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A study. of some- crystallographic, optical and magnetic properties of the
. _ \ :
pscudo-ternary alloy system Zn?_x(Culn)yanzToz is presented in this report.

Polycrystalline samples of this alloy system were prepared from the elements by the
standard melt and anneal technique. A total of 60 different alloy compositions were made for
the experiments described in this work. Debye-Scherrer x-ray powder photographs were *
obtaincd_ for each sample to check the homogcncit;: The latﬁcé parameter a, determined from

- the photographs were plotted as a function of composition and thus the range of zinc blende
single phase, chalcopyrite single phase and two phase fields were found. Fitting of lattice
parameter values was done by using a simple empirical equation and \thls was used 1o draw;

contours of constant lattice parameter. TN
" Energy gap values Eg were investigated by using the optical absorption technique

for all samples in the single cubic phase and for some in the chalcopyrite phase. Values of

o

Eg for these phases were plotted as a function of composition. These energy gap valucs
¢

- extrapolated to different a points at z=1.0 and it is clear that these aiming points of Eg Vs Z

lines vary with the structure concerned. This fact can be used to determine or confirm the

boundaries of the various fields.
Measurements of magnetic susceptibility were carried out using a SQUID

magnetometer in the temperature range 4.2 < T < 250K. From these, values for the spin

glass transition temperature, Tg and for the Curie Weiss temperature , 8 were determined..

These parameters were plotted as a function of composition. The results indicated that
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despite the. apparent single phase appearence of the x-ray photographs, two different |

magnetic phases were found and these were attributed to crystallographic ordcring. of the

manganese atoms. For many samples, thc susceptibility measurements showed two -~ —- -

-

transition temperatures, the lower one was attributed to the disordered structure and the
higher one to the ordered structure. The variation of these transition temperatures with z

produced different lines for the chalcepyrite and cubic structures. A study of thl: exchange

interaction using these 'I‘g values for the aisordci‘cd structure suggested that the magnetic
. A
spins were coupled to each other indirectly through antiferromagnetic superexchange. This

invoved a virtual transition between the valence band and non-localized Mn 3d band.
Nearest and next nearest exchange parameter values, J; andJ, were predicted using this

exchange mechanism and they agreed fairly well with those determined previously fr.om
other types of measurements. |

The ESR spectrum was studied as a func—tion of temperature. Two lines
corresponding to the ordered and disordered structures were observed. The variation of the
ESR linewidth with temperature indicated that the disordered phase showed spin glass

behavior. The structure of the ordered phase has not as yet been determined.”

-——
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Chapter 1

During the past several years the materials which are known as "semimagnetic
semiconductors” have attracted & great deal of attention for several reasons. This new group
of scmiconnducting materials are defined as either semimagnetic semiconductors (SMSC)
which was suggested by Galazka (1) or diluted magnetic semiconductors (DMS) named by
Furdyna (2). These semimagnetic semiconductors can be obtained by replacing some

non-magnetic ions in a semiconductor by a magnetic ion such as Mn, Fe , Cr etc. The most

common examples for SMSC are Cd; _, Mn, Te, Zn)_,Mn,Te, Cdl_zM_nzSc, Hgy_Mn,Te,

and HglthnzSc. The range of composition of the abpw;_ SMSC are z £ 0.7, z<0.78,

2<0.3, z £ 0.5, and z < 0.3 respectively. The ranges given correspond to compositions in
which good quality single phase crystals have been actually grown and used in rcgcal-ch/(Z_)./
These materials can in several instances be synthesized up to somewhat higher values of z

(2), but when the Mn content exceeds that shown above , the crystals of these alloys tend to
be of poorer quality and or to contain precipitates of other phases (e. g. MnTe, MnTe, ).

Semimagnetic semiconductors are thus the solid solutions between ordinary semiconductors
for which z=0 and magnetic semiconductors for which z = 1.0.. If the process is rcgardcd‘
a(s/ dilugion of a magnetic semiconductor,with a non magnetic component, we can refer to
. them as diluted magnetic semiconductors.

As with the large majority of these SMSC in the literature, in the present work\Mn
has been uscﬂ as the magnetic component in the alloy systemAs a result.of introducing

magnetc ions, interesting magnetic and optical properties can be obtained. Since manganese

contains five bound and unpaired d electrons, it gives the atom a net magnetic moment. The
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interaction of these electrons with cach other as well as with the band c{c'ctrons ;vi.a exchange
interaction, gives rise to interesting magnetic and magneto-optical  properties.
Antiferromagnetic interactions between manganese ions distributed randomly with
non-magnetic ions can lead to interesting magnetic behavior such as the spin glass effects
predicted theoretically (3) and observed in Lhcsq materials (4-5). “Numerous types of
measurements have been made (6-7-8) on these materials. Optical energy gap, magnetic
susceptibility, low temperature specific heat and electron spin resonance are some of the

measurements that have been done by the researchers mentioned above. Some of these

measurements have been extended to pseudo-ternary systems such as CdenyanTc,
'd

Cd,Zn Mn,Se (x+y+z = 1 ) with 2 zinc blende structure. If the alloy so produced is to be a
X Z

semiconductor, then the ratio of electron to atom must be conserved. That is on the average ,
the magnetic ions must replace non-magnetic cations of the same valency. Most of the work

on such alloys (1-2) has been concerned with replacement by manganese of the divalent
clements Zn, Hg, g'f_d etc. ( €.g. Zn,_,Mn,Te ). However it is possible to produce similar
alloys from chalcopynite I II V1, compounds, the temary analogs of the I VI compounds. If

the paramagnetic ion to be introduced is divalent Mn, then to retain the ratio of clectron to

atom, I and Il cations have to be mplhccd by two manganese atoms giving alloys of the form
.\\’fﬁnl_zmﬂzzn? Examples of these alloys are Zng, (Culn)Mn,, Te,, Cdzx(CuIn)yanz'I:%
andlCde(CuGa)yMnZZTcz (x+y+uW,va systematic study of the properties of

‘ anx(CuIn)YMn:,lToz over 2 broad composition range has been undertaken.
In a temnary system, phasc cquilibrfa can be givenasa fur:cti'on of temperature with
two compositions asindependent variables. If any pseudo temary alloy i:s described as
AxByCzD with x+y+2z= 1, then the comp‘ositions of the alloy can be represented by a triangle

as shown in Fig ( 1.1 ). Each point in the triangle represents a particular value of x,y and z

—
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(CD)
an'l'e2

z=1

Zn,Te, ' z=0 CulnTe,
x=1 =1
(AD) (BD)

Fig (1.1) Triangular Coordinate System. _
Any point ‘P’ in the diagram represents a sample of
composition (x, y, 2).



and hence a particular composition. Three binary alloys A; B,D, Al_zCrD.and B,,GDar
given by the edges of the triangle while the pure compounds AD, BD and CD are shown at
each corner. Therefore in any case, any two p;opcnics of the material can be controlled
independently of each other. Also, any isothermal section of the three dimensional model is
thus an equilateral triangle on which the phase cq.uilibriilm at that tcmpc-ratum can be depicted

in two dimensions. In the diagram for the present system, the pseudo binary SMSC alloys

Zn, Mn_Te and (Culn); ,Mn,, Te, are represented by the left and right edges respectively
while the bottom edge represents Zn,_(Culn),_,Te,. The pure compounds which are MnTe,

Zn Te and CulnTe, are shown at each comer of this equilateral triangle. For the remainder of

this thesis, a sample with a particular composition will be referred to by a label of the form

(x, ¥,z ) where x, y and z are the percentages of Zn,,Te,, CulnyTe, and Mn,Te,. Note also

that any straight line from the comer where MnTe occurs, to the ZnZX(CuIn)l,xTcz cjdgc

represents a particular y:x composition ratio.

limit of solid solution. First, the method of preparation of sdmples followed by the
introduction and description of the two structures zinc blende and chalcopyrite is given. The
next section is concerned with the x-ray analysis of the samples which allows us to determine
the range of solid solution. The main feature in the calculations of accurate lattice parameter
values by x-ray photographs is indicated.

Chapter 3 gives the study of the variation of the energy gap with the composition for
both zinc blende and chalcopyrite materials by optical absorption. First, a brief introduction
wit!l the theory is presented and the experimental details of the preparation of samples for

abs&;}fi?m measurements is discussed. In addition to these results, the values of energy gap
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pro'édc useful information about ordering in the lattice. 2
The main aim of the work described in chapter 4 is to invcstiga.tc- the magnetic
propértics of the samples. In this chapter, low ficld measurements of magnetic susceptibility

will be studied as a function of temperature in the range 4.2 to 250K on all the samples in

single phase regions. Values of the spin glass temperature T, and Curiec Weiss tcmpcraturce

are presented. The values of Tg are initially analysed in terms of an equation proposcd by

Escorne et al(9). Finally interesting information about the cxchaﬁgc interaction is obtained
by tising a modified Escomne type plot. For many samples, the susceptibility measurements
give two transition temperatures, the lower one corresponding to a disordered structure and
higher to an ordered structure. The variation of these transition temperatures with manganese
crgmposition gives two different lines for the ordcrcd_ and disordered cases for both zinc
-!;lcndc and chalcopyrite structures.

The last chapter deals with some ESR measurements on these samples. In this case,
ESR measurements made on the manganese ::onstitucnt of ZnZX(CuIn)yanzT% covering the

~ whole range of solid solution will be discussed. The measurements were made as function of
temperature below 300K. Thc results will be discussed qudiﬁﬁdvcly since the form of the
results was complicated by the occurrence of both ordered and disordered phases in the same
sample. As a result, it was not p\c}ssible to investigate the variation of ESR linewidth with
temperature. Finally an overall discussion of all the measurements will be given in chapter 6.
To carry out the measurements listed above, a large number of samples of different
compositions were required. Polycrystalline samples were used because it would take a very
long time to prepare so many single crystal samples. Previously, comparison of the results
obtained from polycrysr?llinc samples yﬁh those obtained from single crystals showed that
there was no significant'difference in the case of measurements of the type made here. The

work discussed in this thesis is part of a larger research programme involving a range of



alloy systems including
| Cd,Zn Mn,Te, (;0)
| Cdp(Culm)Mny, Te,  (11)
Cdp (CuGa) Mny,Te,  (12)
Cdzx(AgIn);l;/—InhTQ (13)
| Cd,ZnMn,Se, (14)

L] - . - - - \
To discuss some of the measurements described in this thesis, it is often necessary to include
results obtained by other members of the research group. Wherever this is done,

appropriate reference is made at each point. , I



2.1 Introduction

' 'L.nal}oy can be defined as a combination of two or more metals or of metals and
non metals. Depending on the composition and temperature, a single phase or amixtur;of
phases can occur in the alloy at equilibrium and under a constant atmospheric pressure. In
order to study any physical property of an alloy, it is necessary to determine .the range of

single phase solid solution and this .certainly applies to our alloy system

Zny,(Culn) Mn,,Te,. The boundary .edges of the triangle Zn; ,Mn,Te, and

(Culn), Mn,_Te, which as mentioned earlier in chapter 1 have been studied previously

show a wide range of solid solution (10-11).

In the present alloy systczﬁ, it is seen thét t'wo single phasclregions occur, the'zine
blende structure and also a small region of chalcopyrite structure. The isothermal section of
the Zn,, (Culn) Mn,, Te, phase diagram obtained during the cxpcrimcnta% studies of solid

solubility is presented in this chapter asa function of thezandy variables.

2.2 Zinc blende and Chal ite Crvstal S
The crystal structure of zinc blende is dmg‘ed from the tetrahedrally bonded diamond
structure, Fig. (2.1 a). The Bravais lattice is f.c.c.. The dia.monc-l' structure may be viewed
as two f.c ¢. structures displaced from cach other by one quarter of a body 'd.iagona}.
The cubic zinc sulfide ( zinc blende ) structure results when zinc atoms are placed on one
® f. ¢. ¢. sub-lattice and sulphur atoms placed on the other f.c.c. sub-lattice as in  Fig.
{2.1b). The conventional unit cell is a cube. Tumning to the system with which we are

¥

~
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Fig (2.1b) Crystal Structure of Zinc Blende
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dealing here, for the cubic alloys one of the f. ¢. c. sub-lattice is occupied by the cations and

3

the other sub-lattice by the anions with an average of four valence electrons per site. The

-

coordinates of the cations Zn, Cu, In and Mn are:

11 1

00, 033, 303

The coordinates of the tellurium anions are:

- 111 133
444444 3 >

About each cation (anion) there are four equally distant anions (cations) at the comer of a

rcgula} tetrahedron. Another feature of these structures is that the diamond structure

possesses a centre of inversion symmetry at the midpoint of each line connecting the nearest

neighbour atoms while the zinc blende structure does not.
In the case of the [ 11l IV, compounds and alloys, the structure is also adamantine.

