t-he\ d-orbital of a cation con;:ributes a 'negat:ive term to/ the
spin-orbit spli‘tting- of the valence band at the'. T-point 1in’ ionic
‘compo'und_s.with zinc-blende and wurtzite structures [27]. . .
Quantitively speasking, one c;n approximatively estimate.the

fra¢cional d-like character acquired by the _\lralence,b_and, as a.result

of the presence of Mn atoms: Using the- linear hybridization model,

Nt




|27-30] in which the spin-orbit splitting parameter 5, can be written |
as a linear sum of the p and d contribytion i.e. . et

L = u;Ap + -(‘I-C:)Ad - (5.10)

v -

where a 1is the fra'qt:ional p-like charhcter in the valence band, and
hence (l—a) the fractional d-like ct';aracter. Ap and Ad are the
spin-orbit splitting of the p 'amd d levels respectively. In order to

obtain a from Equ. 5.10 A, Ap and A, have to be determined first.

"Knowing the values of E, and E,,

valence band levels. relative to the I"9 valence band level (to be

consistent, we use the results of Stankiewicz [18] for E, and E, which

the energies of the I"7'-

-

. are listed in Table 5.4), one can calculate the values of the
spimrorbit splitting A dnd the crystal field splitting &, parameters by

- using the Hopfield relation. [31 ]. o

Table 5%4: Values of the crystal-field and spin-orbit a'plitting_

parameters & and 4 obtained uaing'the Hopfield relation

’.\/\/\ (Equ. 5.11). The values of El and Ez are taken from Ref.
§ TRENE S @

z El(meV) Ez(meV) 5(meV) AmeV)
o(cdse) | 27 440 42 Y 2]
0.05 26 411 40.4 396.6
0.1 25 390 39 - 376
0.2 22 s 312 34.4 ) 299.6



-140-

. 1

]i (5.11)

L d

: 1 - 2 8
By 5 =7 (6+8) F [(&+8)" - 3 8°6

The values of A and § obtained this way are listed in T;;;§)S.&.

Folloving the analysis of Braustein and Kane.[BZ] and of
j : _ C .
Poplavnoi and Po;ygalov.[33] it will be assumed for the II-VI compounds

that:

-~

2 6 ' '
o > (3 APII 8 AP ) ( )

where APII and APVI are the atomic spfn-orbit splittings of the

. elements and Gp is an ephancement factor for the solid. For- the case

of Cd, Mn Se Equ. 5.12 becowes:
l-z2"z -

2 | 6
a =6 {3 [(l-z)AP(Cd) + zAp(Mn)] +§ o0} - (5.13)

For both zinc blende [32,34] and chalcopyrite (33] structures, Gp has
bedn taken to be 29/20; we will agsume that this is also valid for the
case of wurtzite structure, since the latter structure, similarly

possesses the tetrahedral symmetry (the atoms have tetrahedral

coordindtions). The values of Ap(Cd), Ap(Hh) and Ap(Se) have been '

taken from different sources, and. are listed in TaBle 5.5. In this
. T;ble, the two listed values of Ap(Se) are taken from Ref. 33 and they
correspond to the total anghlar_FOmentum quantun numbers J = 2 and
J = 1. \Neither one.of theses two values nor their average gives an
exact « vaipe of one for the CdSe {(z = 0), the valence band of which
has a purely p—liké chara;cer. So,-b; using Equ. 5.13 and working

backﬁardly, (take @ = 1 for CdSe and use for G. the previously

P
mentioned value of 29/20) we were able ,to obtain a .value of 334.6 meV

for Ap(Se), which will be used in the rest of the analysis. Note that -

this calculated value forrap(Se) lies- between the other two given

values, which makes it acceptadle.

.
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b 4l

Table 5.5: Atomlc p spin-orbit splittings.of -eleménts used in the

aﬁal}sis {in meV).

Ab(cd) - 210%
b

Ab(Mn) ~ 5 . \ .
370 ¢ d

ab(Se) = {p02.9} » used value 334.6
i

&
Ref. 34

1]
1

b- Ref. 35,36
¢~ Ref. 33 ;

d- see rext for details

'
.
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For Ad,?only the effects of manganese d electrons are

)

congidered, since the other ¢1evels, thogse of cadmlum, are much too

d

- - .14
Ad cdzad(Mn) | (_51)

deep_}:o contribute [3 |- Thus, &, 1s assumed to be g'iven by:

The fivefold—degenerace d levels, in a tetrahedral environment, splits
1nno a criplet and doubler; the triplet lies at higher energy, and has
t_he same ~Synmetry as the p levells, so that the d triplet }mder these
conditions, act’s like the p-levels [28 J , A8 a result, it is assumed
that the Gd‘also has the value of 29/20 [28,59 ] Also in a tetrahedral
environoment, Ad(Mn)‘ - -3/_2 ‘td(Mn) [27], where Td(f{n) is. the
Condon-St.xorcle)'r' one~electron spin-orbit spli;ting parameter [35]. The
m.iﬁus sign 1s {introduced to Mndicate ‘t‘hat the d-levels spin-orb?;
splitcing :Ls_negaz:ive. I;‘r.ofn refe_rence'35, Td('l“ln) = 37.2 meV i.e.

Ad(l'ln) = ~55.8 meV.

1]

G81ng back to equation (5. 10), all three parameters &, A and

”

Ad can then be obtained for the three alloys with z = * 0.05, 0.1 and
0.2, and hence the fractional p-like character, &, values can be
estimated. This is.done, and the results of « and its dependence on z

are shown in the graph of Fig. 5.18. As seen, © decreases with

increasing the Mn concentration z, meaning that the fractional d-1like

character, (l—rz), in the valence band increases when we 1ncrease the -

A

amount of Mn in cthe alloy-. This indicates that there ia a certaln
degree of delocalization of the manganese d-electrons. Recent

synchrotron radiatlion study of C'dl_zhnz're [37J showed that there is

r"s
certain degree of delocalization and hybridization of the Mn 3d levels

in this fami{ly of materials. .

4
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" Finally, we note that we attempted to apply this analysis to

the alloy Cd and E

0.7 1 2
i.e. El = 23 meV, Ez = 53 meV; by that we assume that the higher energy

Hno 3Se using our results for the values of E
transition observed for this alléy 1s due to the spimorblt splitting .

of the valence band. Howevgr, the Hdpefielq relation (Equ. S.ll) was
unsolvable for this set of El and Ez v§1ues. To obtain a sclution from
Equ. 5.11 one has to.have.82l> 3.73 E;, which makes 1; also impossiblg'
to obtain a solution, using fo} El the value of 19 meVv obtained by
S;ankiewiéz h& J+  We are not certain whether the inapplicability of
thé‘éoppfield relation in this case, 1s due to :he fact that the third
observed transition originates from some kind of anf states.exci;ation

-

rather tﬁan beilng due to an Ec-type transition (vb séin-orbic g -
] I;),-or to the fact cthet there is a high degree.of p-d
hybridfzaction, which makes Equ. 53.11 1inappropriate, siﬁce'as has been
been shouﬁ by Yoode et al [28], the Hop;field médel is a limiting case

of the more general model proposed by them.

