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This thesis deals with the subject c;f exchange interaction and thé magn;:tic ordering in
the alloy system Cdzx(AgGa)yMnZZTcz (x+y+z=1). This aH;y system belongs to the class of '
inatpriajs known as sinﬁmagncﬁé-scnﬁconductors (SMSb), also known as diluted magnetic ‘
semicondutors (DMS), in which an ordinary sérni_conducto-r is alloyed with'a magnetic
semiconductor resulting in a random distribution of the magnetic ions on the lattice sites. The
introduction of magnetic ions ihto the St-:—miCOnductor nﬁsults in anomalous effect in the magnetic
and the magneto-optical propcr:ﬁcs of these materials.

Samples were growrf in the polycrystallir;c form using the standard method of melt and
anneal. Invc§tigation's of the lattice structure, magnetic susceptibility, EgR linewidth and.energy
gap were then carried out as a function of sample oompositic;n, and especially as a function of the
manganese concentration. | ¢ B -

"Magncﬁc susceptibility measurements showed a spin glaSs like behavior in this alloy
system, where the spins become locked in a random conff.'guraﬁon in the lattice at certain »
temperature Tg (freezing temperature). Howcvc;, the spins in some j:‘amplcs of 'thi‘s system
showed an antiferromagnetic bchavib,r characterized by a critical temperature Ty (the Néel ’
temperature), due to the ord(;.ring of the magnetic jons on the lattice sites. The ;riodcl,of
superexchange proposed by Geertsma et al; describes the inieracﬁqns between the mag;lelic ic;ns in’
these materials as taking place via virtual transitions between the valence band and the energy levels
_pf the ﬁlagncﬁc ions_(thc 343 levels of the Mn?* jons in our alloy system). The introduction of this
;llodcl into our alloy §ystcm resulted in a reasonable agreement between the calculated v\alucs of the
Curie-Weiss temperature and the cxpcﬁiﬁcqtally acquired ones.

/\\ Measurements of the width of the ESR absorption line was performed as a function of

-
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temperature and of composmon From Lhesc measurements, mform%hon regarding the presence of

. the ordered or the djsordered state of the spins was obtamcd as well as the dependence of such

prcscncc on the mcthod of heat treatment followcd.m the growth of the samples. From the analysis
[ )

of the ESR lines, values of; the Curie-Weiss temperature could be predicted and found to be in good

agreement with those obtained from the magnctic susceptibility measurements.

An optical absorption technique was used to‘dctcnninc. the energy gap value of these

" materials. Allthough only few of such values could be determined, due to difficulties in the sample

preparation, it was found that the energy gap value of the sample depends on \Q,hethcp the spins are

in an ordered or-disordc\md conﬁg'uration?n the lattice.
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- There has been a consider'ablc' dmount of interest in Semimagnetic-Semiconductors
(SMSC) in recent ycax%. Thc name SMSC (or diluted magnetic scngic_onductots.(DMS));mefé‘ toa
class of rr;atm'als intermediate between magnetic and ﬁon-mﬁgr}eﬁc scmicénductors.

Such type of materials can be obtained by alloying dn ordinary semiconductor with a
magnetic semiconductor, i.e. by Substituting a paramagnetic ion on the cation sublattice of a
compound semiconductor. The presence of such ions causes differences in the semiconductor's
properties. This change in the properties of the semiconductor inciudcs giant magneto-optical
effects aﬁd enhanced Zeeman splitting of the band, magnetic field dependence of the acceptor
activation energy and most importantly the spin glass behavior exhibited by these materials. If the
alloy so produced is to be a semiconductor, then the electron t6 atom ratio must be conserved; i.e.
on the average, the magnétic ions must mblacc non-mﬁgnc;ic cations of the same valency.