However, because of the ordering of the constituent cations, the symmetry of the unit cell™™
does not remain the same. The materials have a body centered tetragonal structure with a
ratio of ¢/a £ .2.. This structure is known as chalcopyrite and it is illustrated in Fig. 2.2. A
few common examples of this structure are CuFeS,, CulnSe,, CulnTe, and AglnTe,. 'f‘hc
unit cell of chalcopyrite contains sixteen atoms as compared to eight for the zinc.blende
structure discussed above. In the chalco:pyritc structure there are two cations
sub-lattices, each occupied by one type of cati(}é, and one anion sub-lattice. In the present
_system, cach of Zn, Cu, In and Mn is tetrahedrally coordinated by four Te atoms while
“¢ach Te atom is tetrahedrally coordinated by a mixture of ations as shown in Fig. 2.2 by
the double iincs. Far %1f12x(7(3uIn)i(MrLzl'I‘c‘Z the ratio of ¢/a for the c_bzgco;;yrilc phasec was

found to be 2 in all cases.



of Chalcopyrite

Fig (2.2) Crystal Structure
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w To study the various properties of intetest in the present work, about sixty samples
- were made with different compositions using the melt and anneal method, the constituent

elements being sealed under vacuum in small quartz tubes. Approximately one gram of each
.samplc was machusing a'ppr"opriatc weights of the elements in the alloy. The segments of ©
quartz‘ tubes used for these samples were about 5-6cm long and had a diameter of 0.7
cm. It was found that. some of the elements, particularly the manganese, react with quanz to
some extent during the melting process. To prevent this, the interiors of the tubes were
carbonized in the following way. First, one end of the ampoule was scaled. Then a picce of
absorbent paper was soaked in acetone and placed in the open end of the ampoulc.r The
sealed end was heated over an open flame. As soon as the concentration of acetone vapour

was hig}l_qpougﬁ,'a layer of red hot carbon would start accumulating at the hot end of the

- tube. The heating process was continued until the carbon layer was thick enough to be

opaque .'undcr a strong light. : .

Having been carbonized and filled with the required elements,the tubes were sealed
under a vacuum of about 10" mm Hg. Then thcsc- ampoules were placed in a melting
furnace and heated to 1150° C and kept at this temperature for 10 - 15 minutes. During this
process the samples were shaken to make sure tl;at the contents were mixed properly. The
furriace was then switched off and the samples were left in the furnace to cool to room
temperature. 1'1’1-1-5 procedure helped to avoid breakage of the quartz upon solidification of the
alloy. Then .thc samples were transferred to an anncaliné furnace. The chosen annealing
temperature depended on the melting points of compounds concerned and for the present
system was 600° C for all But a few samples. The Debye-Scherrer x-;'ay powder

phetographs of these particular samples showed a blurring and faintness in the high angle

o
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lines and it was‘found that to obtain a good equilibrium condition in the samples longer
- anncaling times or annealing at higher temperature was needed. Therefore these particular
samples were annealed at approximately 800" C. The samples were kept in the annealing
furnace for 3.; 4 weeks and then the furnace was tumed off and they were left to cool. This ‘
annealing process gave good solid samples which were used fo;' the various measurements

described below.

To determine lattice parameter values and the solid solution limits, Debye-Scherrer

x-ray diffraction photograpls were taken using CuK, radiation. A schematic

Debye-Scherrer camera is shown in Fig 2.3. It consists esséntially of a cylindrigal chamber -
‘witha light dght cover, a collimator to admit and dcf‘m:.lthc incident radiation, a beam stop to
- confine and stop the transmitted beam, 2 means of holdiné the film ;ight]y against thf inside
circumference of the camera, and a spccifncn holder that can bc.rétatecli. The powdered
specimen was mounted on a thin glass fibre which wés fixed to the épccimcn holder. Sucha
photograph was taken of each sample to determine the equilibriumn conditions and the lattice
parameter values for the zinc blende and!ox: chalcopyrite structures present, and hence to find

the regions of single phase condition.

4X. o
As mentioned in chapter one, the compositions to be invcstigatcd\arc shown in Fig

(2.4). The lines were chosenas x =y, x =3y, x=T7y el. so thatthe valués could be easily
_compared. To calculate lattice parameter values the positions of the diffraction lines were -
measured using a travelling microscope and values of Bragg angle wnz calculated. It is
known that the angle so obtained need not be t,h‘c correct Bragg angle smace the diffraction
lines can be displaced from the true position due to various effects such as shrinkage of the

film, absorption in the specimen etc. To eliminate these effects. ; two methods have been
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Monochromatic
X-ray beam

Flg (2.3) X-Ray Powder Diffraction Camera.
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I\JlnzTe2

/ ' ¢

Zn,Te, \.——/ -

CulnTe2

Fig (2.4) Samples studied by powder x-ray photographs.

—————
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used, the Nelson- Riley (15) extrapolation and the internal calibration tcchniqfxc. Thesé two
methods are described later in this chapter, -
From the x-ray analysis, it was found that there were three different phase fields
involved in the the system, Eig. (2.'5_). The region between the dashed curve and the solid
curve represents a cubic single phase with zinc blende structure. The samples lying in the
. upper region of the triangle closest in coﬁposiﬁon to MnTe are two phases and contain zinc

blende and hexagonal MnTe phasSs. The field between the solid line and the comer which
represents CulnTe, was found to be single phase with chalcopyrite structure. A small

number of two phase samples were measured to determine the single phase limits and all

further measurements were made only on the single phase cubic and chalcopyrite samples,

2.5 Analysis for the cubic Zine blend

Once the cubic powder pattern has been indexed, the lattice paramcicr a, can be

determined by using the Bragg condition for diffraction and this is given for the cubic casé

a=J—Jh2+k2+12 (2.1)

2sinB

by the expression:

where ©is the Bragg angle, A is the wave length of the radiation, (hkl) are the Miller
indices for individual scattering planes, and N = h2 + k2 + 12 is an integer. In a simple
cubic lattice, any possible set of hkl values can occur, while for f. c.c. lattices only

- - certain N values are allowed. Foranf, c. ¢. lattice, h, k, and I values should be either all
even or all odd (16} for diffraction maxima to occur. Therefore the possible values of N in
the zinc blende structure are 3, 4, 8, 11, 12, 16, 19, 20, 24, 27, 32, 35, 36, 40, 43, 44, 48,
51, 52, 56 and 59 etc. Also the indices satisfy the conditions
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h+ek+l=4n L (Fp)?= 16 (£, +fg )2

h+k+1= 4n+2 Lo (Frgp?= 16 (f4-f5)2  (2.2)

h+k+1=2n+1 Toe (Fpp)? = 16 (£,2 + f52)

giving the strong and the weak lines where the intensity of line I is proportional to the square
of the structure factor (Fyy, ) and the atomic scattering factor f A fp, For example, the strong

and the weak lines can be written in the following way.

h+k+1 = 4n 220 400 422 etc. (strong )
g

h+k+1=4n+2 . 200 222 420 ete ( weak )

h+k+l=2n+1 111 311 331 ete ( strong)

where n is an integer.

It may be shown that the effect due to the absorpton vanishes
L]

at 9=90° The procedure usually adopted for the cubic materials therefore, is to derive an

apparent cell dimcnsion a, for 2 number of lines on the photograph and plot these values
against a suitable function of the Bragg angle 8 to give a lincar extrapolation to the value

corresponding to 6 = 90% . This is the Nelson - Riley method and the semi- empirical
function used is

2
cos @ -~ 05’0
—~a ¥
sing -9

1
f8)=— 2.3
()2{ } 2.3)

In any case, it niust never be assumed that the process of extrapolation can automatically

produce a precise value of lattice parameter from careless measurements made on film of
w0
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poor quality. For high precision,the high angle lines must be used and the lines must be

>

sharp and the K, doublet should bc well resolved at high angles. In the present work, the

wavelength used for all x-ray photographs was 0.15405 nm. In the case of the chalcopyrite
materials, if ¢/a = 2 the photographs are very similar to the cubic case and with only one

apparent parameter, the method describe above can still be used in the analysis. Howc\gc:;'ro{

samples with c/a = 2 it is difficult to use the Nelson - Riley method to determine two or
more accurate parameter values. Thus another method is used, this being the internal
calibration method. In this method, an intemnal standard sample with an accurately known

parameter is mixed with the sample being investigated. Then values of Bragg angle for both

materials are calculated. A correction curve Asin?® vs sin?®  to allow for absorption

effects etc. is calculated from the data for the standard material. Hence the corrected values

of ’sinze for the unknown sample are then obtained which a.llow;vs accurate ;ialucs for the
lattice parameters ;o be calculated. In the present work only the Nelson - Riley method was
used since - for all of the chalcopyrite samples c¢/a=2 and so the analysis was the same as
for the cubic materials as indicated below.

The two structures of zinc blende and chalcopyrite are such that they have the same
atomic positions. Therefore all the ;ii.fﬁ'action lines due to the zinc blende structure will occur
in r}g x - ray films of the chalcopyrite sa.mplis. In addition to these -zinc blende structure
lines, a set of ordering lines corresponding to the chalcopyrite structure will occur. This can. ‘
be discussed in the following way. For chalcopyrite materials which have the tetragonal |

structure, the Bragg condition is given by
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If the same value of sh‘fe is to be obtained for both the chalcopyrite and cubic structures

when cp=2c., then we must have Iy = 21.. Thus lines which are labelied hkl, in the cubic

& case will be hk2],. for the chalcopyrite case. i.e. the chalcopyrite photographs can be initially

analysed with chbic hkl and then all I values doubled. If we consider a diffraction line which

appears in both structures, for example N = 19, this corresponds to the 331 diffraction line

P

——

' N -
for zinc blende and to the 332 line for chalcopyrite. For materials with c/a # 2 this line
would split into two and the other set of hkl would be 316. Since the chalcoﬁyritc samples in

the present work was c/a = 2 only one line was obtained. If this method isused for the

chalcopyrite ordered lines, it is found that half integral 1 values are obtained indicating that
the 11 value is odd. For example, if an ordering line on the basis of a cubic analysis has a N
value of 1.25, then it must have hkl, values of 1,0, 1/2. The corresponding hkl

values for the chalcopyrite structure are 1,0,1 obtained by doubling the 1. value. Table

(2.1) illustrates the possible combinations of the values of hkl for both the zinc blende

and chalcopyrite structures.

27 Results

- =  The variation of lattice parameter values with manganese composition- z is shown
in Fig (2.6). Each line represents a different x :y ratio. It is seen that firstly, the cubic
lines are straight within the limits ;f experimental error and‘sccondly, all of th;: cubic lines

can be extrapolated to a single point with a value of 2 = 0.634 nm atz = 1. This point
)
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Table (2.1) Possible combinations of hkl values for zinc blende
and chalcopyrite. '
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Fig (2.6) The variation of iattice parameter with z for different x:y.
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specifically indicates the lattice parameter that MnTe would have in the zinc blende form. The
limits of solid solution for the x = 0 edge andthe y = 0 edge occurat z=0.76and z=0.56 .
respectively (10-11).  This is represented by the suddenlgveling off of the a vs z graph at
the phase boundary lines drawn in Fig (2.6). The same behavior occurs for the other lines
in the diagram. Since th¢ composition of the zinc blende phase rcn'fains constant for a
particular x : y ratio, the value of theJatFIce parameter will remain cc;nstant and equal to the
lattice parameter of the last single phase ‘matérial on that line. Therefore, by mcasuﬁng the
lattice parameters of the zinc blende phase of various samples, one can determine the
position of the horizontal linesin Fig (2.6). Thus this will give the position of the limit
between thesingle phase and two phase regions by extrapolating back to intersect with the
original fitted lines. The boundary is: illustrated in Fig (2.6) by the dotted curve crossing the
intersections of the fitted lines and the hoﬂzontal"ﬁhi?s._l;/z—fﬁé_e‘ﬁir;mctcr values for the
samples having the chalcopyrite structure did not lieon a Sﬂ'ai;l? line against z. Those
chalcopyrite samples are shown by dashed lines in Fig (2.6).