5.7 Conclusion ) !

In this work, using the wavelehg:h modulated reflectance
technique, the roonm temperatureenergy‘gapll?.8 was determined a; a
function of composition in the wurtzite and zine blendé single-phase
flelds of the (Cd) M )(Te;_ Se ) disgram. At has been found that for
constant y the variation of Eg with z is 1ineér, ;hereae for constant z’
she variation of. E8 with y has a parabolic~like behaviour which seems

to be insensitive /to the change of the structure (from zinc blende to

wurtzite or vice versa).



. Te_mpera:dre dependent enerky gap measurements was ca_r‘rieq out
. P )
.on the diagram edge Cdl_anzSe. For all the investigated Baumples, two

different structures were observed in the low temperature reglon,

' corr\éspond'ing to the fundamental tra}lsiti_on EA (vb tg - ¢b 1‘7) and to

- .

7
chb 1‘7/,)- The transition from ch-e spinorbit-split valence band to che

-

the crystal-field-éplit valence band transition EB- (vl-; upper I'_ -

conducticen band, EC' was observed only in the case of the CdSe
compound. The Ggriacion of EA with T was studied 'in some detail. It
has been found that for samplés with low Mn concentration (z < 0.2) EA

depends on T in a classical fashipn' {linear change {in the high

Cemperature reglon and bending over -in the low temperature region');

-

. however, ft;r‘ samples with higher Mn concentrati—on {(z > 0.2) the values
of EA are increased by an app;'eciable amount, at low temperatures by
the magnetic effects iIn the semlconductor, the increé;e AE being
effectively proportional to the Mn -concencration z. The magnitude of
the effect 1s illustrated by ﬁhe resulcé in Fig. 5.17 where the values
of E,S(0) - E,(300) are 0.08 eV for z= 0 and 0.18 eV for z = 0.4. The
values of AE for any given sample-can be analysed in terms of the

theoretical relactons of Alexagder et al for the effect of critical-

point phenomena on the band gap and good agreement with theory is

obtained. >

The observed. crystal-field splitting E. = (E’B-EA) has been

1
found to decrease when _increasing z, this is in agreement with the
results of Stankiewicz who has also found a decrease in the observed

'spin-orbit splitting Ez = (EC—EA).f_with_increasing z. '1'1'}1_.3 has. been

interpreted as due to an admixture of the Mn d-orbitals with normal



e o

.p~orbitals, forming the valence band . Using Stankiewicz';;data, we

were able to ﬁpproxiqa:ivgly estimate the dependence of the fractionél
d-like character in the valence band (at the ILpoinc), on the Mn

concentration basing our analysis on: the linear hybridization method.

. . —~
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. - Chapter 6 _ .
*
MAGNETLIC PROPERTIES -OF THE & PHASE-FIELD

E; THE ICdlf;;héJl?el_zSey] DIAGRAM

'

6-1 Introduction " :

In chapter 2, two 1so:her_m:al sectic:ns of the
(Cdl_quz)(Tel_ySey) phas-e cfiagram a"ré presented (see Figs. 2¥6-2.7).
As one can see, in the regi.on of the right top corner of those two
isothermal sections, there exigts a single-phase field (6) with sodiuml
chlorid:: structﬁe, with the 960°C section giving a substantially
larger field than the 600°C section. This S-phase .field is “derived”
from the compound MnSe which has the same structure; consequently,
samples uhich'belo'ng'co this f'ield are expected, to some extenf, to
have similar behaviour to that o‘fl'.MnSe. ' : ' ¥

From neutron diffraétion wotk of Shall et al [1],-1.: has been,

(+3 N

shown that §&-MnSe at lo: temperature, order as a fcc type-II
antiferrom-agnet like Hng. Therefore, the magnetic su‘sceptibility of
MnSe was expected to behave, with: respect t.o temperature, - in a similar
fashion to that of a typical antiferromagnetic material, suck as_HqO'_

(Fig. 6.1). As Fig. 6.1 shows, x 1increases while lowering the

temperature following the Curie-w_eiss law, until the Neel temperature

. /

i

.

* According to the nomenclature we used in Chapter 2, § represents

the NaCa Bstructure.

" (+)  We used &-MnSe Instead of the regular convention a-MnSe which

means MnSe with NaCl structure.
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TN is reached where a peak-like maximum occurs; 1n the range of
~temperatures below T., X decreases with the temperature. Also, for an

.

antiferromagnetic material the x vs T curve is usually reversible.

However, a number of early investigations showed that [2*4]

certain anomalies as well as hysteresis effects were exhibited in the

—_—

magnetic susceptibility of &-MnSe in a wide temperature tahge centered
around }60 K. -Them.al hysterisis effects were also observed in other
physical propercie;s such as electrical resistivity [5] and the
intensity of the Vabsorpcion line in ESR [6]. ’Speciffc heat
meagurements on polycrystalline 'materials carried out by Kelley [7 ],
revealed two distinct heat effects 1in the temperature range
50 € T < 300 K. The measurements were cartied out by increasing the
temperature. A small "hump™ was found around 116 K and a .strong peak
in the vicinicy of 240 K. The latter was r;aported to be subject to
hysteresis, while the former was not T'reprc:‘duc11':.].;: on rgpeaced
measurements.

More recent investigations on 6-MnSe [8—12] showed
practically the same kind of béhhvioqr as the eaily oneg. All theﬁe
observations resulted in at least three different characteristic

temperatures for MnSe. One arcund 120 K, a higher one between 160 and

180 K and the highest ‘in the vicinity of 240 K. The anomaly at the

last temperature aﬁpeamn the heating process.- Consequently,

there has been confusion over the magnetic ordering temperature of
&~MnSe; also, it was ﬁoc‘ clear why these anomalies and thermal
. hysteresis occur. H;wever, the disccwe'ry of a new low-temperature
‘ phase (NiAs-hexagounal) of ™nSe, which was first observéd by Taylor

[13], ‘using x-ray diffraction experiments performed below 160 K, was
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the n:ali_n. key to finding the answers. The transformatio
(NaCi-type) to hexagonal (NiAs-type) was reported not Ato beﬁél;lete..
This 18 1in accordance with a later study [14] in which high pressure
experiments on &~MnSe at room température were reported. It was fourfd
- :hé:'under an applied pressure of ~90 Kbar &-MnSe transforms into a
hexagonal (NiAs-type)'phage, but this transft.zrmtion is--qnly part.ial.
SuBseqﬁen: -tempefature ‘dependent neutron diffraction studie/a*‘xpn
polycrystal'i.ine materials [15,16] confirmed the .pres'énce of the
hemgonai pha;e; it has Ialso béen concluaed f:hac this pﬁase exigts oniy
at low temperatures 'where it exists with the original cubic phase. Thé'
low temperature 'he.xagonal phase reverts to the original cubic sEmge
at room tempergture.