Most of the work on such class of alloys (1,2) has been concerned with replacing the
divalent elements Zn, Cd and Hg by manganese ions, eg. édl_z Mn, Te. Itis possible, however,
to produce similar alloys from the chalcopyrite I II VI, compounds, the temary ana:llog of the 11 VI
compounds. If the paramagnetic ion to be iqcludcd in these materials is Mn2*, then iri order to
retain the electron to atom ratio, it is necessary to replace one I'and one III cation simultaneously by
two manganese atoms, giving alloys of the form-(I IIT);_,Mn,Te, with I being Cu or Ag and 111
being Ga or In. The most interesting aspect of these mixed crystals is the pfeséncc of the half-filled
3d° levels of the mahgancse ions. The localized magnetic moments of the 3d° electrons interact
with each other as well as with the band electrons via exchange interaction, giving rise to
anamalous magnetic and magneto-optical effects, eg. giant Faraday rotation and the Zeeman

splitting of the band (3).
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In this thcsié, the investigations of some of the properties of the pseudo-ternary alloy
system Cdzx(AgGa)y Mny, Teq (x+y+2=1) are presented. This work is part of the investigation

-~ of the properties of similar alloy systems of the form M5, (1 1)y, Mny, Tey, such as:

_ © Cdge(Culn), Mny, Te,
\\ Cdy(Ag In)y Mny,Tey
| Zng, (Cu In)y Mny,Tey
Cdy(Cu Ga)y Mg, Te,
performed by our research group. The composition of samples grown in this work can be
rcpr;:scntcd by a triangle, figure (1.1), where each poiht in the triangle represents a certain value of
x,yandz. - ‘

Polycrystalline samples were grown by the standard method of melt and anneal
described in chapter (2). The alloys were grown in this polycrystalline form instead of single
crystals due to the fact that a large number of samples was required in order to st‘udy the
depcndence of several of the propcrues of the alloy system on composmon The results obtamed in
the case of other similar systems grown in polycrystalline form by othcr members of the research

group, such as Cd, Zn,Mn,Te (4) and CdngyanTc (5); did not show significant differences

y
from those obtained from single crystals studied by other rcsearch groups.
The various properties of our alloy system were investigated by studying
1- Variation of the lattice parameter with composition using the powder x-ray
diffraction technique (chapter 2).
2- The samples' magnetic behavior by measuring its low field magnetic

susceptibility as a function of temperature and manganese concentration (chapter
3).



Figure 1.1 Triangular Coordinate Systein.
Any point 'P' in the diagram represents a sample of
.composition (x, y, z). :



3- Variation of the linewidth of the absorption line in Electron Spin Resonance
(ESR) measurements with temperature and sample gomposiﬁOn (chapter 4).
4- Determination of somie of the samples' energy gap values as a function of .
composition using optifzal ab§59rption method (chapter 5).
{
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2.1 INTRODUCTION .

Poiycrystallinc samples pf the alloy system Cdzx(AgGa)yanzTcz were made by the
standard method of melting and ;nnealing described in the following section. The exact procedure
followed in the heat treatment of the ingot wasl found to affect the magnetic and optical properties of
the sample. The method of x-ray powder diffraction photogr:aphy was used to determine the
condition of the samples prior to performing the magnetic suscc;tibi]ity. Electron Spin Resonance
and optical energy gap measurements. Only samplc‘s that were found to be in equilibrium and
homogeneous, when studied by this method, have been considered in these measurements. | Also
the analysis of these photographs provided information about the general phase diagram of this

-

alloy system.

The prcparanon mcthod of polycrystallmc samples is similar to that used by T, Donofrio
(4) The oomponcnts of each sample were weighed to an accuracy of .0001 gm, and a tot4] sample
of 1 gm was prepared in order to have enough material to perfonn the various types of
measur::ments. The components were then sealed in a quartz tixbc under vacuum (5 * 107
mm.Hg). The quartz tube had to be carboniwi in order to prevent the manganese from attacking
the quartz and exploding at high temperatures during the melting process. The procedure of
carbonizing the. tﬁbcs is a¥ follows: .thc empty quartz tube was ﬁns't closed at one end by melting
the guartz using an oxygen acethylene torch. This end was then rounded by further heating in

order to prevent the occurrence of thin areas that might lead to an explosion at high temperatures.