-‘- Fig (2.7) illustrates the variation of lattice parameter values with y for various
values of constant manganese concentration, z. It is seen that in the cubic field these lines
are parallel. The chalcopyrite field in the system is represented by the region enclosed by
dotted lines. The line which was drawn intersecting all the lines at the points where x=0
was extrapolated to y = 0 to obtain the lattice parameter of hypothetical zinc blendeMnTe

structure with a value of 0.634 nm as mentioned carlier. The lattice parameter value of
CulnTe, is given by the point at y =1 and the value is 0.621hm. These values agree with

the previous results  (10-11)  within the experimental limits.
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Having studied how the lattice parameters vary wlith theconcentration z and vy, it
may be very useful to find a mathematical expression which represents the variation of the
'latﬁcc paramc@ith compositic. One-advantage of doing this is for predicting values of
the Iattic‘c parameter for intermediate compositions.;. Since the various graphs plotted have
shown that the lattice parameter varies linearly with composition ( except for the
chalcopyrite samples ): ‘a general power serics, considering only linear terms can be used to
represent the va:ia’uTon of lattice parameter with composition in the cubic ran’gc.‘ In this work
the following convention was adopted. From Fig (2.6) and Fig (2.7), itis clear that the

lattice parameter values show a linear variation with z and y and this can be given by t

a(z,y)=A+By+Cz {2.6)
;

To predict lattice parameter values for gcnc_rahl alloy composition, Williams et ale
(17) proposed a method using an interpolation formula. Using the nomenclature of

Williams et al, let a parameter Q have values of B;, B, and B, for the compounds at the

/_ -
arners of the triangle and then the values along eachygdge may be written as Tj;(x) where

Tij (x)' = xB; + (1-x)B; - x(1-x)C;; 2.7)

D

wherei =1,23 and j =123 withi #j

*

For any point in the pseudotemnary system the value of Q may be written as

)



_-26H=

- T T. T.
. Q. y.2) = YT, + yzT,5(v) + xT;; W) 2.8)

Xy + yZ + ZX

whcmu,vandwarcgmby
(l-x+y) v_(l-y-o—z) w (l-z+x)

2 ' 2 ’ -2

* For the case of the lattice parameter value @, a linear variation is obéérvcd along the edges so
. ~ .

T
thatall Cj's are zero. Under this condition eq.2.8) reduces to'the Squation (2.6) with
'B,=A,  B,=A+B,  By=A+C 2.10)

o

A least square fit of the experimental values to equation (2.6) gives the relation-

a= 06102 + 0.0097y + 0.0227z nm (2.11)

" with a standard deviation of ¢ = 0.0014 nm. The constant lattice parameter contours

obtained by numerical solution of eq. (2.11) are presented in Fig (2.8).

ZED. a . .

The variation of the lattice parameters with composition is typical of all alloys of this
pseudoternary type so far investigated (10-11). The limits of sin\glc phase cubic arfd
" chalcopyrite solid solutions were dctcrmi‘ncd by x-ray diffraction. It is*seen that the
variation of lattice parameter with composition is linear in the cubic field but for the
chalcopyrite phase the variation appears to be non-lli'hcar. This latter effect may be due to

non- stoichiometry in the chalcopyrite materials (18).

.
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Fig (2.8) Values of Constant Lattice Parameter
The values indicated are In units of nanometers
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Results from other diagrams ( 11-13) and measurements of magnetic susceptibility -
and ESR indicate that ordering of Mn atoms can occur in parts of the cubic and chalcopyrite
single phase fields. However the variation of lattice parameter with composition gives a
smooth curve across the complete range and hence the limts of the ordered ﬁcid can not be
determined from the variation of the lattice parameter values. The range of the ordered sol_id‘
solution has been found from optical measurements and will be discussed in the next
chapter. |

. For the two phasc samples, the x-ray photographs show Iincs; which comrespond to
the hexagonal structure of MnTe. 'I‘hi: was confirmed by comparing these films with a x-ray
film of MnTe. In order to use the variation of lattice parameter to dcu:mﬁnc the phaSc
boundarics, as mentioned earlier itis insortant to remember thai ina §ing]c phase region the
lattice parameter changes smoothly and cqnu'nuously with cor;;osition. In a two phase
region one can always find " 'tic " lines along which the relative amounts of two phase
changes but the composition and hence lattice parameter values remain constant.  As

mentioned at thebeginning of this chapter the edges x = 0 and y = 0 which belong to

- o+

Zny M, Te (10) and (Culn), Mny,Te, (11) have been srudied previously and the present
results agree with the limits of solid sol'ution for those systéms as well as with the vatues _of
lattice parameter. Finally the variation of lattice parameter with composition was fittedto a . ’
suitable empirical equation and the accuracy of fitting was better than thc"-'avcragc
experimental uncertainty and from the fitted parameters contours of constant lattice
parameter were drawn. _

With regard to the accuracy of the various points in the lattice parameter vs
composition curves, the expected accuracy in @ depends upon the sharpness of the lines in
the x-ray photographs and should be in the range = 0.005 to + 0.01 A. However the
experimental scatter of the points is greater than this and the main Limit of accuracy is in the
values of the composiﬁon. The variation in this case has not been directly determined. But

~ from the graphs on page 22, the error in z could be as much as + 0.02.
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Chapter 3
Optical Mcasurements
31 Introduction
Having established the phase diagram of ZnZX(CuIn)yanzTeq__ other important
properties of these materials can be investigated in the single phase regions. The

determination of the optical constants of a semiconductor can provide a wealth of-

information about their band structure. It has been suggcstcdey various people (1-6) that

the energy band structure may be affected by 2 number of influences such as temperature
and magnetic field as well as by intrinsic effects such as the magnetic ion concentration.
Therefore,one_can obtain a range of possible energy gap v%qés for a given system by
varying the above properties. |

The optical measurements of semimagnetic semiconductors are powerful tools for
studying the energy band structure of solids, specifically the energy difference between the
top of the valence band and the bottom of the conduction band ( energy gap ). A common
way of observing the energy gap is by determining the absorption by transmission
measurements and this is the procedure used in this work. Since Eg is the minimum energy

for the transition of an electron from the valence band into the conduction band, the

a” - - - - - \ .
absorption spectrum is characterized by a strong increase.in the absorption cocfﬁimnt at

Eg=hn. :gag shape of the absorption edge is determined by the nature of the opﬁcal
transition between the upﬁer edge of the valence band and lower edge of the conduction
b'f;nd. In other words, the measurements of the fundamental absorption edge yield the
nature ( direct, indirect, allowed, fbrbiddcn ) c;f the u'a;lsiﬁon involved. If both band‘
extrema lic at the same point in the Brillouin zone, direct transitions are possible. These can
be separated into "allowed and forbidden " transitions depending upon the type of wave

function involved. One simple example of allowed transitions takes place, for example, if



N
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the valence band wave function is derived from p states of the ipdividual atoms, and the
conduction band function from s states. If the former were dcﬁ-vcd for example, fromd
states then since d—->s is a forbidden atomic transition, this would be considered a
forbidden transition which can be seen in solids. When the band #xutma lie at different k
values, only indirect transitions with phonon participation are possil;lc. The transitions
résponsiblc for this p}occss cannot be a znc step photon absorptio%{ process because the
photon has insufficient momentum. Since momentum would not be conserved, the change
in the momentum of the electron has to be taken up by a phonon which is either absétbed or
emitted. In direct transitions-the absorption edge is characterized by a very steep behavior
while in indirect transitions, the absorption curve is much more shallow.

" . Another method of studying the energy gap is by reflection measurements. This can
be very useful especially where transmission measurements are impossible due to the
excessive background absorption. However, in-thc prcscr;t work, all the direct energy gaps

were measured using the absorption technique.
32 T  Optical Al .

Experimentally, one can observe the intensity of the wave reflected from the surface
of the sample and/or the intensity of the wave transmitted through the sample. When a beam

of light of intensity I, is incident normally on the surface of a sample of thickness d, 2
portion I is reflected and 2 portion 1} transmitted. Considering the transmission intensity
for experimental conditions such that interference effects due to internal reflection are

negligible, ( which is the case m the present work because of the thickness of the sample)
the transmission can be expressed by ; .

—_—
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K ™

- (1-R)(1+ =) exp(-ad)
Tod oo n )
I0

1- R w:.cm‘

-

where R is the reflection coefficient and n and k are the refractive index and the extinction

cocfficient of the material respectively. Since k is much less than n near the absorption.

edge and the value R2 exp ( -2ad ) much smaller than 1 in the cases considered here, a

simple expression for the transmitted intensity can be obtained as

,. : =) a
;N L =1,(1~R")exp(-ad) (3.2)
Generally, the reflectivity varies slowly with photon energy and one may consider ( 1 - R?)
asa constant over the energy range of the absorption cdgc. Therefore the ratio I/ It which

depends only on cand d can be given in logarithmic form as

I
In «— =- @d- constant (3.3)

The theory of interband optical absorption (19) shows rha%lqua direct allowed transition,

the abso:pﬁon coefficient varies with the photon energy ‘hv according to the equation

\

M
' 2
ahv = A[hv - E;] (3.4
The corresponding result fora forbidden transition is
3
8

ohv = B[hv-E,] (3.5)
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Whetf the transition is indirect allowed, eq (3.4) becomes
- 2
o = Chv-E] (3.6)

‘where A, B and C are slowly varying functions of the energy and hv is the photon

energy. When the transition is direct allowed, the usual method of determining the value of -

—

E, involves plotting a graph of (ahv )2 against hv.

3.3 Experimental Procedure
The samples prepared by the melt and anneal process described in chapter 2

v

were used for these measurements. For the at;sorption work, the samples were cut into thin
discs about 1mm thick using a carborundum wheel. These discs were polished by the
following method. First, a disc was mounted on a brass rod using molten paraffin wax
as the adhesive. When the wax had cooled down and was ha.rd enough to hold the sample
tightly, the sample was polished on a rotating wheel with appropriate polishing powder
and water. Care was taken not to break the sample during the process by putting little

pressure on the rod and rotating it slowly. When the thickness had been reduced to about

100pum - 150um the sample was removed from the brass rod by dissolving the wax in hot
acetone. The polished su.ffacc was then etched in a solution of 99% pure methanol with
3% bromine by rubbing the sample on absorbent paper saturated with the solution until a
good polished surface was obtained. Care had to be taken so as notto break the sample
during this process which involvc& 2 - 3 minutes of the etching procedure. The sample was .
then ready for the absorption measurements and it was mounted on a brass plate which had

been suitably drilled so that the polished sample completely covered the drilled hole.
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Fig. (3.1) shows the experimental set up for the absorption measurements. . In.
this experiment, a2 30w tungsten ribbon lamp was used as the light source. A chopper was-
placed at the entrance slit of the monochromater, a Spex 1720 with interchangeble gratings
for the various wavelength ranges inv;:su'gatcd. The light from thcwsoun:c was chopped at
about 885 Hz. The brass plate with the sample was placed immediately in front of the
detector so that when the monochromatic light from the exit slit was focussed on to the
sample, all of the transmitted light would fall on the sensitive area. In general, a Dumont
6911 or an EM1 6255 photomultiplier was used as a detector. The output from the
photomultiplier was connected to a PAR 186 A Iock -in amplifier, the sensitivity of which
was adjusted according to the intensity of the transmitted light Some of the samples had
sufficiently low energy gap valut;.s,that wavelengths beyond the long wave limit of the
photomultiplier had to be used. In those cases , 2 biased PbS cell was used as the detector

* with 2 PAR 113 roll - off amplifier before the lock - in amplifier, since the signal from the
PbS cell was small. In all cases, the wavelength of the inéidcnt light was continuously

varied and the output from the lock-in was traced on a pen recorder.

34 Results
In order to obtain the absorption coefficient from ¢q.(3.3), the constant had to be -

determined. Dividing eq.(3.3) by the thickness of the sample d gives

11 1
ZIn2 = « -~ = constant G.7

d L
In addition to the constant term in eq.(3.4), thcrc will be background absoxpnon due to

scattering effects etc. which must also be allowed for. A typical curve of 1/dInly/I7 vs

hvis shownin fig. (3.2) for the sa.mp;lc with y=0.25, z=0.5 measured at 300K. The
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required valuec of @ can be obtained by subtracting from the measured values of lldlnIOII-f-

background values obtained by extrapolation from the region of the curve well away from the

edge. It was found that in all cases a linear extrapolation was sufficient for this purpose.