More recently, furt.her and wmore detailed stuc:ly of the
structural iand magnetic properties‘of &MnSe in the low t’emperacixre
reglon vas perfonaed by \{an delr Heid‘e [17]. .The gur:hor has established
that the complicated behaviour of MnSe 1s due to a ;aarr.ial
transformation to hexagonal-NiAs structure. According 'r..o him the gharp
anomalies in the- magnetic susceptibility at ~1_$0 K and ~240 (see Fig.
6.2) are concc;mitanr. with the appe.‘a‘ring and disappea;r.ing of the
hexagonal  phase. Also the ‘susceptibilicy measurements'indisate that
eq:xilibrium, if any, 18 reached oniy in a ;;er'iod' of hours.l Neutron
diffraction and Mossbaver experiments revealed that the’ qagnetic_'
ordering temperature TN of the cub¥c phase s ~115 ‘K, and that the
hexasona;i phase i3 magnetically ordered at all temperatures at which it

is observed. . Therefore, he aftributes the broad maximum in _the

suaceptibili:y curve obgserved at ~150 K in the heating run (see Fig.-
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Pig. 6.1. Susceﬁtibility of an MnO powdered specimen as &
function of temperature for H = 5000 and 24,000 oe.
(H. Bizette, C. Squire and B. Tsai, Compt. rend. =
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_ $.2) to the interference of two terms: the decreasing péramagnetic
susceptibilicy of theICubic phase and the increasing suscept}bility of

the antiferromagnetically,ordere& hexagonat phase. Van der Heide also

carried out experiments on the solid 'solution Hnl_ngxSe
(0 < x < 0.25). Hé found that the phase transformatidn is strongly
hampered by th; Sub;tICution of manganese h} magnesium, indicated_by a
3rsdu§1 éhrinkage of the, h?stereaiscvloop in the magnetic
éuscepcihility; for x ; 15 the transformation has stopped completely.as
indicated by the disappearance of the anomalies and hyste;esis{

In our work, we carried ou% temperaiure dependent magnetic
'suscep:ibi{ity and electron spin resonance experiments on thoge
sinéle-phase samples-with NaCl structure in our diagFam, and which are
“derived” from MnSe by shbsti:uting the Mn and/or Se atoms by Cd and/of
Te atoms regpectively (the limit of the solid solubilify is indicated
in Chépt;; 2). This was dome in an attempt.to inveﬁg;gape some of thg

magnetic properties of these alloys, énd the dependence "of these

properties on the composition.

6.2 Experimental procedures and results

The experimental procedures for the.susceptibility and ESR
meadureSenta are 1dentical to 'those' described in Chapters 3 and 4
respéétivelx. However, in this case, th; suacéptibiiity was measured
in a warming Qnd;then cooling run. Each sample was fi}st precooled in
zero~fleld down to -liquid helium temperature (~4.2 k); then,- the ‘

warming protess measurements were performed up to a temperature

T ~ 270 K. Afterwords, from this temperature the cooling process was -



.

6-8(a)-(d).
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started and proceeded in the presence of the magnetic field; in other

words it was'a field-cooled situation, the. implications of which will

be discussed later.

The results of the sugceptibilfty meagurements are shown in
Figs.,6.3: 6.6, 6.10, and 6.11. Fig. 6.6 shows x vs T Cur;es for the '
alloys with y = 1 and z -‘0.85, 0.90, 0.95 and 1 (the 1atte§ ig MnSe).
Fig. 6.10 shows i'vs T curves for the alloys with z = 1 and y = 0.§,
0.8, 0;7 and 0.6. Final}y, Fig. 6(11 shows y vs8 T curves for the

sampies withy = 0.9, z = 0.9 and 0.95, y = 0.8, z = 0.95. The results

of the electron spin resonance measurements are shown in Figs.

6.3 Analysis and Discussion

£.3.1 MnSe

-

eonsidering £irst the . result .0of ® the MnSe magnetic

~ susceptibllity shown in Fig. 6.3, as seen Yy exhibits a large thermal

hysteresis in a wide temperature range, which 1s in agreement with
. N - 'S -

_.previous observations [4,8,10,17]. Our results aré very similar to

: : ‘ e "
thoge obtained by Van der Heide [8,17] (which are shown in Fig. 6.2 for
the purpose of comparison). However the features of the anomalies fn

our X vs T curves are sharper tharn those in Van der Helde curve. We

think that this is due to‘the fact that a sﬁall applied magnetic field

(~30 gauss) 1is used in our case, compared to 8.61 K Gauss used by Van

"der Heide, which probably rounded the anomalies off.

In' the warm{ing run, starting from 4.2 K, the susceptibility
increases at a very esmall rate with increasing temperature. At

s ~
[£2
-
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T ~ 118 X a .break occurg 1in the curve of the susceptibility which

starts to 1increase sharply and reeches a m.axiimm_ at about T ~ 180 K;
) u ’ ~

C .
the change in ¥ between/-vllﬂ K and T ~ 180 K is of the order of
14 x 10_3 emu/(mole Mn) which is a large change in less than 65K

temperature range. Aftetworde, x falls sharply and go through a
mini.l;um and starts to increase again in a sharper fashion and reaches
another gharp maximum at T ~ 245 K and after that it falls back heading

toward lower values. ‘However, our measurements stop at T ~ 275 K.

'According to previous 1investigations [4,10] the hgrsteresis ends at

about room temperature above which x will follow the Curie~Welss law.
) The cooling procees starts from T ~ 275 K; the susceptibilicy
starts with slightly lower values than those of the uaming'run.
However, X increases at a fast rate and reaches a2 maximum a{'r ~ 170 K
far above all other warming run values. THen ¥ decreases at a very
sharp rate down to about T ~ 117 K where again arbreak occurs anle the
rate of decrease of ¥ becomes much slower, and finally the cooling
run curve joins the ‘warming run curve. It 1Is worth noting tha‘t the
difference: T ~ 17;) lK) - T ~ 117 K) 13 of the order of
26 x 10—3 emu/(‘mole Mn).

‘ As we 1indicated earlier the anomalies and hysteresis
exhibited by the & MnSe susceptibility has been attributed as due to an
incomplete phase transformation from cubic-NaCl structure to
hexagonal;NiAs structure, that occurs in this compound in the lower

temperatures reglon. As 8 matter of fact, Van der Helde has shown,

from temperature dependent: x-ray diffraction, neutron diffraction and

-

Mossbauer effect experiments. [17], that the temperature at which ¥
. [
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peaks_('rH ~ 170 K) in the cooling process, is associated with this

scrucchfal phase. transition, rather .than with a simple paramagnetic-

antiferromagnetic transition; furthermore, -the Mn spins in the
. »

hexagonal-NiAs phage are antiferromagnetically aligned. Also, this

transformation seems to stop when a temperature of approximately 120 K

<18 reached upon cooling. We note that this temperature 1s in the same )

region ‘where a sﬁarp break occurs in the susceptibility curve. As

.indicated earlier, in the éarming process two maxims are observed in Y

vs f curve. Van de¥ Helde has shgwm that the sh;rp omaximum observed at
about 245 K dbrres nds to the onpet of the back transformation of the
hexagonal'phase inte the cubic se, and this reversge transformation
;s complete at T ~ 260 K. _Also, Van der Heide has attributéd the broad
maximum that is observed at about 150 K in his case (Fig. 6.2), to the

interference of two terms: .the decreasing paramagnetic susceptibilicy
of tﬁe cubip ph;se and the {ncreasing susceptibilicy' of the
antiferromagnetically ordéreé hexagonai “phase. While this
interpretat{pn seems to be plausible in Van der Helde case where the
150 X maximum 1s very broad and low, it is hard to Jccept it as the
answer in our case, where the maximugpig very sharp and high kx reaches
& value of 18 x 10_3 emu/(mole Mn) at T ~ 180 K, éompated to a value of
about 5 x 10-3 emu/(mole Mn) at T ~ 150 K-in Van der Heide case). Such
4 steep 1increase after a gharp bresk 1in our susceptibility curve

\/
(warming run, Fig.. 6.3) followed by such a sharp decrease in 'y, cannot

//“

be thought of as due only to the interference of two susceptibility
terms as indicated above. Adding a decreasing paramagnet

susceptibiiity to an increasing antiferromagnet susceptibilicy, never



" NiAs-type phase in the NaCi=type phase. - -

*

caﬁ-give a resultaat curve similar to the one we obtained.