\
\‘_»
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The quartz tube was then flushed with acetone and emptied carefully so that no drops of acetone
remained inside. The tube was then gradually-heated with the torch in order to leave a layer of .
CMWZ:)[' walls of the tubes. The quality of the carbon layer was vcﬁﬁcdm
prepared tubes, by exposing the tube to 2 stroné source of light. If the carbon Iayer had ;ny spots *
where light could get through, the carbonizing procedure was repeated. The maximum temperature
that could be obfaincd in the melting furnace was 1100 °C, w}:ich is lower than the melting
temperature of manganese (table 2.1); however, the manganese dissolves with the other

.

components.

i

Element Melting point (2C)
-
Cd [ 321.03°
Ag 960.8
-~

Ga 29.78

" Mn 1244 13
Te 449.5

" Table (2.1) melting points of elements \/

" The max«h'num temperature was reached in approximately 6 hours in the melting furnace.
The sample was then left at that temperature in the furnace for one half hour while being |
periodically shaken to ensure a thorough melting of all components. Then the furnace was turned
off and the sample wﬁs leftin it to cool slowly over several hours.

Afterwards, the samples were placed in another furnace in order to anneal at



650 £10 °C for three weeks or lbngcr. With this-héat treatment, samples were found to achieve
satisfactory equilibrium and homogeneity conditions as observed in the analysis of the x-ray
powder diffraction photographs for scvcgﬁl portions of the specimen. |
* It was found that the sample's_ magnetic and optical properties, in almgst all cases, were
- strongly influenced by the procedure foﬁowed in cooling the material from the annealing
temperature. It is proposed that this type of dependence on the heat Ec'a_tmcnt is due }o the possible, .
ordcring ot: the manganese atomé in the lattice. Some cvidcn\c‘c ;)f such ordering could be .
concluded from the analysis of the magnetic and optical properties'of these materials discussed in
following chapters. As a result of this, two types of cooling procedure from the annealing
temperature were followed. To ob;ain a high degree of ordering in the material the sample was
cooled slowly in the furnace. In this’ case the matérial spends sufﬁcic'nt time in the ordering region,
during the cooling process below the annealing terﬁpcraturc. Only partial ordering, however, is
achieved in this method as observed in magnetic susceptibility and ESR measurement. The reason
. for not achieving complete ordering in the samples is our lack of kn(')\—;vlcdgc of thé exact orderipg
temperature of each sample. 'fhis inforn{atiqn is now being Sought by another student. The second
procedure consists of the rapid qﬁcnching of the sample by immcxsil_mg it in water in order to obtain |
as little ordering as possible. Thus, the material is not allowed to remain in the ordering region for

any length of time. Unfortunately this procedure did not provide complete absence of the ordering

because of the insufficient speed of the temperature drop; .

Z.LZINQ:BLEHDE_AND_CHAL&QRYRHE_SIRQCIIJBES
* ~ The zinc-blende and the chalcopyrite structures are derived from the tetrahedrally bonded
diamond structure, and called adamantine structu;'es. There are two basic conditions to be satisfied

in both cases, namely, having an average of four valence electrons per lattice site, and an equal .

~
-



number of anions and cations. -

The II-V] materials have a zinc- blcndc lattice structure derived from that of diamond in
such a way that one of the fcc sublattices is occuplcd by the anion (VI) and the other by a
combination of group VI elements, with an average of four valence electrons per lattice site. The
structure of the zinc-blende lattice and a projection of the atc%mic positions arc depicted in figure
(2.1). Inthis su'ucturc,'atoms‘ef the group II are bonded tetrahedrally to the group VI atoms that
are displaced by a/4 along the face diagonal. The difference between the zinc-blende and the
diamond lattices is that the symmetry of zinc-blende is reduced because of the ordering of the two
different types of atoms, while the diamond structure consists of identical atoms M toa
_ higher symmetry. -

Matgrials of the type I- II-VI; have a Gch52 chalcopyrite lattice structure which is
dcnvcdfrom the diamond lattice. These materials have a body centered tctragonal lattice where c/a
is cc(rzoaL.or slightly less than 2, with its unit cell containing 16 alogs. In this structure the two
types of cations occupy two different sublattites, figure (2.2), while the anions occupy anothe(r
sublattice. In this structure atoms of the groups I and I are tetrahedrally coordinated by four VI

atoms; where each of the VI atoms is coordinated by two atoms of each of the I and ITI (6).