The resulting values of ¢ vs hv are shown in Fig. (3.2). With regard to the semimagnetic
alloys, since both absorption and reflection measurements have previously shown .(18)

that the transition is direct, equation (3.4) was used for the analysis of the absorption data.
Having obtained thevalue of & , a sccond graph (cthv)? vs hv was plotied. Fig. (3.3)

and Fig. (3.4) represent the variation of (chv)? vs ht for x=0.175, y=0.525, z=0.3.and

-x=0.45, y=0.45, z=0.1. The enecrgy gap was given by the intercept on the hv axis. The

intercept can be obtained by extrapolating the straight part of graph to the hv axis as indicated

L
in Fig. (3.3) and Fig. (3.4). It can be seen that the curves show appreciable deviation from

linearity at low values of (chv)Z due to some tailing effects. Possible effects include tailing
due to random cation arrangement (20) transitions involving optical phonons occurring

below the direct gap value (19-20), or effects of large impurity concentrations.  The range

of @ over which measurements could be made was limited

because with the polycrystalline material used, it was not possible to polish samples down

below a certain thickness before they disintegrated. However, at all compositions samples

r

were prepared which allowed 2 sufficient part of the linear region of the (chv)? vs hv line

to be drawn and so reasonably accurate values of Eg could be obtained.

=~ . The variation of E, with z for various lines of constant f=y/(x +y) is shown

H]
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in Fig 3:5) and E, withy for vaﬁous z values in Fig. (3.6). The top linc and the bottom
line mprc.:;cnt the energy vaniation on the two edges y = 0 [ ZnyMn,Te] (10) and

x=0 {(Culn); ,Mn, Tey ] (11). Itis seen that over most of the fangc of z the energy gap

‘varies linearly with z for each line. Itis alsoseenin Fig. (3.5) that the lines for f= 0.125
(2204), £=025 (2202), f=05 (z2005), f=075 (z2005), f=0875
(z20.05) and f=1 (z20.25) intersect at the single pointof 19 ev at z=1.0 agreeing

with a similar value obtained by Quintero for the Cdzx(QUIn)yMnZZTcz and
Cd.h(AgIn)yanzToz (11). This is thus the extrapolated value of I'E.g for a Hypothetical

MnTe with the ordered structure. The lines which represent £=0, £=0.125 (z<0.3),
f=025 (z<005), f=05 (z<005) and f=075 (z<0.05) extrapolate to
a value of 2.83ev at z=1 indicating the value which a hypothetical zinc blende MnTe

\yould have as previously obtained by Donofrio for CdenyanTc alloys (10). Another
significant feature of the variation in energy gap with z is thatfor £=0.875 (z<0.2) and
f=0 (z<0.3), ie. the chalcopyrite field, the values of Eg extrapolate at z=1 tc;
Eg=1.36cv, a value in agreement with the results obta._infsd by Quintero (11).

The reason for obtaining two different aiming points for zinc blende can be
‘cxplained in the following way . The line representing f = 0.125 shows a drastic change in
energy gap between z=0.3 and z = 0.4. This change suggests that there is a change in the
structure { phase change ) between the two points. Since enough information is not

available, it is not possible to sav whether this is 2 sudden change or a gradual change in

the structure. The other lines also had this property but it is difficult to observe since the
change is small. It is clear that the aiming point of the E, versus z lines varies with

structure concerned and «this fact can be used to give a fairly good estimate of the

& .
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boundaries of the various fields. Thus in Fig.'(3.5) cach value of Eg- on thé z={0line has
been joined to the zinc blende value of 2.83ev at z;l.Q. The points of intersections of
these lines with the comresponding ones through the experimental values for z 2 0.4
(f=0.125), z202 (f=025), 22008 (f=05), z20.08 (f.= 0.75), z2 0.15
(f=0.875) and 22025 (f=1) givea reasonable estimate of the boundary between the
zinc blende and the ordered cubic fields.

Fig. (3.6) shows the variation of the energy gap with y forconstant z. Itis seen

that for z = (), the variation is not linear. However, the variation of ngith y for

z=0.1, 0.2, 0.3, 04 and 0S5 sho.ws a linear relation within the limits of experimental
scatter. Each line has a change in slope ( cn;ccpt the line with z=0) which indicates the
prcs'cncc of the phase change seen in Fig. (3.5). Other than that, beyond the point atwhich
the change in sTope.occurs, the lines are parallel to one another within the experimental
lumts A similar congtructioﬁ has been camried out in Fig. (3.6) to give an estimate of the
ordered field boundary. In this diagram, the boundary limit is indicated by the point at
which the change in slope occurs on each line. The approximate form of this ordered phase
boundary is shown in Fig. (3.7)

3.5 Calculation of Constant Energy Gap Contours.

- Since in the ordered range, the energy gap varies linearly with z and y, constant
energy gap contours can be drawn easily using the same process as for the lattice parameter.
The empirical formula describing the variation of energy gap with z and y for this phase

¥

may again be written as

Eg = A+By+Cz (3.8)

Using a least square fit for all the experimental values of energy gap in the ordered field, the
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three unknown constants were obtained as

A =1.895%v-
'" B = - 1.155¢v i
C =-0.0842¢ev
This gives the relation
Eg = 1.8959-1.155y-0.0842z ev - (3.9)

with a standard deviation of o =0.035¢v. The energy gap contours for the ordered phase
field shown ifiFig. (3.8), were obtained by numerical solution of equation (3.9).

In fig. (3.6), since the energy gap shows 2 non-linear variation with y for z =0,
which lies in the disordered phase field, a more complicated expression would be needed for
" this range. There are insufficient points in the present work to justify making such an
analysis. Since in Fig. (3.5), the phase change where the break occurs between ordered and
disordered is fairly small for all lines except for f = (:).1?_‘5, therefore by looking at the graph
(3.6), the variation of energy gapvs y for z=0, one can cstixﬁatc the energy contours
between the lines y = 3x and x = 3y. This can be described as follows. Using the curve
Eg vsy for z=0 {Fig. (3.6)}, we can find the y values for equal energy increments such

as l.lev, l.2ev, 1l3ev ctc. For example, when Eg = l.lev, y = 0.68 and when

E,=1.2eV, then y =0.42. These estimated constant encrgy gap contours in the disordered
field are found to occur at the same positions as in the ordered field and thc;sc are illustrated
in Fig. (3.8). However, the energy gap contours for the samples with y < 0.15 in the
disordered field do not meet the energy gap contours in the ordered field because of the
" discontinuty in the energy gap values shown for the line f = 0.125 in Fig.(3.5). In this case
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only one contour for E,, = 2.0 ¢V has been roughly estimated.

Turning to the chalcopyrite materials, as mentioned earlier, the system has only a
small region of chalcopyrite and hence little informaion on the energy gap variation has been
obtained in this region. It is therefore not possible to give any significant constant energy

gap contours for that region.

-

3.6 Dj .
To carry out the analysis of the type of transition occurring in these alloys any

further, thinner samples are required, so that higher values of the absorption coefficient can

be obtained.

With regard to the variation of Eg vs composition in this system, it can be seen

from Fig. (3.5) that the alloys inside the cormnposition diagram have different aiming points
for different structures. In the range of single phase behavior, there is a field in which the
chalcopyrite structure occurs, a normﬁl zinc blende field in which the Mn atoms substitute
for non - magnetic cations in a random manner and a large field in which the Mn atoms tend

to order on the cation lattice. All of these phases are semiconductors and it is found that the
value of the optical energy gap I-:g and its variation with composition depend upon the

structure concerned. The ordered field occzms because in these alloys the paramagnetic Mn
ions order on the ca'tion sub-lattice. It is to be noted that the ordered field extends to near the
Zn; ,Mn Te edge so that more experimental work is required to determine the exact position
of the boundary. .

‘With regard to chalcopyrite samples, because of the limitations of the present
experimental system, no measurements could be made on samples with values of z £ 0.15.
For these samples, the energy gap is relatively small ( about 1.0eV ) and hence citﬁcr very

thin samples or a more sensitive detector would be needed. As mcntiongd carlier, since the
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alloys-are polycrystalline, they tended to crumble while being removed from the rod and
very thin samples were not possible for the chalcopyrite alloys. As a result, 'in these cases,
+ the background absorption is so high that no aﬁsorption edge could be observed. Since the
present chalcopyrite region is small, only a few energy gap measurements were made.
Because of the non - linear variation of the energy gap with y forz =0, a linear expression
can not be used to represent the variation of energy gap with composition in this range. All
of these alloys have Mn distributed throngh the cation sub-lattice and so ‘shdw behavior
typical of semimagnetic scnﬁconductors. The occurrence of these ordered and disordered

structure will be discussed in chapter 4 and 5 which describes thc magnetic behavior of these
alloys.

With regard to the accuracy of the various points sﬁown in Fig. (3.5) and Fig. (3.6),
a similar consideration appcars as discussed in pagc 28 for lattice parameter values. For any
given sample, the accuracy in E should be no worse than + 0.05¢V. (see Fig. (3.4)).
However as shown on page 28 the accuracy in z etc. is appmxiri.latcly +0.02 and hence both
parameters have about equal effect in producing experimental scatter in the E, vs composition

graphs.



-50-
Chapter 4
M Sy ihility M .

4.1 Introdution
The presence of thc—magnctic atoms is responsible for the magnetic properties of
these semimagnetic sci'iﬁconductors and in most cases these magnetic ions are randomly
distributed over one or more cation sub-lattices. The properties seen in susceptibility and
ESR measurements are determined by the interaction between the magnetic ions, which in the
case of manganese have a magnetic moment of five Bohr magnetons since the half filled 3d5
shell &Y the ion contains five clectrons with aligned spins. Atomic theory has shown thai
' the magnetic dipole moments observed in bulk matter arise from two origins, one is the
motion of electrons about their atomic nuclei ( orbital angular'momcntum ) and the other is
*  the rotation of the clectron about its own axis ( spin angular momentum ). According to

quantum mechanics, the magnetic moment associated with these two momenta of an atom

can be written as
Ky = -gupt (4.1)
where g is the splitting factor which is given by the Landé formula

JA+D+ S‘(S+I) -L{L+1)
21 (J+1)

g = 1 -+ (4'2)

Ky is the Bohr magneton {et/2mc} and J is the additional quantum number which

determines the total angular momentum due to-the vectorial combination of the orbital and

spin angular momenta. The vector addmon of the quanturn numbers results in only partially
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filled electronic levels possessing a non-zero resultant momentum. The five unpaired 3d
clectrons of manganese results in a v_:aluc of spin momentum, S,equal to 5/2. In a solid, the
orbital angular momentumn may not contribute anything to the total angular momentum
because it is quenched by the crystal field. Therefore eq.(4.2) can'bc simplified by using this
result, which then gives g = 2.

Since the manganese ions give a net magnetic moment, the solid shows a magnetic

behavior which depends upon the type of interaction between the magnetic moments. One

useful way to investigate this magnetic behavior is to measure the magnetic susceptibility %

which is definéd as the ratio of the magnetization M ( magnetic moment per unit volume ) to

the applied field H . k

‘M
=¥ (4.3)

All magnetic materials can be catz.goriz.cd into three main groups. For the first one,
diamagnetic materials, the susceptibility is negative and the temperature T does not enter
explicitly into the formulation. Since all matter contains electrons moving in orbits,
diamagnetism occurs in 2ll substances. For the second group, which are known as
paramagnetic materials, Curie (22) showed that the susceptibility is temperature dependent
and field independent. The susceptibility of 2 paramagnetic material is positive and according

to Curie' s Law, is given by

2 L
Cc NgpgJ@d+l) ~
X= g ———— (4.4)

3kpT

where C is the Curie constant, N is the number of magnetic atoms, kg is the Boltzman



constant, T is the temperature in Kelvin and g is given by eq. (4.2). Paramagnetismisducto |
the existence of permanant magnetic dipolés which are randomly oriented. In these materials
the| interaction between the spins is negligible. There is no net magnetization in the absence
of afield When a magnetic ﬁcld.is applied there is net dipole moment in the direction of the _
field giving risc to a wcak magnetization or paramagnetism. When dipolc-dipolc interaction
is negligible experiments showed that paramagnetic materials obey Curie's Law as defined
by eq. (4.4).
However, some materials have susceptibilities that can be fitted to the equation
K\ X = ;C-g (4.5)

-
-

where @ is a constant which depends on the interaction between the atomic magnetic
moments. This may result m some kind of alignment or correlation among these various
moments or spins in the lattice at low tcmpcraturcﬁ. This third category includes three
important classifications. If the atomic moments are .aligncd paralle], then the substance is

said to be fmomaghctic. As aresult, at low temperatures a spontaneous magnetization exists
in the material. Above a critical temperature T which is known as the ferromagnetic Curie

temperature, the spontaneous magnetization vanishes. In this type of material, the

paramagnetic temperature 0 is positive. An antiferromagnetic material is a substance in

which an antiparallel arrangement of the srongly coupled magnetic dipoles are favoured.