-

As we mentioned ‘earlier, Van der Heide has established that

the orde;idg temperature TN of cuﬁic-Naé§¢phase of MnSe i3 about ~115

K. Note that this i{s about the same temperature at which (the earlier

mentioned) sharp break is observed to occur in our MnSe Y v8 T curve in

both runs, cboling and warming.

From the Mossbauer spectraz obtained in the heating process,

. ! e
and for the temperature range of 160 to 220 K, Van der Heide observed,

aside from the paramagnetic cubie " and antiferromagnetic hexégonal
]

spectra, an additional magnttic spectrum which was attributed to the
presence of a second and intermediate type of cation—sltes In the
hexagonal phase. In other words, in addition to the octohedral
. + a *

coordination of cations {which is the normal .coordinaticn of cations in

;iﬁe ﬁiAs-type hexégbnal structure), a second cypé of cations

coordination exists, wﬁ;ik may possibly be tetrahedral or trigonél

prismatic as-we shall see below. These intermediate cation sites (as

called by Van der Heide) start to be occupied above T ~ 120 K _where

they grow in number.at the expense of the'teguiar cations of both the

cubic and hexagonal phases, and reach about 23X of the total cations

\\Q:?ber at ~160 K. Concomitant with the back transformation of the

hexagonal phase to the cubic‘phase (at T ~ 245 K), the occupation of

these Iintermedfate cation sites Iis reduced to zero.

Using the concepts of dislocation theory, Van der Heide has

presented” two possible schemes for the fd&mﬁtion of lamella of

-

In Ehe firét scheme, the plane-glide direction 1s determined

. \ .

[N - \D



by the cacionsz as a résult 2 single shear mdvement in a cations layer
' generates the formation of lamella of NiAs phase with the formation of
.staking faults with cations in the interstices of .trigonal prigmétic
anlons arrangements. This ‘scheme is in agreement with the conclugion
-obtained f;om thé;elecéron-micrOSCOpy studies carried out by Van' der
_Heide. However, with this broposed arrangement other difficulties
arises; Van der Helde explains that very few of these trigonal
prismatic gites can occur and conseqyen:ly‘cannot account for the large
;ﬁhmber of latermediate catiom sites observed In the analysis of the
Mﬁquaugt spectya; furthermore, Hn2+ in a trig:;al prfsmatié
coordination is :;rylunlikely an;‘high energy state for Mn2+.

In thé second scheme, Van der Helde agsumes that the glide
directién is determined by the anifons, a sheaf ;n eve oy otheiléhion
layer (of NaCi—t}pe fee) would generate a hexagonal phase with large
number of tetrahedral sites. By an inaEE;;&ént shear motion of some of
those cations fesidingdlﬁ a tetrahedral environment, large lamella of
NiAs-cype. c0uid_ Qe formed also. Van der Heide poinés out that a
tetrahédral coordination {8 more likély.for Mn2+ as’iﬁdicaced by the

. : 2+
existance of MnS and MnSe crystal “ith tetrahedrally coordinated Mn - -

{wurtzite and zinc blende structure). This also could explain the

r

presence of the intermediate cation sites 1in the'hexago?al phase. The
. 'iqns generated at tetrahedral sites are transferred only gradually to
., the more stable octohedral sgites. "ﬁcwever, this -explqpétion is |

apparently in contradiction with qu der Heide's analysis of the

electron microscopy experiments (for mére detaiis see Ref. 17). .

.
]

' ) 2+ _
Whether the intermediate cation-s;tes are due to Mn  ions in

AN | | ' ' s



trigonél prismatic coordination or {n tetrahedral coordination, the

. 5
coexistence of these intermediate sites with the :jégular carion sites .

_(Hn * in octohedral enviromment) in the he;cagonal phase, can possibly
give ris;: t-o slightly different g¢ffective atomlic moment for the Hn2+
ions in th'o._a magnetically ordered'state. ‘whic'h.can résult' in .a net
magneticemoment and hence a ferrimagnetic-like behaviour which can give
™rise to large values for the magnetic susceptibility. This may be a
more probable explana‘ti_pn for the presence of the high maximum c.;bserved
at ~180 K in our x vs T curve p.f the waru;ing cycle (Fig. 6.3).
As w'e me:;tionedJ earlier, we carried out ESR experis:;ents on
MnSe, and ‘the results of the 11;newidth-varia§_tion with témperature in a
cboling and then varming process ‘are shown iﬁJ,Fig. 6.4, No s.ignificant'_
hysn:er:es‘l.zaL Qr Eny angmlfes were observed‘. in &H v.s_ T curve, and the
results of both™“the cooling and warming runs ﬁé‘r.'e almost the same. As
seen from Fig. 6.4, the general behaviour of tI’1e ‘AR vs T curve 1is

similar to that of typ_i-cal antiferromagnetic materials above the Neel

temperature T'N (in o't:her__' words in the paramagnetic reglon) (sec Ref.

-

6); &H, increases monotonically with decreas.ing cemperh:ure, then this
increase becomes more rapid t.-rhen‘ the temperature becomes close to,'!‘N
where the ‘tinewidth dﬁ'G‘;.'ges. ‘From our observation AH di.verges'.at
T ~ 120 K in the case of 6~MnSe.

| In contrary to AH vs T curve, the 1nten.sir.y of the ESRlline
(the‘ peék to peak amplitm;de ford:he de-rive;:ive ;af the absorption line)
.shms_a tempc.zracure hysteresis loop as illustrated in Fig. 6.5. 1In the
%:ooling{ Process, the__'reiative_ intensity 1 decreases toward iqaer_

temperatures and shows a faster decrease at T ~ 180 K. I continues to

"
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decrease at a slower rate below ~150 K and disa;peéFs at ~120 X. In
the warming procéss, I is sﬁailér than that in the coqliné PYocess over
the whole range of temperature, so a largé hysteresis loop appearé in '
the I vs T curve.- Also, in the warming process, I increases slowly
toward higher temperatures up to T ~ 240K above which I 1ncreases at a
higher rate, heading toward :he values of the cooling process.
’ These ESR results for S-MnSe are in agreement with those
obtained by L. Haxweii et al [61, aﬁd_mdre recently by Y. Watanabe et
; al. [9). These results can be very well interpreted on the basis of the

partial phase transition of &-MnSe from cubic-to hexagondl menticned
- .-

- earlier. Considering firgr thﬁ’cooliag eycle, when the MnSe specimen

is. in the high temperature region (T > 200 K).. The specimen is

single—ﬁhase with the cubic-NaCL structufé, hence the ESR line{éyﬁg}ved
24.
is due to the Mn - ions which are all in a parvamagnetic state in the

cublc phase. While lowering the temperature the ESR linewidth slowly
f‘__ '

increases as expecte% and the line intensity decreases as a result of

the brcadening of the line. However, when T reaches about 180 K, the -

partial structure phase transition begins, and as a result a number of

24 '
"the Mn .ions become part of the new hexagonal-NiAs phase¢where they are

; . 2+
antiferromagnetically ordered. Consequently these Mn 1ions can no
. . ) ’ *