? |
24 X-RAY RESULTS AND ANALYSIS +
Debye-Spherrcr photographs were taken for samples of the alloy system Cdz}((AgGa)y
Mn,,Te, over the range of composition shown in figure (2.3). These photographs were used,
_ first, to verify if the sample had reached its equilibrium condition after the heat treatment. The
actual analysis of these photographs, which will be described shortly, was .used to determine the
crystal structure and the lattice parameter of each sample. Absorption by the sample's holder had to

be taken into consideration, in order to determine the real Bragg angle of reflection. For this
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Figure 2.1  a) zinc-blende structure
b) projection of atomic positions
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Figure 2.3 Range of composition in triangular
coordinates for samples studied
by x-ray photography. .
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purpose two correction methods were used. In the case of zinc blende samples the values of lattice
parameter obtained from the observed lines were plotted z'lgainst a correction function f(8) (Nelson-

Riley comrection function)‘givcn by the following expression:

2 . 2
£(0)= cos” (0) . sin" (9) 2.1

25in (9) 20

) where 9 is the Bragg angle. This function is chosen to have this form in order to give a
linear relation between the lattice parameter "a" and 6, figure (2.4). The best straight line is drawn
through the points, and the correct value of "a" is obtained by extrapolating to f(8)=0.

In the case of samples in the chalcopyntc region (body centered tetragonal structure with
cla #2 ) the apphcatmn of the correction method discussed above was found to be lengthy and
tedious. In ths case, a plot of the variation of the two parameters.(c and a) with f(8) had to be
made in order to obtain the corrected values of the lattice parameters from the intersections of the -
extrapolated lines with the ytaxis at f(90). In order to get a good correction, one ha-s to adjust these
two lines until they become parallel, which indicates that the two parameters are affected by an
equal amount of abs&b‘ﬁo’ﬁ.

Therefore, the method of internal calibration was used instead. This method involves
mixing a small amount of silicon (which has a well known value of lattice parameter) with the
sample being x-rayed. From the analysis of the silicon lines, a correction graph of sin2(9) Versus
Asm2(6) was plotted, where Asm2(9) is the difference between the squared sine of the measured
and the standard Bragg angle of reflection of the silicon. From this graph, the valucs of 81n2(9) for
the chalcopyritc samplc were interpolated to determine the values of Asinz(B) which represent the
" correction to be made on the observed values of sinz(e). Since the conditions under which the

x-ray photographs were taken were very similar (such as the length and the thickness of the

-
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holder), this correction method was obtained for one of the chalcopyrite samples, and then used in

the analysis of all the other chalcopyrite samples. This approximation is justified since the error

involved in accepting such small differences in the method of taking these phétographs is negligible

in comparison with the errors introduced in the determination of the position of the lines on the

x-ray film and in our knowledge of the cxac_:'t sample composition after the melting and-annealing

stages. - "
The lattice parameter was determined from the x-ray photographs using the Bragg

condition of reflection, equation (2.2),

sin(0) = N Lzz 2.2)
4 a

where
N =h?2+ k24 12
A: wavelenght of incident x-ray radiation
6: Bragg angle of reflection
a: lattice parameter

h,k,1: Miller indices

In fee structure, which is the case of zinc-blende, the Miller indices (h,k,1) have to satisfy the

condition of being all odd or all even (see table 2.2) and such that:

h+k+l = 4n

2
h+k+]l = 4n+2
h+k+l = 2n+1

where n is an integer.