The Curie temperature T of ferromagnetism has its counterpart, the Neel temperature, that

is, Ty is the temperature above which the antiparallel arrangement of the dipoles disappears.

This behavior can be described by equation (4.5) with 8 < 0. An antiferromagnet can be
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illustrated simply by a body centered cubic lattice which can be divided into two sub-lattices,
one represented by the body center .sitc and the other by the corner sites. Each
* sub-lattice contains an internal paraliel alignment but the direction is opposite to the other -
sub-lattice. The final classification that fﬂls into the third category is fcﬁimagnct.ic
materials. These are materials which below a certain temperature possess 2 Spontaneous
magnetization that ariscs from an anﬁparallcl arrangement of the strongly coupled atomic
dipoles. In this case, the sub—latﬁcc'magnﬁﬁzations are not equal and there will be a net
magnetic moment. _

Over the last two decades another distinct magnetic state known as spin glass has
been recognized. Spin glass bchavi& was first observed in fairly concentrated alloys of iron
in gold (AuFe) and mangaﬁac in copper _(CuMn). In these materials the spins interact with

each other in a such a way that when the temperature is low enough, for this interactionto "~

overcome the thermal agitation, the spins freeze into 2 completely random configuration (3).
To explain the behavior in spin glass-materials, a new concept "frustration” was suggested
by Toulouse (23). Frustration occurs when th&c is a conflict in the interaction between
spins. In the typical SMSCmagneticions distx;buzcd at random over the f.c.c. sub-lattice
interact antiferromagnetically with each other. For any given magnetic ion, these
interactions result inlcontradicﬁng demands concerning the spin direction of aé magnetic
ions. Consequently at T < Tgpin glass, all magnetic ion spins are frozen in random

orientation. In spin glass materials the magnetic susceptibility measurements show a cusp

like peak at a well defined temperature Tg, the spin glass temperature and the behavior is

similar to an antiferromagnetic (24). The random freezing of spins -at 'I‘g was confirmed

by Mossbauer effects (25) and neatron diffraction (26) experiments.
| In order to understand this spin glass behavior one has to know the nature of the

-
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interaction between the spins. Before developing a theory of spin glasses, it 1s important
to construct a reliable model for the form of the interaction between spins. The interaction

can be described in terms of the Heisenberg Hamiltonian

H=-IJ;§ §; (4.6)

R . -
Here Jij is the exchange interaction between the ith and jth spin. The exchange interaction

can be classified into two forms, direct and indirect. In direct exchange interaction the
exchange energy appears from the above equation as though there cxlswd a direct coupling

between the two spins ( §; and Sj ) and this is illustrated in Fig. (4.1a). The sign of the

exchange mtcg'ral J;;, which depends amongst other things on the distance between the
interacting spins, determines the kind of a'lignmcnt of the spins. If the dchmgc interaction
is positive, then it leads to a ferromagnetic state and if it is negative it gives an
antiferromagnetic behavior. Indirect interaction occurs through an intermediary siich as
through the outer p electrons of a diamagnetic ion. An example of this type of exchange,
which is known as superexchange, would be MnO. In this compound manganese ions are
coupled together through an oxygen ion. -

Izhﬂutc solid solutions of a magnetic metal crystal ( such as Mn in Cu, Mnin Au)
the exchange coupling between the ion and the conduction clectrons has important
consequences. The ooﬁduction clectrons are polarized in the vicinity of the magnetic ion and
this causes an indirect exchange interaction between two magnetic ions. The interaction is

known as the RKKY interaction (Rudcrman - Kitte] - Kasuya - Yomda ). In this mcchamsm

the variation of h (r) with distance is illustrated in Fig.(4. lb) It can be seen :hat the

exchange inm:_:tion, Jij(r) oscillates with the distance and dies away rather slowly as the

N
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inverse cube of the dastancc from a given spin. 'I'hxs oscillatory interaction is- unportant for 3
undcrstandmg spin glass bchavmr in metals (3) The couphng between the magncnc
rnomcnt of spms can be cither ferromagnetic or antiferromagnetic depending upon their
scparanon. This results in & competition between ferromagnetic and antiferromagnetic -
interaction among the randomly distributed magnetic spins. This 'lr.-:ads to frustration which
requires these spins to freeze in a disordered fashion in order to minimize the energy of the
system. - | '

'fhc RKKY interaction occurs in metallic spin glasses such as CuMn etc., since they
have a high carrier concéntration (27). Hbﬁfcvcr, the present system belongs to the group
of materials which behave like insulators at low temperatures because of its large electronic
cﬁcrgy gap and low carrier concentration. It was pointed by Dc Seze (28) and discussed by
Villan (29) that a frustrated disordered system with only _z-mtifcrrornagﬁctic intcracﬁo;x can
give an insulating spin glass. The present system is one of the examples of insulating spin
glass with a zinc‘ blende lattice where manganesé atoms are distributed randomly.
Furthermore, in semimagnetic scxmconductors, since mangancsc ions interact only
antiferromagnetically, the observed spin glass phasc cannot bc ascribed to a competition
between ferro and antiferromagnetic interaction. Therefore a spin glass regime with only
antifcxmrﬁagnctic interaction was predic@ for an f.c.c. lattice due to frustration (21).

A possible superexchange mechanism that has been sugécstcd by various theoretical
work is known as the Bloembergen-Rowland interaction (30). In this mechanism, the
exchange intcrzction is a result of a virtual transition between the filled valence band a‘md-,thc
empty conducnon band. Recently, this aspect has received considerable theoretical attention
in SMSC literature. Another thcory which is known as Anderson - typc supcrcxchangc was
proposed by Goncalves de Silva and Falcov (32) to explain the magnetic properties of rare

carth compounds and this theory was extended by Geertsma et 2l-(33) to describe the

' -
L
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exchange mechanism in transition metal compounds. This will be discussed later in
some detail. One of the main objct;ts of our ihvcstigation of the magnetic susceptibility is to
try to identify which exchange mechanism is dominant in our alloys.

4.2 Experimental Procedurs:

Magnetic susceptibility was obtained by magnetization measurements as a function

of temperature in the range 4.2 - 250 K. A superconducting quantum interference device (rf
‘SQUID) was used to measure the magnetization. The magnetic flux sensor of such a
magnetometer is a pair of oppositely wound sﬁpcrcor;ducting coils coupled to an rf SQUID.
This instrument may be used to measure small magnetic fluxes (10711 gauss_cmz) very
accurately. For this set up only 2 small amount of sample (~20 mg) is needed and small
magnetic ficld would be enough to cause the roquxrcd induced magnctizatioh. If the sample
is placed inside one of the two coils, a change in its magnetic flux is sensed by the SQUID
which produces a change in'the output of the magnetometer. Fig. (4;25 shows a schematic
cross-section of the apparatus used to investigate the magnetic susceptibility in the present
work. This set up was mai igned by Dr. Gilles Lamarche in Ottawa Univergity. - In

this set up, an inside-out Dewar arrangement allows samples to be inserted through the pick

up coils. The inner dewar wis filled with liquid helium while the outer one contained the
unding the lower portion of the inner dewar which contained the
sample was a lead shield which prevented external stray fields from reaching the pick up coil
ri:gion. Inside the lead shield the magnetic field in a range between 25 -30 gauss was
supplied through the solenocid. A sﬁperconducring cylindrical niobium shield was interposed
between the solenoid and the pick up coils. This shield traps the field when helium is

- transferred to the dewar as well as p_;'oviding additional magnetic shielding.

The magnetometer was a comcrﬁﬂ- 1f pumped SQUID (system 330 S.H.E. -
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Co-op). The vacuum container and the exchange helium gas chamber as well as the sample
holder were made of pure lcoppcr. This helped in preventing interference of the
"magnetization of the hol&cr with thé measurements of the samples. It was noticed that the
whole system needed to be opened to insert the different samples. To overcome this problem
and for the sample to move through the pick up coil properly, the holder was attached to a
long plastic rod. A reversible motor was attached to the other end  of the rod, and it was
extended outside the cryostat. As mentioned carlicr; two sets of oppositely wound
superconducting coils provided two consccutive measurements of the magnetization of the
sample as it passed through each of the sets of coils. Thus the average magnctirétion was
obtained. I£ was essential to control the temperature in-the system and this was done by
disseminating helium gas around the sample. Helium gas from the upper part of the inner
dewar, entered a tube and passed through the inner containcr.' This tube was wrapped
several times around a copper ballast which provided stability. Helium gas was heated by
attaching a heating coil to the copper block. The gas was heated and it passed through this
point. From there tpc gas entered a double concentric tube system which directed it around
the sample and out of the dewar. A flow manometer was attached t‘o the -cn't end of the tube
to control the pressure. -

To measure the temperature of the sample without interfering with the magnetc
measurements, the following procedure was used. Three different thermometers at thrcc
different places were used. A chromel gold 7% iron thermocouple which mnncctcd to
the temperature controlier was placed on the top of the copper block. This was used as a
reference for controlling theitemperature. A calibrated Ge thermometer was located near the
bottom of the block. Finally a paramagnetic salt magnetic thermometer calibrated against
the Ge thermometer was positioned on the sample helder about 10 cm above the sample. The
measuring system was calibrated by Dr. Gilles Lamarche using small lead spheres. The
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following calibrated cxI)nssion was used to calculate d’f susceptibility.

-5 J/

_(1.25x10 )V e
L@ 0B
J

A

4.7)

4
" The SQUID véltage is represented by V and the fass.of the sample in grams by M and i
represents the current through the solenoid in mA.

4.3 Results

Magnetic susceptibility measuremeénts were Bnadc as a function of temperature to

obtain the spin glass transition temperature Tg and the Curie-Weiss paramagnetic temperature

@ for the alloys. These measurements were carﬁcd out only in single phase cubic and
chalcopyrite materials. The values of rr-zagnctic susceptibility versus temperature for a wide
range of magnetic compositions'am shown in Fig. (4.3). When tiac samples were initially
zero-field cooled, cusp like peaks were observed at the spin glass transition temperature for
compositions 0.2 £ st 0.6. For samples with z < 0.2, it was impossible to determine
transition temperature values since they occur below 4.2 K which is the limit of the present

equipment. Fig. (4.4) and Fig. (4.5) show the reciprocal susceptibilities of some samples as

a function of temperature. Two features worthy of note are apparent at T > Tg in these two

figures. The high temperature portion clearly indicates Curie-Weiss behavior providinga

_ reliable measure of the Curie-Weiss temperature 6 . This can be obtained by extrapolating

the line which represents the Curie-Weiss behavior to the temperature axis. Below about
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SOK one also observes a characteristic downturn &f x'l curve from the behavior predicted by

the Curie-Weiss Law for z<0.6. Such enhanced paramagn;:tism is observed in all

|

semimagnetic semiconductors above Tg. This canbe explained by the possibility of
the random orientation of the spins. At high temperature, the correlation between the spins

is negligible. When the temperature is lowered the correlation of spins is enhanced and at Tg'

it becomes infinity. It is seen that for samples with higher manganese concentration show an

upward deviation from the line which gives the Curie-Weiss temperature Fig. (4.5) while the

samples with lower manganese coficentration shdw a downward deviation from the line -

described above, Fig.(4.4). This de 'atio;xo 1s due to the behavior of magnetic sping which

begin to align as the temperature is lowered from higher values and this will be discussed in
detail later in this chapter. °

The values of Tg resulting from the magnetic susceptibility measurements for all

4

samples in the cubic single phase are represented in Fig. (4.6). As illustrated in Fig. (4.3), it
was noticed that for all cases , one fairly strong peak was observed corresponding to the spin
glass transition temperature. But for some samples with z20.3 a second smaller peak was

found. The relative amplitudes of these peaks depended ubon how the samples were cooled

from the annealing temperature. The ¥ vs T cuyve for a sample with the second peak is
shown in Fig. (4.7). Despite these magnetic effects, as indicated above, the x - ray )
photographs showed the presence of a single chalcopyrite or cubic phasein each case (11).
Because of this and bearing in mind the faint ordering lines observed for some

Cdzx(AgIn)yMnZZTcz (11), it would seem that the difference between the two phases

observed is the crystallographic order or disorder of the manganese atoms on the appropriate
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lattice. The effects of cooling ;'atc etc. indicate that the low transition temperature Ty
corrcs;ponds to the disordered structure in which the manganese ions are distributed
randomly on the cation lattice. The higher tran‘siﬁbn tcmpcratm:e T, correspond to the
-ordered structure with the crystallographic order of manganese ions. In Fig. (4.6), the lower
line T4; indicates the disordered structure and the upper line T,y shows the transition

temperature for the ordered sructure for the cubic phase. Both of these lines appeared to be

straight except the transition temperature for samples with z = 0.3. For these samples points
are scattered and this is probably due to the variatio‘n in the degree of order in the sample
rather than to chemical compositic}n. Sun;lar results have been obtained for the chalcopyrite
samples and these are shown in Fig. (4.8). Sincé the present system has ozﬂy a small region

of chalcopyrite, it is useful to quote the results from similar sysfcms obtained by the
members of the present research group. In the chalcopyrite region, the lower line Tg9
rcprcscnts the transition temperature corresponding to the disordered chalcopyrite with a
completcly random manganese distribution on the cation lattice while the upper line To

shows the transition temperature corrgsponding to chalcopyrite with the crystallographic
order of manganese. As mentioned earlier, the scatter in the values may be due to the
vaﬁat:ion’.in the degree of order. Thc results for most of the chalcopyrite samples for all
systems (11-12-13) show that the Mn atoms order relatively casily and only for the AgGa
alloys were results for the disordered state obtained for rapidly quenched samples (13). In

Fig. (4.6) the extrapolation of Ty; and T,,; at T=0K correspond to 2 z value close to 0.19.