¥ longer contribtute to the paramagnetic resonance so that the intensity . .
of the ESR.1line falls sharply. 1In this case, the observed ESR line is
2+ :
due only to those Mn .lons which are~still in the-cubic phase

'.inceracting in 'a paramagretic fashion. Consequently the linewidth

[ 4

should continue 158 Tﬁrmal tempera:ure dependence vithout being

__ affected bﬁ\the partial phase transfornntion. and that whac {8 actually

-



obeerved. - When the temperature reaches ~120 K the ESR 1linewidth
diverges~ and the intenaity vanishes indicating that the Neel
temperature of the cubic-NaCl ﬁhase has been attained (Fig. 6.4,5). 1In
the heating run, the ESR line does not appear until T ~ 120 K; the
variation of the linewidth practically follows the same path as that of
the cooling run; However, the intensity of the line renains_lower than

in the cooling run while increasing at s slow rate; and that'because in

this temperature region (120K > T :»240 K) ». PArts of the specimen are

in the hexagonal phase where the an ions are in the antiferromagnetic
state and hence .do not_ contribute to the ESR; the only contribution

L 2+
arises from those Mn lons in the cubic paramagnetic phase. Once the

back phase transformation (from hexagqnal to cubic) beging at T ~°

240 K, the 1ine intensity increases at a faster rate and eventually 1t
will join the curve of the cooling process at around room temperature
(Fig. 6. 5) where the entire specimen will be again single-phase with

the cubic-NaCZ% structure. . o .

6.3.2 Solid Solution Cd1~ Mn Se (0.85 < z < 1)

It has been reported that both the low temperature structural
and magnetic- behaviour’ o£~HnSe,are strongly influenced by substituting
8 diamagnetic cation for wmanganege such as lethium or mEgneaiun

[8,17,18]. In our case cadmium is the substituting cation. *

Solid solutions Cdl_anzSe crystallize in the NaCL gtructure °

! v
for 0.85 < z < 1 with the lattice . parameter ‘increasing with =z
Qecreasing (aee Chap. 2 for more qgtails). %agnctic susceptibility as
wvell as ESR Deasurements were carried out on the alloys vith z = 095,

0.9 and 0.85. *

J Lj?r“_“’

[N



Comparing the MnSe suscepribility curve with the curve

obtained for these alloys (cooling andzwarming) (Fig. 6.6) one can see
that the curve of ‘the alloy witﬂ_z - 0:95 shows ,practically the same
ggneral features‘as that of MnSe but with a shrfﬁkage in fhe hysterisis
laop and a shift in the occurrenée of the .anomalies (maximums and
breaks) tcwardé lower ;emperaéures- This caﬁ méan a‘dgcrease in th;'

amount of ﬁiAs‘phase appearing at the ilower transition température,

with the increase of the Cd content. ) e #

The two alloyé with z = 0.9 and 0.85 shos no.temperature -

. hysteresis or anomalies in their ¥ v8 T curves. These, instead look
'very similar to the typleal anéiferromagnetic gusceptibility curve of
Fig. 6.1. All that indicates that the low temperature hexagonal phase

is no longer formed for z < 0.9. Each of these two alloys shows one

maximum in the cooling process as well as in the warming process at

¥

about the same temperature (Fig. 6.6), which we assume to be the Neel

w

temperature (TN) of the alloy. It is‘impcrtant to note that the

observed hystéresis in this case, which s mostly below ‘I‘N arises from

the differen; conditions in which the measurements of the warming end
cooling processes were performed. As indfcated earlier, each sample

had been codled first in zero-field down to ~4.2 K, then the warming

process .measuremdnts were proceeded up to the highest temperature
. :

.possible, from- here the cooling process measurements were performed.-
The ¢ooling this time had to be in presence of the magnetic field which

causes . the higher suscéptibility values and hence the hysteresis which

.18 present mos:iy below TNJ Also, X shows a paramagnetic like increase

. 3 . . - .
at very low temperatures. All this seems to indicdte the presence of a
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. ' - 2+
number of clusters of exchange-coupled Mn  ions and possibly some

-

isolated spins., the effect of which on the susceptibility was discussed

in more detail in Chapter 3 (see also Ref.‘ 19)

~

By plotting the values of llx vs Te in the high temperatures

-

region, for the two alloys with z = 0 9 and.D. 85 "a linear variation
' (T-G)]
C ..

was found, in agreement with a quie—weiss behaviour (1/x -
This ig shown in Fig. 6.7 from the slope and the intercept one can
obtain the values of the Curle constant C and the paramagnetic

temperature § respectively. The values of the latter 'are listed in

PR

Table 6.1 with © values for the &~MnSe reported in the literature. The
value of C obtained 1s about 3.53 Mok. Mn/emu K which correspond to a

valugPpf P = 5.44 The value of P is in fair agreement with
eff Mg o

eff

S +
the theoretical value of 15'ff .5.92 'S for an .

In Fig.,_6.9(a) the values of the temperature. TH at which the

susceptibility peaks ia the coolin,g run are plotted'against z.q'['his

plot ._does not coanvey a linear relation which is not unexpected-

However ii one is to plot a straight line . through the values of '1‘ for

aw?

. the two alloys with z ‘- 0.9 and 0. 85 which are assuméd to remain in the

\l.bic phase over the whole tempbrature range (1. e- M'- T the Neel N

temperstgre) (the molecular fleld theory and series expansion for a fcc )

[ZOJ pred‘fct a linear dependence of TN “on z), this line extrepolates Lo

'r - 117 K at z = ,1 (MnSe) which $s in agreement with the value of 'I‘N
e -

for the cubic phase of MnSe obtained .by Van der Hetde from. - neutron
,_,-—‘

\diffrection [17], as yell as with\-that obtained from our ESR results.

s Turning to the ESR, the linewidth dependence on temperature

. + LR
-

" for all three a.lvloys (z- 0.95,“70.9 and 0-@5) is similar to that of‘-.



) -169~
' -4 N
Table 621 Values of the Curie-Welss paramagnetic temperature O
- -
Comgosi-cion' . -8(K)
Cdo.15™0.85°° ¢85
- . Cdo.1H0.9s° 305
: o . %o.0s™0.95%¢ -
L & Mnse~ /7~ 373 (a)
. 366 (b)
/ . . 297 (<)
. * - *
347 (d)
? Ref. 10
° Ref. 36 ) ’ "
€ Ref. 37 ”
: d . - L. .
‘\/\J Ref. 38 )
. . ~. . -



E s .
(TNSR) shows a systematic dependence on the Mn concentration

.°‘ (Fig. 6.9(b)). It is important to note that IESR for the two alloys

with z = 0.9 and 0.8§'¢or esponds in each case to the temperature TH at

- .
which the maximum occurf)in vs T curve.! This constitutes a further

.like normal.antifferomagnets f.e.