The angle of reflection (0) was measured for each line, and then the predicted values of

<
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the Miller indices (hkl) of the lines were fitted to equatidn (2.2) in order to obtain a smooth
variation between "a" and f(8), as discussed earlier. In the case of chalcopyrite samples, the Bragg

condition is

h
. C sink(0)= W [t — ] (2.3)
S ) 4

where the Miller indices can be derived from the zinc-blende indices by doubling the | index (see
table 2.2). A computer program was designed to perform the fitting of the Millcr indices to the
observed vdge of §in2(9), after being correctcd using the internal calibration method described
above. The first step in this program is to predict the Miller indices for as many of the observed
lines as possible. This is accomplished by assigning the values of (hkl) to these lines according to
t:b?/l; (2.2) and then using these values to calculate the corresponding line positions. This is tried
several imes until the prcdicted line positions are in good agreement with the observed ones. Once
the Miller indices for the first few lines are determined, the Bragg equation is then solved for "a"
and "c" using a least square fit. These values were then used to determine the values of the (hk1)
indices for the rest of the observed lines, by comparing their calculated line positions with the
observed ones. Having assigned the correct (hkl) values to all of the lines, the Bragg equation is

then solved for all the lines in order to obtain a precise value for "a" and "c" by using a least square

fit. . )

The values ;)f lattice parameter are plotted against the Mn2+ concentration (z) in figures
(2.5) and (2.6). The variation of "a" with "z" was found to be linear over the studied range of
composition. Each line in these two plots rcp;rcscnts certain ratio of x/y. The values of lattice

parameter for samples with y=0 were obtained from the work of T. Donofrio on the system
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CdenyanTe (4)._ Figure (2.7) represents an isotherr;\al section.of the phase diagram at
T=650 °C for the alon.sysicm.Cdzx(AgGa)yanzTcz in triangular coordinates, showing the
range of solid solution and the approximate border lines between the phase regions. The lines |
c{rawn ir; this diagram arc the approximate boundaﬁcs of the ;;hascs according to the calculated
values of lattice parameter. A detailed and precise dctcrmiﬁation of these boundaries requires a

considerable amount of additional work, which is outside the scope of this thesis.
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24
27

32
35

36
40

43

Table 2.2 Values of Miller indices for zinc-blende

zinc-blende

111
200

220
311

222
400

331
420
- 422
511
333
440

531

620

533
622

and chalcopyrite structures.

516
3110

0012
620

2012
536
3310
624
2212
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MEASUREMENTS OF MAGNETIC SUSCEPTIBILITY

3.1 INTRODUCTION

Scﬁﬁmagnetic—Scmiconductors (SMSC) or Diluted Mégnetic Semiconductors (DMS) in
which the magnetic ions such as Mn2_+ assume random positions in t]lc lattice, show an
unmistakable cusp in their magnetic susceptibility versus temperature behavior, The sharp cusp
observed in these matetials is attributed to the freezing of magnetic ions in random orientations.
This interpretation is supported by neutron diffraction measurements which also indicate the
absence of any long range ordering of the magnetic ions at and below the frccz.iné temperature of
the spins Tg. On the other hand, no corresponding anomaly was observed in the specific hcat‘
measurements, raising as yet unanswered questions regarding the nature of such a freezing
p}occss.

In the dil}:ted magnetic semiconductor alloy system Cdzx(AgGa)y Mn,,Tey, the
magnetic susceptibility meésumments above 4.2 K exhibit this typical behavior of spin glass
freezing for samples with manganese concentration ranging between 15% to ~55% . These
measurements showed that the magnetic behavior of the alloys is different for different types of
structures in which they crystallize, zinc-blende and chalcopyrite. This is due to the effect of the
structure of the lattice on the.exchange interaction between the spins. Such a difference is rendered
more complicated ir these materials due to the brescncc of different possible types of ordering of
the mangancsé jons in each of the structures of the material. Invcstigatiop of the freezing
temperature Tg and of the Curie-Weiss temperature (0), were carried out in order to obtain ,
information about the nature of the exchange interaction between neighboring MnZ2+ ions, as well
as the value of the exchange integral (J). The apparatus used for this purpose , discussed later in
this chapter, is the SQUID magnetometer designed and built by Professor G. Lamarche in the low
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temperature physics laboratory at the University of Ottawa.

3.2 THEORETICAL BACKGROUND

The name “spin glass" was first introduced by B. Coles (7) to denote "the entire class of
random magnetic alloys of moderate dilution in which the magnetic structure no longer resembles
that of pure metals ". Another definition was given by Binder (8) who describes a spin glass as a
“magnetic system where the interaction between the spins are in conflict with each other, due to
‘quenched (i.c. frozcn'-ih) disorder’ in the system". The reason for calling these materials glasses
is that in ordinary glasses, the spatial degrees of freedom freeze without any long-range order -
similar to the absence of the long-range order in the freezing of spins in these materials (9).