This value agrees with the nearest neighbour pcrcolatibn Limit for f.c.c. lattice as calculated .
by vatious people (10-11). The percolation limit represents Mn concentration below which

the remaining mang;i\ncsc jons are t00 few to support a long range order or freezing through
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nearest neighbour interaction only. For chalcopyrite samples the corrcsponding percolar.ion

limit was found to be 0.12.

The Curic-Weiss paramagnetic temperature was obtained for a range of alloys with

manganese concentration of 6.1 S z S 0.65 by plotting the inverse susceptibility vs

temperature and extrapolating the Curie-Weiss line back from high temperature to zero. The

variation of 8 with manganese concentration for all samples is shown in Fig. (4.9).

' Howc‘}cr, it is to be noted that the value of 6 will be the weighted avéragc of those forthe
* ordered and disordered phases and thus the values obtained lie between two limits, the upper

corresponding to the crystallographic ord:cr of manganese and the lower-limit to completely
random Mn distribution,‘ Itis to be nc.;fcd that for all cubic samples, ‘the values lie closer to

the disordered limit while for chalcopyrite samples, the results lie nearer the ordered limit.

4.4 vgi

A

It is observed that in the low temperature mégnctic - susceptibility

- measurement§, samples with a concentration 0.25 < z < (.65 were found to have fairly sharp

cusps which have been ascribed to spimr glass freezing temperature. Other measurements

such as neutron diffraction (26) show that there is no ordered spin arrangement below this

critical temperature. At high temperatures, spins of manganese ions interact weakly. This

"interaction between Mn*2 jons is paramagnetic which obeys the Curie-Weiss law and we

can see this in the linear variation of x'l vs T curve.

Turning to the curves of 1 vs T, since the exu'apolaﬁon of the linear section of ¥

- S - Tt e - ' - - 4.
vs T intersects the negative-T axis,one concludes that the interaction between the magnetic

T S "
ions s antiferromagnetic. Therefore the magnetic susceptibility in the high tcmpcranu& :

N

]
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region can be given by
{

22
2Nyppg S(S+1)
permie 3k(T-8) -

x(D 4.9)

where 2 is the manganese concentration , N 4 is Avogadro number and 6 is negative. As the
temperature is lowered, the correlation of the spins tends to align them antiferromagnetically in
small clusters for larger time in&:r_vals. As the temperature keeps falling, the mangancsc‘
clusters show greater correlation and longer range of thc iflta'action; Asa consoqucncc,.thc

corrclation is cnhanced at Tg and it becomes infinity. In the range above Tg a

superparamagnetic effect occurs and the susceptibility is increased and hence the slopeof -

2 TwsT changes. Asaresult, the x'l curve falls below the Curie-Weiss line which is
represented by Fig. (4.4). This downward behavior occurs for the samples with low
mangax;csc concentration. The concept of superparamagnetism was suggested by N&1 (3-4)
which helped to explain some unusual effects’ seen in rock magnetism. This
superparamagnetic-€ffect or enhanced paramagnetism is believed to be due to the presence of
uncompensated s;}ms at the surface _c!f the finite indépcndcm clusters and also the presence of

isolated spins giving a paramagnetic contribution. For samples with higher manganese

concentration, the 3”1 vs T curve shows an upward deviation and this can be interpreted as o
follows. Since the manganese concentration is high, it is possible to form bigger Mn
clusters. For tht? large clusters, the ratio of surface to volume is small and this will reduce
the number of uncompensated spins relative to small clusters in the samples with lower
manganese concentration. As well the possibility of finding isolated spins will be less and

this diminishes the sup&paramagnctic effect. The spins in these big clusters tend 1o align
3
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antiferromagnetically for a longer time over a range of temperature and consequently .
decreases the susceptibility below the Curie-Weiss behavior and hence the upward deviation
in the x‘l vs T,

The values and variation of Ty can give insight into the type of exchange interaction

occurring between the magnetic ions in these semimagnetic semiconductors alloys. ‘It has

been suggested by Escorne et al{9) thatin this type of materials, the exchange Mtegral

J(Rij) can be expressed in an exponential form

-GR”
I(R”) = ]oc (4.11)
. \‘ ’
We can expect that the spins will be frozen at a temperature Ty such that
ADR) L~ T, |  @12)

where R, is the mean distance between Mn ions and A is a constant. Considering the mean

volume occupied by manganese for a concentration z, the mean exchange interaction between

the Mn ions is given by

an
3w = Joexp(-adz ) (4.13)

In the f.c.c. case, d is related to the lattice parameter a, as d = a/21/2 . This leads to the
phenomenological law

®

16 “Alg s
T, = -adz + In - (4.14)

Here the second term on the RHS is obtained by considering eq. (4.12) and the constant A is

<
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positive and z independent. The validity of this relation can be tested by plotting a graph of -
In 'I'g vs dz-173 using the disordered values of Tg. In Fig. (4.10) the plot of In 'I'g vs
dz"13 s illustrated for the present system. The values of d were calculated using the values
of lattice parameter obtained from chapter 2. It is seen that the variation is lincar within the
experimental limits,

Considering the limits of experimental exror one can conclude an important feature of

this result The parameter ¢ is a constant indcﬁcndcnt notonly of manganese butalso x

and y compositions. As we have scen in chapter 3, the encrgy gap varies with the

composition and hence « is independent of energy gap too. The final conclusion that one
can obtain is that first of all ¢q. (4.8) shows that there is an indirect antiferromagnetic
exchange interaction between the magnetic ions. This interaction varies with the distance
exponentially and is independent of the magnetic ion concentration and hence the other
composition dependent parameters.

A mechanism was pmposedpy Geertsma et al (33) based on the work of Goncalves
de Silva and Falicov (32). This is similar in concept to the virtual interband transition model
(Bloembergen-Rowland interaction). This virtual transition occurs between the valence band
and 3d states in the delocalized band.  In the analysis of Geertsma et als, the exchange that
 takes place can be given in a modified way with an additional R-2 factor compare to €q.

4.11)

J®) = IR exp(-oR) @.15)
with.

R
. a= 2(2me/N)

»
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where m* is the valence band effective mass, € is the energy difference between a full
valence band with 2 Mn 3d° level, and a valence band with a hole along with a 3d0 level.

The important feature in this exchange interaction is that the exponential term 1s a function

of the effective mass of the valence band and fhc energy difference € involved in the virtual
interaction. Since for the zinc blende and other .typcs of semimagnetic semiconductors the
valence band is insensitive to changes in composition, it appears reasonable that this
exponent should have a constant value as described above. Thus this exchange would
appear to have the form required to explain the present results.

As mentioned ecarlier, other candidates for the exchange mechanism are direct,
RKKY, superexchange and Bloembergen-Rowland. In the present syst::m, the distance
between Mn2™ are relatively large and to explain the cxéhangc mechanism in spin glass
behavior, direct exchange interaction can be eliminated. A low carrier concentration means
that the RKKY interaction c¢an also. be neglected for the present system. The possible
exchange mechanism responsible for the spin glass behavior might be explained by
superexchange. The kind of exchange could occur in the presence of materials with anion p
orbitals, for cxampl.t.:, tcllurim These p clc:';cu'ons of the sp3 hybridized valence conduction
band play a main role in this mccha.nisn'!x. Smﬂ&: interesting model which mainly depends
on the energy gap was suggested by Bloembergen and Rowland (30) and is discussed by
various other authors (49). This exchange mechanism occurs through a virtual transition
from valence band to the conduction band. According to this model, the exchange interaction

has an exponential variation with distance gives‘by

) a cxp{-—:fir} | (4.16)

¢
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Here the exponent is a function of the band gap Eg and m is the effective mass at the bottom

of the conduction band. However, this model appears to be successful only for the case

of low energy gap materials. [Eg. Hgy_,Mn,Te] Because for this case o would not be

independent of composition, it appears that this not the dominant mechanism in the present
case.
Coming back to the Geertsma analysis, when the additional R-2 factor is included in
the present analysis, eq. (4.14) can be rewritten as
-Al, 3

223
hTgd'z = h— - a& @17

Fig. (4.11) summarizes the modified Escorne plot of disordered values for
Zn9x(Culn)yMny, Tey alloys. It is found that within the experimental errors the plot shows

a linear form. The reason for obtaining a linear variation in Fig. (4.10) and Fig. (4.11) is

that d varies only skightly and hence has litdle effect on the shape of graph. Having plotted

<

the modified Escorne relation, one can calculate the values of ¢ and Al /k from the slope and

intercept respectively. For disordered zinc blende the following values were obtained.

-
¢ = 562 £ 04 nm

AIO

2 2
- - (173 £ 05)x10 Knm

-

It was suggested by Anderson (34) that for antiferromagnetic materials kT, = S(S+1)J,
7

where T, is the Neel temperature. For alloys we are working on, the interaction is

antiferromagnetic, so that the constant A can be replaced by S(S+1) and S can be determined
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1)

from the slope of the x'l vs T graph. The value obtained for S was 5/2 for these materials.

A value of ( 19.8 + 6 ) Knm? was thus obtained for I/k. This result is important because it
can give useful information about the exchange interaction between nearest and next nearest
neighbours ( J; and J9 ) which can be compared with particular values quoted in the

literature,

Calcylation of J/k and Jo/k
For the case of Zng gsMng 5S¢, the value of Jy/k was found to be -12.7+£ 0.9 K

(35) while for Cdgy gsMng g5Te the values of Ji/k and Jo/k were -6.8 £ 0.4 K and

-1.1+ 0.05 K (35). For the present system, the lattice parameter at z =0.05 and y =0.48,
a=0.6159nm gives @ = 0.4355nm which is equal to R in eq. (4.15). This gives

J 1fk=9.3i0;5 K. For Jy/k, the appropriate R is V2d = 0.6159nm and this gives a value of

Jo/k = 1.6 £ 0.04 K. Itcan be seen that the value of J;/k for the present system is much less
than the value of J;/k for Zn;_,Mn,Se and greater than the value of J 1/k for Cd;_,Mn,Te
and this is prabably due to the lattice parameier. In anx(CuIn)yMnZZTcz, the .latticc
parameters are less than the lattice parameters in Cdy.,Mn,Te and greater than the values in
Zn)_ Mn,Se. Some errors in the present values for J;/k may occur ciuc to the experimental
scatter in the plot of ’.n 'I‘gdz'y3 Vs ;12‘1’3.

t
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4 5 D. . . ‘\\
The magnetic susceptibility measurements and results deduced from them have

proved to be very useful in giving valuable information on the magnetic behavior of the

anx(CuIn)yMnZZTq alloys and hence all the materials belonging to the same group. When

the curves of magnetic susceptibility ¥ vs temperature were studied, it was seen that for all
cases the cusp corresponding to the transition temperature was observed. For some cases it
is seen that a second peak was found. As mentioned carlier, the amplitude of these peaks
depend on the cooling process. It is seen that (48), if the sample is quenched from
annealing temperature in water, then both peaks can be seen. If the sample is left in the
furnace and the furnace is switched off so that cooling to room temperature took several
hours then only the higher temperature peak could be seen. It was found that the ESR curve
was more lscn'sitivc to thc:pmscncc of two phases and this will be discussed in detail in
chapter 5.