’

transition as the case of MnSe.

evidence that these two alloys béha

no low temperature structural\phas

6.3.3 Solid Solution HnTel_ySey(O.G Sy <1l)

As 1t 1s shown in Chap. 2, the pseudo-binary al{oys

'H‘Fel_ySey crystallize in the cubicNaCR structure in the range of y
between 1 and 0.6. Magnetic susceptiblility and ESR meagurements were

-

performed on the alloys with y = 0:9,-0.8, 0.7 and 0.6.

. - The x‘vs T results are spown in Fig. 6.10. As it is seen,
again, the suéceptibiiity shows thermal h{fspresis and adomalies which
m.eankimt these alloys allsJ undergo 'at 1low &peracures, a partial-
structural phase transformation which is assumed to be froﬁ the cubié
NaCX to hexagonal—NiAa. This~is not‘unexpected since the MnTe actually

has the NiAs structure. However, a close look at the details of the

x v8 T cufves-éf these all
=

different from the MnSe suscept

8 shows that\these curves appear to be

‘specially in the’ warming

process where ;ﬁstead of exhibi 1&3 tvo large maxima (a6 it is the case

.1 . . _.. ] .
n MnSe and CdQ.OSHnO,ste)‘.th nTel_YSey a}loys exhibi:(on large

maximum and then a little kink at a higher temperature. These results

. . - , ) L4
.age_in a general agreesment with the observations of Kamat Dalal et al
- .- Cm -- - -‘ - - ~— -
£21]- These authots had carried out magnetic susceptibility
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in the cooling run) for Cd
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measurements on some alloy’s of the MnTel_ysey system, in a warming _' » y
process between ~78 K and 340 They observed two minima in the .P/x

vs T plots for those alloys of the system which have the cublicNaCl

- _ ) -_.G“J

structure. ‘ : - -
The ESR linewidth dependence on temperature of these alloys

( are gimilar to that of HnSe, .r.he set of curves O‘f AH v T are shown in
I ? < -

Fig. 6-8(&). it is seen that from the hiﬁ temperature tails of these

d cu¥veg and for a given tempe@ure, that &R increases when y decreasea

.

(bet:ween 1 and 0 6). This can mean that the exchange narrowing effect
decreases when replacing selenium by tellerium. This is similar to a

previous gjservﬁtion.diacqased in Chapter 4, (see Ch. 4 p. 92-93). On

the other hand the values of T:';S_R, the temperature at which A&H

iverges, show a slight decrease'wit:h y; this can also be correlated

-3 )
with the decrease i_n the exchange interaction parameters when vy is

decreaged. The values of TESR are iisred in Table 6.2.

. -~ ’
_ ' N
" 6. M The Quaternary Alloys [Cd zﬁr\z\h're (0 .85 < z < 1)’ .-
(0.6 <'y < 1. j ‘ \ .
Hagnet:[.c' susceptibilicy 'a:_idh electr‘on. spin resonance .
measurements were carried out on three quaternary alloys: I_Ccl0 Mg 9] B
LT s d ' y o ]
\ Mo - . . . -
201500yt (Cdg osMng g5 llTeg (Seg g1 and [cdg (a0 ]

I_'I'eo “5eq 8], all of which have the cubic NaCL structure.

The x v T curves fo:_‘ all three alloys showed temperature

I;lyterelil and‘anonlies .as tan be seen from Fig. -6.11. Pbre;v;r, the
.lu'u"ninsi b'ro_é'glu'_ curves sha-;ed three peaks instead of two in the Vc.a‘se of.
Made. -A possible inl:‘ﬂ'e.-tpretatiou for the existence of a :hirg peak {s ’
prcpooedn fu'lloiu:- _ These ‘g}loys'ﬂ-' exist {n ,a qingle;;m-&' fvi_q:. .

.. R , - e SR S
’ .y - - PR -‘ M .‘. hd
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(NaC!rtype) which has common boundaries with two dduble*phase flelds
(see £Lhap. 2 Fig. 2. 7), one consists of wurtzite phase plus NaCX-type
phase, the other of zinc-blendé phase plus NaCi-type phase. Therefore,
it 1s possible that these alloys undergo another partial structural
Phase transforﬁation from t£e cublc-NaCf phase teo the wurtzite orﬁéb
the zinc blende phase {n the low temperature regién, and ghat in
addition to the oriéinél phase transformation from cubicNaCl to
hexagonal-NiAs.

Turning to ESR, theses‘ three a}loys show a 11néuid€\
dependence on temperature similar to that of MnSe. ‘Tﬁe AH vs T curves

. ESR
are shown in Figs. 6.8(c¢) and (d), and the T

N are listed iﬁ Table

6.2.
A
g

6.3.5 Analysis of the ESR Results

The ESR linewidth vartation with temperature for ail the
dlloys investigated, was found to be similar to that for MnSe compound.
As we Qentioqed earlier, the 4H vs T results of MnSe were found to be
similaf.to th?se of ‘a typical fec agtifer;omagnep;c materiél such as
5Mn0 or MnS [6,24]. Consequeritly, the experimental data of the

variation of AH wilth, T in all cases can be expressed in terms of the

modified Huber equation [22,23]

‘ '1‘N a B 0y
O = AGGT ) + B - ?) (6.1)

where A and B are empirical parameters, TN is the Neel teamperature (at
which- 84 diverges), a« a critical exponents and & 1is the Curie-Weiss
baramagnetic temperature (which 1Is negative for antiferromagnets). \

§
Equation 6.1 applies to antiferromagnets above the Neel temperatur;,\\f‘/
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Tye ‘The first term repre-aenr.s the broadeping of ‘the .ESR‘ Iine as a .
result of the critiéal phenomenon when 71 approaches.TN from .;bove; _tﬁe
_.set.-;on.cl‘ ferm represgpf- t;le high temperature nomcritical paramagentic
dependence of 4H on T (fc;r I‘. >3 TN)'

By fitting the experimental values of AH vs T to equation
6.1, values of the paréme!:ers 9, B, « and A were obtained for all the

investigated samples. These values are shown in Table 6.2.
The fit was carried out using a graphical method which
consisted of two main steps. The first step' was to plot the values of

T 0H against T in the hi temperature region (T » 3 TN)’ where any

. ] ’
countribution to the- idth arises only from the term B(l-?) {since
TN a = ‘ ; _-
A(T—_'.I. ) =0 in this region). In this cage T AH = B(T-8) is a linear
N v -

relation from which B and 0 could be determined (by determining the
slope and the intercept). Once the values of these two parameters,

wvere knbwn, the value of AHP = B(1l -:?) could be calculated for any
. A

: T [v4
value of T; hence the difference AH — AH = AH -‘A(—N- ) cbuld also
p c T—TN

¥

be determined. Now by plotting the value of log(AHc) against

T

log(T—fT ), & linear variation was obtained and the values of a and log-
N

A(and hence A) could be found from the' slope and ;the intercept -
respectivel;}. I-‘i._g. 6.12 gshows an example of this calculation met:ﬁod
for HnSe. '