In the case of metallic spin glass materials, the RKKY (Ruderman-Kittel- |
Kasuya-Yosida) model, which represents an indirect coupling of the spins via the conduction
electrons, is the dominant mechanism of interaction which leads to the spin freezing. This
interaction oscillates between decaying positive and negative values as the distance between nearest
neighbors increases (10). This type of interaction is insignificant in some SMSC, including the ~
alloy system under study, which have a low can‘it;r conéentraﬁon.

Lattice frustration is believed to be the origin of the random freezing phenomenon in sp;in
glasses. This frustration arises in these materials due to a contradiction of interaction. In metallic
spin glasses, wﬁere the RKKY is dominant, the influence of magnetic interaction on any site (i) by
othcr sites could be in conflict, leading to frustration, In-azinc-blende or a chalcopyrite structure,
where the spins tend to align antiferromagnetically, frustration may arise due to the geometrical
arrangement of the spins. In such cas{, a spin that tends to be aligned in a certain direction due to
thc‘inﬂucncc ofa ﬁcamst neighbor could be acted upon by another nearest neighbor in an opposite

direction. The resulting situation represents an equilibrium position of the spin leading to the

random freezing in a three dimensional lattice. Frustration may arise only from nearest neighbors
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antiferromagnetic interaction and not necessarily from a competition between femmagnclie and
antifcnufnagncﬁc interactions (9). In the case of the zinc-blende structure for example, the
frustration arises as-shown in figure (3.1), where any of fhc spins in the triangle will be frustrated
due to the competing influences of the other two spins. |

/ It has been suggested fér the case of metallic spin glasses (11,12) that the freezing
process in these materials is a gradual one similar to the biocking of superparamagnetic single
domain magnetic particles. Thus, for a particular measurement, these single domain particles will
appear to be frozen if their relaxation time is larger than Lhé measurement time of the experiment,
(the interval of time during which the experiment probes the system). This mode! succeeds in
explaining the dependence of the a.c. magnetic susceptibility measurements on the frequency of the
c_)_:s_ciﬂziﬁng magnetic field, as well as the difference in the value.of the freezing temperature j
(blocking temperature) obtained by a.c. susceptibility, by neutron diffraction (13) and by
Mossbaiier effect (14). The difference between these measurements is attributed to the difference in
the measurement time of these experiments.

7 However, in insulating spin glasscé, such as Cdzx(AgGa)yanzTc'z, the in;raction

between the spins is found to be antiferromagnetic from the study of the Curie-Weiss
temperature. Thus, clustering in these materials is different from that in metallic spin glasses. At
high temperature the interaction between spins is weak which results in a paramagnetic behavior of
the susceptibility according to Curie-Weiss theory of antiferromagnetism. This behavior is
represented by the linear relationship between 1/¢ and T as shown in figure (3.2). Atlower
| temperatures, small clusters start to form in which the spins tend to align antiferromagnetically for
longer intervals of time due to an increase in the correlation time between them. The
superparamagnetism arises in this case from unpaired spins on the surface of the cluster resulting in

large net magnetic moment (15). This enhanced paramagnetic behavior could also be attributed, in

part, to the isolated spins which are not included in A-ny one of the clusters. As the temperature is
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lowered further, more and more loose spins will join the clusters until an infinitely large cluster
forms at some critical temperature Tg, the freezing temperature. | --
| As to the nature of the exchange mechanism responsible for the observed
antiferromagnetism, the direct typ%c?f exchange interaction can be excluded in these materials due to
the large ditance between the Mn_2+ ions which reduces the direct overlap between their
wavefunctions (localization of spins). It is also possible (16) that in the case of zinc'-blcndc
structure, a screening effect of .thc direct interaction between the Mn2*+ résults from the prcscrlce of