Despite magnetic effects mentioned above, the x-ray powder photographs showed
the presence of a single cubic or chalcopyrite phase in each case. Because of this; and
bearing in mind, the faint ordeﬁhg lines observed in some alloy systems (11) it would seem
that the difference between the twg phases observed correspond to the crystallographic order

or disorder of the Mn atoms on the appropriate lattice. This effect of cooling rate indicates

that the low transition temperature corrcsp&nds to the disordered T4 and the higher to the
ordered state T, It 1s seen that all these values of transition tcmpa-aturc fall into four sets,
Tq1 and T,,; for the zinc blende and Tgy and Ty for the chalcopyrite.

. For (Culn);_,Mn,,Te, alloys; the structure changes to cubic from chalcopyrite at
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0.27 and this change is observed in the T, values. The values of transition temperature,

Ty obtained for cubic structure is higher than that of T4, The results indicate that for both

the chalcopyrite and cubic materals at high temperatures, the manganese atoms are
distributed at random on the cation sites. Strictly speaking,of course;in the ordered case the
Mn atoms will still be arranged at random but on a particular sub-lattice of the cation sites.

So perhaps the term used should be partially ordered. To consider what the ordered structure
miéht be, looking firstly at the cubic case, the relative value of Tg and T, would indicate a
different structure consistent with the ordering lines in the Cd, (Agln)yMng, Tep (11)
alloys: A slight distortion along a preferred [111] axis has Sccn reported (36) for
Cdl_;_an'I‘c alloys resulting in u-iéonal symmetry. Such trigonal behavior in the present
cubic a]loys-oould result in Mn ordering and be responsible for the T,y values observed. No

analysis of these ordered structure has been completed at present but neutron diffractipn

measurements are planned. For the cha.lcbpyritc case, the value of z for a given value of ?l‘g '

(T, or Tq ) tend to indicate that the Mn atoms occupy one half of the caion lattice sites.

Since no extra ordering lines have been observed, one obvious possibility is that Mn occupy

of .
only the I or IIT sub-lattice, the displaced atoms entering the other sub-lattice. The effective

density of Mn on the particular sub-lattice would then be 2z and could account for the larger
transition temperature. The question of lattice frustration and hence spin glass behavior is

mvolved here as can be scen in Fig. (4.12). If the Mn enter all cation sites, the-usual face

centered cubic lattice frustration occurs and a spin glass results, However from Fig. (4.12)

if all Mn atoms enter, say the I sub-lattice, no frustratidn condition occurs, and

hence an antiferromagnetic ordering could exist, consistent with the comments above.
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2.1 Ingrodution

Consider a free ion with a permanant magnetic moment. If this jon has 2 resultant
angular momcntuﬁ quantum number J, which is the vectorial combination of angular
momentum L and spin quantum number S, the application of a'static field will split this level
into 2y+1 levels. Theeffectisknownas Zeeman ;splitr:i.ng and these levels ha\;c

the energy of MygpupH. Here My is the magnetic quantum number, g is the splitting factor -

given by the Lande” formulae eq. (4.2). If the ion forms part of a crystalline solid and is
not free, the spin quantum;number S ::an bt.: used to describe its angular momentum. Then

the application of a field H will produce a splitting of the 2S + 1 levels with the energy of

MsguBH ﬁﬁs is the same as above except g is the splitting factor that makes the energy

' difference between levels come out 6ormct1y. Since the crysiallinc ficld has an-effect on the
orbital angular momentum of the jon, the g value is different from the Lande value.

According to Quantum Mechanics, a selection rule operates so that for magr{ctic dipole

radiation only the transition between adjacent levels for which AMg =% 1 are possible.

-

Transitions between levels can be induced by the application of an cléctromagnctic oscillating

)

field whose. frequency w is : AN

o = gy H (5.1
~ ; _
/
/ #
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g
. o © = _?;'me _ (5.2)

The eq. (5.2) is same as the equation that represents Larmor frequency (22) including the

additional g factor due to the effect of the spin. If} a System of ions are at thermal

. equilibrium, the greatest population will occur in the lowest encrgy state. Consequently even -

' though individual transitions for absorption or emission have the sam’c probability, there i3 a

net absorption of energy from the radiation field that can be observed experimentally. This

can be illustrated for the simplest system with two Zeeman levels. Transitions between these

two levels can be induced by a magnetic field of the appx\'opriatc frequency . If the photon

energy hw matches the energy level separation, then eq. (5.1) meets the resonance condition
and this is shown in Fiq. (5.1) where H_is the magnetic field at which the resonance
condition is met. Since the absorption occurs orﬁy for the frequencies at of néar the Larmor
frequency, the phenomenon is called paramagnetic resonance or clectron spin resonance
(ESR). | |
Electron spin resohance has bc.cn found to be a very useful technique to study
spin-spin interdction as well as different relaxation processes such as exchange interaction.
These interesting properties can be observed by studying the position as well as the width of
the resonance line. Also the kind of information described above are revealed by the change
of the faosition or the width of the resonance line when the temperature is changed. From eq.
(5.1) one may infer that there are, two approaches to the detection of rc'sonant absorption by a
paramagnetic sample. In the first case the separation of the Zeeman levels is fixed by holding
the magnetic field constant The microwave frequency isthen varied until 2 resonant
absorption is foﬁnd. In the second cas-f.:, the microwave frequency is fixed and the magnetic
field is then varied. Since the radiation sources are operated only over a limited
frequency range, it is customary to carry out paramagnetic resonance experiments at a fixed

Y
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frequency and by varying the magnetic field. For the, alloy systems being investigated in our
rescarch group, J = S and g can be considered to be close to 2 ( the ground state for Mn?+
isa S state with L = Q ). Using these results,one can illustrate the splitting situati;m as in Fig.
(5.2). In this illustration, since the selection rules are such that only transitions between
adjacent levels are allowed, a single resonance can be observed.:

As mentioned before, the general effect of the crystalline field is to cause some
shifting of degencrate levels. This can bc~cxp1£incd as follows. The ground state of the free
jon Mn2* is sixfold degenerate which is given by (2S+1)(2L+1) = (2.5/2+1)(0+1) = 6 the

classification being {685,2 } If such an jon is placed in a crystal environment, the electron

paramagnetic resonance of th;;ystc_;n shows that, because of the environment, the free ion
gxomd state sixfold splits into two levels, the upper fourfold degenerate and the lower
twofold degenerate. In the presence of 3 magnetic field , the Zeeman interaction lifts the
degeneracy of the quartet and the doublet. Therefore, instead of a resonant line, multiple

resonance points will occur resulting in the observation of more than one line. The fine

e

structure splitting in a cubic crystal field'plus an external magnetic field is illustrated in Fig.
(5.3).
- . - - - - <
The first additiontal interaction to be considered is that of the electron spin magnetic

dipole with nuclei in its vicinity since these nuclei possess an intrinsic spin angular

momentum. The spin quantum number Fof these magnetic nuclei takes one of the values
172, 1, 3/2,2......etc. with a corresponding multiplicity of nuclear spin states given by
(21+1). For example,nearly all anjf' isotopes have nuclear spin I = 5/2. The interaction of
an unpaired electron and a magnetic nucleus is called nuclear hyperfine interaction. The
term hyperfine splitting was used in-atemie spectra to designate the splitting of certain lines

which is given by (2]+1) as a result of interaction with magnetic nuclei. The splitting of the

M;=12—~112 fine structure line, for example,is shown in Fig. (5.4).
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According to the thoory suggested by Abragam and Blcancy (38) the 8 value of fn:c\
spm is very close to the free spin valuc of 2.0023. Toa good approxunanoq.thc g value

would be Lhc same for the free ionand the expected dc\iiation Ag gis only about 0.0004. This
is confirmed by Watanabe (39) and c.xpcnmcntally theg valuc of Mn2+ was found to be,to

‘a good__’ggronmanon the same as that of the freé 1610, gnetic resonance absorption

cxpcnm\cnts were carried out on Cch containing about 0.0}% Mn2+ (40). In this system,
r : ' .

!

-

the resonance lines were found at 4.2 K for ihc\u'an!'.it:i' Mg =1/2— -1/2, The g value
obtainedwas 2.010 which is close to the value /fo; thc/frec ion. The ESR spectra of single
crystal Cdy_,Mn,Te has been studied by Oseroff (41). For a concentration z < 0.005.2nd at

room temperature, a well-separated h)}\pcrfmc structure was observed. - Also, for the extended
concentration range 0.005 < z < 0.6, as the concentration was mcrcascd bcyond z £0.005,

the hypcrﬁnc lines initially broadens due to the dipole- dxpolc interaction, eventually
becoming a single broad line. Then the line narrows with further increase in z due to
exchange narrowing via a .short-rangc exchange interaction with the minimum line width

—

corresponding to.z = 0.05. Fo;- z 2 0.05, the single line broadens monotonically with
increasing concentration. These experiments were extended to Cdy_,Mn, Se (0.001<z<0.45)

as a function of magnetic field, temperature microwave frequency,etc. (8). Notonly was a

broadening and shift in the magnetic field of the electron paramagnetic resonance line with -

decreasing temperature was observed but also it was found to be independent of microwave
'ﬁ'cqucnéy. .

- Gcncrall;' Ehc_ absorption does not occur at a sharply- &cﬁned magnetic field. Instead
it is spread out over arange H. The size of the spread or the linewidth AH may be due-to
various effects such as spixl-spm interaction, cxchax?gc intgﬁiction. Another fac\'t‘or that may

effect this linewidth AH is inhomogeneous broadening.

P
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The cxpcnmcntal set up that has been used for the ESR measurements :s iltustrated

" in Fxg (5.5) The main part of the spect:romctcr systcm is the Klystron which produccs the

microwave powa' at x-band frequcncy (9:2GHz) w:th_ the application of the appropriate

voltage. The microwave bridge which is known as a ‘magic T" is a four armed waveguide -

" structure which allows the microwave power to feed into the sample cavity through one arm

and the power reflected from the sample cavity travel through to the detection system, The
power entering the detection system is controlled by ?he arm opposi‘tc the sample cavity. The
sidescrew turner contains a pih which can be inserted into the path of the microwave, and can
also be moved along the length of the waveguide comprising the -sidcs‘cmw turner. An
attenuator is attached to the end of this arm with a mica card. This card is covered with
carbon so that it absorbs \ca.rly all the microwave power reaching the attcnuator The

amp_hmdg of the microwave can be changed by the pin depth and the position of the pin

~ along the turner changes the microwave phase. The isolators consist of ferrite magnets

———

" which allow the microwave to travel in only one direction and hence any reflection in the

bridge system cannot pass them. In the waveguide a crystal detector with a silicon rectifier

a—

“detects the h1gh frequency  microwave power  and changes it to ﬂm:ct “eugrent voltagf/

However, lower frequencies up to about several tens of megahertz arc/\ablc to u'am:’o/gh
the rectifier without being changed to direct current. L~

The micrpwavc resonant cavity is a waveguide with two copper plates soldered on
cach end. One of these plates has 2 hole of 1/4“ dia. in the center which allows the
microwave to enter the cavity. In practice, the length of the cavity is taken to be one or two
wavelengths. A phase sensitive detector (PSD) 1s cmployc‘d and the signals are recorded on
a chart recorder. The PSD produces the derivative of the ESR absorﬁﬁon' lines on the chart
Iccordcr The magnetic field is modulated at 200Hz by a signal obtained from the PSD and

v
»

——
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» ) .
then applicd to a pair of Helmholtz coils mounted on the magnetic pole pieces. The

derivative of the ESR absorption line is then produced on the chart recorder, and the pesk to

peak linewidth AH is measured with an NMR gaussmeter. The resonance field H, is defined

from the zero of the d;rivativc curve and this is shown in Fig. (5.6).

The temperature of the sample is measured by a thermocouple which is in contact
directly with the sample. The temperature below 300 K is measured by a gold-chromel
'thcnnocoﬁplc while the temperature- above 300 K is measured by a

- copper-constantan thermocouple. Thus ESR measurements can be camcd out at various
temperatures.  The samples uséd for the ESR mcasurcmchts wcn: in powdered form.
For cach sample, about 0.05g was required and thin glass tube was used to hold the sample

-

inside the sample cavity.

2.3 Background to ESR in SMSC
ESR measurements were carried out on the alloy systems being investigated by the
research group (10-14)  in single phase regions. At room temperature all samples produced
a single symmetric , broad line due to the manganese atoms. The broadening of the ESR line

was proportional to the manganese concentration. The resonance field Hy was observed to
be consistent with a g value of 2.0. The resonance linéwidth AH, which is the linewidth of

peak to peak of the derivative curve was measured as a function of temperature within the
interval 10 to 500 K. In all casés; the hncvndth increased with decreasing temperature. The

results of the a]loy systems CdxbyM.nzTc, CdenyanSc et studied by other members
(10-14) of the group, show that the shape of the resonance lines remained symmetrical at

the higher temperatures. But at lower temperatures, where AH started to increasc .
appreciably, the line shape was observed to broaden asymmetrically. In some cases, the line

2
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Fig. (5.6)«.Effect of the modulation on ESR absorption iine.