The values of & obtained from ESR for MnSe, CdO‘.anO.Qse: and
CdO.lSHnO.Ssse {as listed in Table 63) are to be compared with those

obtained from magnetic sugceptibility which are listed in Table 6.1.
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Table 6.2 Values as a function of. composition of the.parameter from Equ. 6.1.
- . ’ - , -

- -

' Composition : Tf‘SR(K) -&K) - _B‘(gauss) A(gausas) a
- y ®
Cdy. 1 Mg, gsSe 86 - 285 86 101 111
Cd;).lbmo.QSe * 98 306 © 85 N2 1.39
Cdy ooMay ocSe 106 319 84 . 39 ‘ 1.50
MnSe k 120 - 343 76 D37 . C1.44
120 .. - 90 - 11 qa)
119 - 176 63 1.4 (b)
I'!n'I'eo.ISe[.)_9 1174 | 295 125 35.. 1.3
| MaTe, ,Se, o ° : 112 270 188 - 78 1.25  --
“MnTe, ;Se, 107 227 300 80 1.33
.MnTeo._l'SeO'. 6 ;63 - 182 440 , 170 1.18
Cdo_lmo.greo_'ls(ao;_g 95 244 135 79 1.51
636.05“0.95130..Lse0.; 107" 260 - 128 - 6% 1.56
Cd’O.OSMO}QSTeO‘.ZSEO.S 100 210 07 170 1.32
® Ref. 9 - - - ' -
b ref. 17 ' ‘
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. The two sets of values seem to be in a good agreement with one another.

o

On the other hand,‘the values of © al’-ong the MnTe

A

Se edge seem to
l-y 'y 8

decrease ags y decreases l.e. when replacing Se by' Te, which 13 1in

B . . »
agreement with whiat is mentioned earlier about the decrease in the

'exchange interactiop effect as y 1s deéreaaed, since § is a measure of

this exchangf{ inte'ract‘ion. We note that the & values of the Pln‘[‘el_ySey
alloys, with the. NaCi-type cuble structure, do not extrapolate to the
Mn'l:e 9 value of —-584 K [38], at y = 0. This can be attributed to- the
fact that MnTe has the NiAs-type hexagonal structure which 1s quite
différent f_r:omlthe NaCli-type cublc structure.

Knowing the values of € and T

N and assuming the same uniaxial

type-11 spin arrangement in every case. The exchange parameters .I1 and

J2 for the nearest and next nearest neighbour respectively can be

estimated. The exchange parameters .I1 and .J'2 were determined with the

wethod used by Lines and Jones. {25-28], in which Lines'Green's-function

theory was used to describe the paramagnetic properties |27 ), where

»

this theory has proved to be more accurate than the molecular fleld

. theory LZSJ. Table 6.3 shows the values of J, and J, obtained for the

1 2

sequence MnTe Se}r (0.6 € y =< 1) where the Mn atoms occupy all the

l-y
sites of the'fece unit cell; a_'l o, we list the values of: Jl 'an& ..T2
report.ed in the literature for the compounds &~MnSe, &MnS and MnO. In

all the cases, the 180° cation-anion-cation superexchange parameter

- o . -
; |J2| is larger than the 90 superexchange parameter .IJll in agreement

with theory |27,34].
' The values of the critical exponent ¢ in all the cases are

found to be between ~l.1 and 1.6 (see Table 6.2). These values are not




h-J - ) -
. r M . Rk b
-Table 6.3 Lattice parameter and exchange interaction parameters values.
— . . . - - “\
!

.
Composition Lattice parameters( A) lJI(x) -Jz(k)
MnTe, ,Séo o 5.632 _ . L1 8.2
MoTe, ,Seo , . 5.582 . 2.2 8.6
MaTe, ,Se. o | B | 5.537 . 3.2 9.1
MaTe, .Se, | 5.493 | ‘ 3.7 . 9.6
5MuSé « 5.462 ' 4.8 " 10
6.9 9.8+(a)
-6-MnS 5.223 7.0 12.5¢(b)-
. 7.4 12.2¢(c)
MoO | 4.44% - 10 11+(d)
? Ref. 17
® Ref. 26 )
€ Ref. 19 )
¢ Ref. 25 *
.
<
N o
P



very different from the vnigé found for the critical line broadening

-

near the Neel temperature of the antiferromagnet Hn?z, @ =1.2 [29]‘-

It is worth noting that Kawasaki [30] has predicted a value of 1.5 for

the critical éxpoﬁéht Eharacterizing the ESR 1linewidth - in

antiﬁerroégéne:s; also Huber [22] indicated that the a value for MnO -

- and MnS (to which MnSe hﬁs very sihilar‘ﬁSR behaviour) should not be

a

& ' ’ - .
very much different from the’ value of 1.25 which he predicted ‘for.

-

Man.

" 6.4 Conelusion ..

This study has shed a little more light on the complicated

behaviour of MnSe, which can be interpreted in terms of¢ an incomplete

transformatign to a .hexagonal’ structure. The océurrence of such a
transformation should not be surprising, knowing that MnSe 1is

- " intermediate hetween MnS and MnTe (in :he'manganqs€'chalcogenides MnX,

" with X = .5, Se, Te). MaTe exist below 1050 C in the NiAs-type

-

structure [31]§ also, stable form of MnS at room ‘temperature is

.

NaCi-type structure. ?ranzqg [32] has pointed out that the NiAs—type

. . , . - . .
stucture is found in compounds where the fAomrmetal atoms. possess easily

P

accessible d-orbitals. Further more, Hulisman et al [33] has concluded

- o . - X
that for central atoms with d configyration (e.g. the non-metal atoms

in NiAs-tybq structure), the trigonal prismatic’cdordinacion, found in

the NiAs~type structures, may be more stable than the octohedral one,

v

found: in NaCi-type séEFcCure. Therefore, according to Van der Heide

[17], the low temperature transformation of MnSe can be ascribed to the

fact that in seleniuwm the d-orbitals are not occupled. . 7

LS
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In this work, the magnetic susceptibility and electron sp%n

.

"resonance of the MnSe compoind and the (Cdl_zunz)(Tel_ySey) alloys with

‘the sane phase as MnSe.are-inveséigated. The i vs T curves in most

cases show thermal 'hysﬁereéis._and anomglies resulting from low

~

témperature partial phase tranaformation. In the case of;Cdl_zanSe

series -(0.85 < z < 1), the gxperimgnté ahow that the phase

transformation is strongly influen;ed by the SuSSEIthion of Mn by Cd;h
for z-< 0.9-£he';;ansf9xmat16n has stopped completely, as indicated by
_the disappearance of Ehé\géomalies”and t;mpe;éture hysteresis in x vs T

~

curves. ' R
A suggestion is put forward in.an'attempt to Interpret the

existence of the first large maximum observed in the warming. run &f the

MnSe suéceptibility curve; we think that a ferrimagnetic-like behaﬁiour

. ‘ - 2+
resulting from the presence of Mn ions in two different types of

" 8ites Ln the hexagonal phése, is causing this maximum.

- The ESR éxpetiment show tﬁat the linewidth dependence on
temperature - for all‘tﬁe alloys 1is similar to that of MnSe whege no
' s;gnificant thermal hysteresis is: observed; however, hysteresis 1is
observed . in the intensity of the absorpciod. This was Interpreted on

the basis of the low temperature phase transition. In each case, the
.Neél temperature 4is estimated from the temperature at- which the:
11nev£dth diverggs and line-intensity vanishes simultaneously. h

The AH vs T curves are -fitted to a modified Huber's
expression (Equ. 6.1); as a result all the relevant parametersg are
detérmiﬁed sucti’ ag the paramagpeflé :emp;rature 6 and the critical -
eprnegt a (Table 6.2).A:Ihe Jatter are found to agree hitﬁ

cheoretically'pfedicted values.



. and second nearest neighbour exchange interaction parameters, are- ~ -

(2
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Knowing the values of 6 .and TN,‘values of J1 and J2 the first

estimated. Ileis found to be greater than!Jllih every case, which 1s

consistent with the theory of superexchange.
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CONCLUSION

This thesis d;scribes our investigations of some of the

I

properties of the alloy system.(Cdl_zan)(TelﬁySey)_which_pelongs to a

new group of materials known as semimagnetic semiconductors. From a-
magnetic point of view, these materials have interesting prop;rtiew ad
disordered magnetic alloys displaying, e.g. the spin glass transition,
antiferromagneti&ﬁlly éorrelated spins in clusters and o;her magnetic

effects of current interest.

The prior requirement of investigating the phase diagram of

the aiE;y system, 1ncluding the study of the lattice paramater
dependen;e on composition and hence the.decérmination o} the single-
phase fields, is indicated in Chapter 2. The boundaries of the éingle,
two and three—phase fields which a;e JISplayed by the presént system,
were found to be very much dependent on the anneali;g temperature. Two
igsothermal sections of the phase diagram were determined. |

Once the limits of solid solutions were defined we could next
proceed to lnvestigate the magnetic behaviour of the alloys. This was
done Ey carrying ouﬁ magnetic susceptibility and electron 'épiﬁ
resonance ‘experiments.

The magnetic susceptibility measurements carried out on the

zinc blende and wurczite’siﬁgle—phase sample, as described in Chapter

3, ﬁrovided us with the spimglass freezing temperature '1‘g the Curie-

fa



g

} ; . e

Welss paramagnetic temperature & and the Curile constant C values and,

thus, the dependence of these , parameters on composition was also -
., ' %
egtablighed. It was found that they depend mainly on the Mn
Ll . | ’ ! .
concentration z. The interesting aspect about the 'I‘8 results, was that

Ln'l‘8 was found to decrease in a linear fashion when the mean spaciné‘a: .

beowee;'; the Mn lons increases with decreasing z. This-.igplied that the_'u.

exchange :Lnteca\;iion decreases expor;entially with distance between the

magnetic spins. An exchange wechanism proposed by Geertsma “et al,
. . _ s
involving virtual transitions from the valence band to Mn 3d  levels

was assumed as the one occurring in these wide gap .semiconductors.

-

Using the expfession of this exchange (Equ. 3.7) in conjunction with \_
e e .

the mean field yheory we were able to predict values for J. and Jz, the

1

nearest and ‘next nearest neighbors exchange parameters, as well as

»
values for the Curie-Weiss paramagnetic temperature 6. All these

4.

calculated values were found to agree very well with the experimental

ones, which was ._a.-strong_evider.lce in suppert of our assumption that the
Geertsma exchange mechanism is very likely the one taking place.

" The electron spin resonance experiments, described in Chapter
»

-
- -

4, revealed other aspects of the magnetic behaviour of the presgent
semimag‘netic se?:.iconmg;:or alloys. The ESR line was found to broadef o
in a symmetric fashion down to a certain temperar.t:;e below which i:he:
line became as.ymmetrically broadened. This was attributed to an
uniaxdally anisotropic g-value which, in turn, was attributed to the
increasing degree of spins correlation in clus_t.‘:ers. Tﬁg linewidcth

- 1\
dependence on temperature was fitted to an empirical equation (6.4)

< ) ) ':-f
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expressing- the fact that the ESR line 1s broadened by composition .
inhomogeneiﬁy. The parameters (B,‘ro‘ and T) values obtained from t-he

fit showed consistent dependence on composition anti, &gain, ‘seemed to

Il

be mainly determined by the Mn concentration. With regard to the

.

physical significance of these ESR parameters, as discussed in Chapter

6, B represeﬁts the -linewidth at the highest possibie teupetature, ‘l‘o

ais a measure of the poce.nr.ial barrier Teparating two neighbouring
ground states of a disordered spin system, while! 1s determined by the’

variation in the magnetic environment of a Mn ion.in the Iattice.

Both tﬁe magnetic susceptibility and. ESR results, were found

\to be consistent uith the behaviou: of a cluster—glass material.

. v .
- o From the optical properties point of view,ﬁroom

-]

temperature energy gap Eg and its dependence on composition was

determined. This ‘.was ‘pe'rformed using the wavelength wmodulated
reflectance technique, ;13 ind:_l:cated in -Chapter 5_. Eg shoueld a linear
increase when the Mn -concentration is increase§- Also F.'g showed
optical bowing behaviour When Se was replaced by*Te (or vice versa)..

Temperature dependent energy gap measurements carried out on

-

the Cdl__anzSe edge, showed an increase in the eherg-y gap values, when

f...lowering T, larger than that normally obtained with a nommagnetic

—

semiconductor. This was attributed to magnetic effects contribution to
the energy gap, resulting from the presence of the’ Hn2+ spins. Other
consequences of tRe pr:'esence of Mn, 1s the observed. decrease in the
valence band crystal-field and spio-orbit spl‘fftings wvhen z was
increased.  The latter could be accounted forn on the baals of Mn

A

d—orbi:éls admixture with normal p-ofi:i:'ails fom.i:ng the valence band.

Ny
I
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The ‘fractiona_l d-like character in the .vale_nce‘and its dependence on z
were estimated.

In Chapter 6, magnetic properties of Mnée compound and of the
single-;;hase alloys' Uil:h- cubic NaCli-type stfucture, were discussed.
The thermal hysteresis and énomalies exhibited in the .magnetic
suscéptibility of-;hese matéfials.uas attributed to be due to a low
temperaturle incomplete | phase trangsformation to an
antiferromagneticelly ordered hexagonal NiAs-type structure. Thij
phase trahsfomtipn vas f;ﬁnd to be strongly influenced' by the

substitution of Mn by Cd, especially for Cd anzSe (1 <z < 0.85)

1-

alloys. From the ESR linewidth dependence on temperature, we were able .

to estimaté the Neel temperature TN values for the cubic phase of}.all

concerz;ed_samples. Also by fitting the linewidth variftton with T o a

modified Huber's equation, we were able to evaluate the paramagnetic

temperature © and the critical exponent &« which is assoclated the

paramagnetic- antiferromagnetic phase 'trﬁnsition occurring at TN.
Finally, we strongly feel that this investigation of the
(Cdl_anz)(Te‘l_ySey) system presented in this thesis, has ylelded

valuable information which was very‘uséful in giving better

understanding of some aspects of the physical behaviour of this

intriguing new class of materials called semimagnetic sem conductors.

-