: (a) shows that the 200 KHz modulation fleld causes the microwave power In
the cavity to be modulated at the same frequency when the sample absorbs '
power at resonance. As the steady fleld H Is slowly swept through the
absorption curve the amplitude of the modulation of the microwave power
changes In proportion to the absorption curve as shown In (b). The

_ modulated microwave power travels from the cavity to the crystal detector
where It Is demodulated and the 200 kHz signa! passes to the PSD (Phase
Sensitive Detector). The output signal from the PSD gives the first
derivative pattern of the line on the chart recorder as shown In (c)..
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eventually split\into two parts. The splitting of the line at low temperatures is similar to the
behavior found by Searl et al. (42) on polycrystalline samples with' uniaxial g value

anisotropy.

When the variation of the linewidth AH with temperature was considered, it was

noticed that there were a number of difficulties in the atte fit the experimental data of

AH vs T to an expression which had a physical sxgrmﬁcancc This is because there has not
been any theory developed yet for the interpretation of the dependence of the ESR hncw1dth
with temperature for this class of materials. Avﬁrst,thc mcthod used by Oseroff in his ESR

work on Cdy_,Mn,Te (41), whcm he a.na.lyscd the ESR linewidth valucs in terms of
Huber's expression, was used. This was developed for antiferromagnetics above the Neel-

temperature, and AH is given by the equation
AH = Al—=1" + B (5.3)

where A is an cmplncal parameter , o the critical exponent, Ty the transition temperature an;i
B is the hig ' mperature linewidth taken to be co-n;tant; The main problem with this- -
| analysi was that even at temperatures well above Tg the line width AH contir-mcd to decrease
with incrcasing' temperature. To allow for this effect, the behavior of some. all;)y systcrr.xs
such as Cd;_,Mn,Te and Cd;_,Mn,Se have been analysed as a critical phenomena near the

spin glass temperature by Oseroff et al (8-9) using the expression

T .
AH = A{T‘_}“ + B{l-%} (5.4)
g

where the term B{ 1- /T .} represents a pa:afnagnctic contribution to AH. "Again A and B
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- are independent of tcmﬁczﬁtum, 'I‘g and6,the quantities discussed in the previous chapter and

« the critical exponent. However, this analysis was not satisfa

- for these m:itcrials

bccausc the results obtained for A and B and & suffered from an inconsistent variation with —

composmon Thergfore; to analyse the bchavmr of the linewidth with thc mperature,
anothcr approach was suggested by Bhagat et al.(43) and applied to the Cd1 zanTe alloy :

systzm by Webb et al-(44) and by Sayad et al«(45). The broadcnmg mechanism considered
in thqu work was attributed to an inhomogeneous distribution of local fields. Fora pcnodxc
distribution of Mn in a Iattice, each spin experiences the same local iﬁcld.“ Diluting the lattice
even by a small a;nount and hence producing ' random distribution produced a shift and
broadcmng of this distribution. As a consequence of the local field dxstnbuuon the spinsdo
not cxpmcncc the same field and so possess different resonance points. Therefore rather

' tha.u getting one resonance line, a distribution of all the individual lines of resonance about
the central point was obtained. This was known as an inhomogeneous distribution of local
ficlds. ) " i
Th;'ough numerical calculations and modifications it was concluded (10-14) that the
linewidth variation may be empirically described by the following equation

— -

AH = I'cxp{--T— + T, (5.5)

[+

where I" and T, are empirical parameters associated with the freezing of the spins and the

©
constant I'_is the high temperature linewidth. In the above equation, the first term

P

indicated the inhomogenity effect while the sécond term represented a constant high

tcmpcraturc linewidth. Previous work (10-14) indicated that the high temperature

~
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hncmdth may be dcscnbed by the paramagnetic term in eq. (5 4) which was B{l1 - &/T}

rat.hcr than by a constant.‘\Howcvcr in some cases because of its form, the paramagnetic

" term was found to overestimate its contribution, so that the rapid increase in linewidth

appeared to be dominated by this term rather than by the ecxponential. As the
temperature is lowered the number of free spins decreases because of the freezing process.
Since the paramagnetic conu'ib\utia is due to these free spins, eq. (5.5) should be modified

so that it reflects this loss of spin\;. The final equation was then (10-14)
N

8H = Texp{- =} + B{l-&}{l-epl- -1} (56)

It was found that the way these pammctcm varied with composition seems to agree fairly

well with their physical interpretation (10-14).

5.4 Resul 1 the Dj .  the P S
The linewidth AH of the Mn2+ resonance Iinc with g = 2.0 was measured as a

fenction of temperature in the range 10 to 500 X, at X band microwave frcqucncy (~9.4

GHz ). The first derivative pattern of th\e resonance line was recorded and the peak to pcak

linewidth AH measured with a gauss meter. From the variation of AH with the temperature,
it was found that instead of obtaining one line, two lines, one broad and one narrow, were

obtained. Fig.(5.7) shows the variation of the derivative spectrum with temperarure for the
sample x=3y, 2=0.6 for the present system. Also for Cdzx(CuGa)y_anzTcz (12) and
Cdzx(AgGa)yMnZZTcz (13), similar results were obtained but in these cases the two lines
are much better defined. For example, Fig.(5.8) shows the variatic;n of the derivative
spectrum with temperature for the chalcopyrite Cdz,(AgGa),Mng, Te, with z = 025 (13)

These ESR results confirm the presence of the two phases, one disordered and one ordered,
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Fig (5.7) Temperature Ifependence of the ESR Spectrum for the
_Sample x=3y, z=0.6.

dA/dH Is the field derivative of the absorption.
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obtained in the magnetic susceptibility = measurements. Also comparison with the

susceptibility, measurements indicates that the broad line is from the disordered and the

narrow line is from the ordered structure. Because of the presence of the mixture of the two

phases, AH cannot be measured by taking the peak to peak line width especially for the
disordered phase because, in most cases, only onc of the peaks can be scen. Therkfore

' because of the occurrence of the mixture of two phases, the normal analysis used by the
members (10-14) of the research group for alloys which did not ordeg -¢g. CdenyN'InzTc
(10) "could not be applied for the present system. In most cases, the direct spectrum of ESR

* for ordered and disordered interfere with each other and thus the derivatives also interfere
with one another. Therefore, in the general case it was not possible to dctcrminlc the line
width AH, and AH 4 separately. However, for a few samples, these values of AHO and AF4

were sufficiently different that the effects of the two lines one upon the other could be

considered negligible. In these cases, the ‘variation of AH,, and AHj comresponding to the

ordered and disordered phases with the temperature could then be found. Typical resulting

graphs of AH, and AH vs T arc shown in Fig. (5.9). The two curves are seen 1o be very

different AHg4 starts at a high value and increases relatively sIowly at temperatures well

abov; Tq. This behavior is typical of that observed with a spin glass material where the

- .

value of AH is determined mainly by spatial inhomogeneity of the local fields seen by the

mangancse atoms and is almostindependent of the critical phenomena at Tq4. Thus it appears
that the disordered state has a spin glass tqnsition temperature Tg = Tgq- However, the
B

AH,, curve shows a low almost constant value until the temperature comes to a value T,

whichis T, < T, and then the value of AH, increases rapidly and asymptotically. Earlier it
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‘was assumed that the form of AH,, was typical of antiferromagnetic behavior, i.c. the

ordered structure appeared to show an antifcrromagnc\tic Neel temperature Ty = T,.
However the prcs;nt results indicate'that the behavior is not typically antiferromagnetic . A
detailed investigation of the behavior of the ordered structure in this range would require
completely ordercd samples. However, no analysis of this ordered structure has been
complcted at present but further experimental work such as neutron diffraction etc. will be
continued by other members in the research group (46-47).
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Chapter 6

An investigation of some of the propcnics‘ of the pscudo\tcrnary alloy system
Znh(CuIn)yanzTcz which belongs to the group of materials known asscnumagncuc )

semiconductors has been presented. Four main types of measurements were performed on

these alloys; ..thc_ determination of the lattice parameters, cnci-gy gaps, magnetic
susceptibilities and ESR line width. ‘ ' .

In chapter 2, the basic requirements of investigating tht; phase diagram of the ternary
alloy system including the study of the variation of the lattice parameter with the composition
is indicated. It has been shown that the lattice parameters vag:Zmoothly with the

composition. The it of solid solution was fouhd tovary fromz=0.76 t0 z=0.62 as

(Culn) was substituted fof Zn in the crystal lattice. The chalcopyrite structure existed up to
z=0.27 on x=0 line where the equilibrium structure became cubic before the solubility limit
was reached The boungariés of the single, two phase and chalcopyrite phase ficlds which arc
displayed by the present system were found to be, 1o some extent, dependent on the
annealing temperature. The variation of the lattice parameter v;lucs of the singic cubic phase
with composition was fitted to a suitable empirical equation and from the fitted parameters

contours of constant lattice parameters-were drawn.

One other measurement which has been made and which shows the effect of ordered
and disordered in the lattice is that the room temperature optical %crgy gap Eg. Values of
energy gap and its dependence on the composition were determined. This was done by

using the absorption technique as indicated in chapter 3. Over most of the range, Eg shows

/



- -102-

' a Imca.r increasewhen the Mn concentration is increased. It is found ihat the value of the

\ optical energy gal:i I:“.g and its variation with composition depend upon the structure

concerned. These energy gap values have been attributed to different structures since the

aiming points at z=1 were 1.33¢V for chalcopyrite range, 1.9¢V for the ordered cubic and

2.83eV for disordered range. Finally the van{tion of thc-pa’x-'a.mctcr I:‘.g with composition in

the ordered field is fitted to a suitable empirical equation and from the fitted parameters
contours of consta{xt IEg were drawn. For the disordered field, a few éontours of Eg were

estimated because of the complicated variation of the energy gap with the composition and in
the chalcopyrite range no contours were drawn because of the insufficient data in that field.
| " The magnetic susceptibility measurements carried out on the zine blende and

chalcopyrite single phase sampl.es, as described in chapter 4, provided us with the spin glass

freezing temperature 'I‘g and the Curie-Weiss para.maéncﬁc temperature 0, thus the

" dependence of these parametars on composition was also established. It was found that they
depend mainly on the Mn concentrafion z. These susceptibility results indicate that despite
the apparent single phase condition of the x-ray photc;graphs, two different magnetic phases
are observed and these are attributed to crystallographic ordering of the manganese atoms.
For many samples, the susccptibility‘mcasurcmcnts give two transition temperatures, the
lower one comresponding to the disordered structure and the higher to the ordered structure.
The variation of these transition temperatures with z gives different lines for the chalcopyrite
and cubic structures. Turning to the exchange mechanism which takes place, the interesting

!
aspect about the disordered Tgrcsults was that In'I’gwas found to decreasc in a linear

fashion where the mean spacing between the Mn ions increases with decreasing z. This
implies that the exchange interaction- decreases exponentially with distance between the
manganese spins. An exchange mechanism proposed by Geertsma et al (33) involving

. — A

—
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virtual transition from the valence band to Mn 3d5 levels was assumned as the one occying

in these wide gap semiconductors. Using the expression involved in this mechanism, the

b

nearest-apd next nearest neighbour exchange parameters Jy and Jo were predicted. All these

calculated values were found to agree well with the experimental ones, which was strong

evidence in support of our assumption that the Geertsma exchange mechanism is very likely »

the one téldng place. .- ' - T
The electron spin resonance experintents, described in chapter 5, revealed other
.aspects of the magnetic behavior of the present semimagnetic semiconductor alloys. The
presence of two hnes in the ESR spectrum vcnfy the results obta.med in susccpubxhty
measurements wh1ch indicated two different structures. The variation of the ESR line width
with tcmpcraturc indicates that the disordered phase shows spin glass bchavxor, but the
conditions and the behavior of t.hc ordered phase are still not flctcnmncd.

Finally it is clear that this investigation of the anx(CuIn)yMrizzTc_z system
presented in this thesis has yielded valuableinformation which was vcxy useful in giving a
better understanding of some aspects of the physical behavior of this intriguing new class of
materials callc:d semimagnetic semiconductors. However, it would be of interest to make

further experimental measurements to determine the ordered structure, which is being

investigated by other members in our research group using neutron diffraction techniques.

]
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