2+ ions. Therefore an indirect.exchange,

an anion atom partly between the two neighboring Mn
which includes RKKY, mechanism should be considered. This type of mechanism may take
different forms. As has been mentioned above, the RKKY in:?r_l‘on is not expected to have a
significant contribution in some SMSC materials such as our dlloy system. A second candidate is
known as superexchange (19). This type of exchange is believed to be dominant in wide energy
gap SMSC. The interaction between spins in this case is via a virtual transition between the valence
band and the manganese ion\cncrgy levels. However, in narrow gap SMSC, a second type:)f
mechanism is present in addition to superexchange. This mechanism describes the interaction as
being channqléd through the conduction band (Bloembergen-Rowland) model (24). A simple

picture of these types of interaction is presented in figure (3.3). These models will be discussed in

more detail in the analysis of the results.

3.3 EXPERIMENT

A SQUID (Superconducting Quantum Interference Device) magnetometer, figure (3.4),
was used to measure the d.c. susceptibility in these s;énﬁmagnetic semiconductors. This
magnetometer consists (')f a double dewar cryostat of which the outer dewar is used as a helium
reservoir and in which a Niobium superconducting solenoid is placed to supply a d.c. magnetic

field. This solenoid is isolated from its surroundings by a lead shield in order to attenuate any
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external magnetic noise. A Nb cylinder is used to trap a uniform magnetic field insidt% the arca
where the sample's magnetization is measured. Due to the very high sensitivity, { 2*10E -10 gauss
cm2) of the SQUID, only a small field is r;:quircd (25 ~ 30 gauss) to induce the sample
magﬁctization. Two superconducting pick-up coils are placed in the same reservoir inside the
magr'u:tic field. These two coils are wound in opposite directions, in order to allow cancellation of
noise signals (as well as eliminating the current induced in them by the magnetic field). The inner
dewar is isolated from the helium bath by a vacuum chamber. The temperature in this dewar can be
controlled by regulating the temperature of the exchange gas flowing into the sample area.
Measurements are performed on two samples at a time placed in a two compartments high purity
copper holder. These two compartments are separated by approximately 4.5 cm from each other,
The sample holder is attached to the end of a long plastic rod that extends to the outside of the
cryostat, where it is connected to a motor driven displacement mechanism. The procedure followed
in these measurements is first, to drive the sample holder up'ward allowing the first sample in the
first compartment to pass through the two pick-up coils. Thus, two signals of opposite polarity,
due to the opposite winding of the coils, are generated. The sum of these two signals is
proportional to the magnetization of the sample. After the first sample passes out of the pick-up
coils, the signal of the second sample is detected in the; same sequence. This procedure is repeated
for the two samples as the sample holder is drivcn downward and the signals are then averaged and
stored by an APPLE mini-computer for further processing.

. The range of temperature accessible by this magnetometer is between 4.2 K and room
temperature; however, no measurements have been performed above 250 K, due to the excessive
evaporation rate of helium in that range. The temperature of the samples was measured using a
chromel : gold 0.07% iron thermocouple used in Air Product temperature controller (+ 0.2 K over

most of the temperature range). A calibrated germanium resistance thermometer was used in the

low temperature range (4.2 K ~ 6 K ) and served as a reference standard up to 100 K. The value of
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tiu: absolute magnetic susceptibility has been obtained by calibrating the apparatus with a small
sphere of very pure lead ihat becomes a perfect diamagnet below 7.2 K. The susceptibility in .
absolute units (cmulgmj is then aut;:amaﬁcaily obtained at the output of’ the magnetometer once the
value of the rﬁagnctic field and the mass of the sample are known. The temperature accurac in the
range 10 ~ 100 K is £.5 K and improves below that range. Between 100 ~ 250 K the accuracy
decreases and is of the order of 32 K. ' |

Susceptibility measurements were usually carried out as follows. The samples were first
.coolcd to the lowcsE_ obtainable temperature (4.2 K) outside the field (zero field cooling). Then the
samples were lowered into the steady magncfic field (~25 gauss) m which the measurements of
%(T) vs T were taken up to a temperature well above the freezing point Tg. Then the samples were
cooled back to 4.2 K in the field (field cooling) and the susceptibility of the sample was remeasured
all the way up to 250 K. These two methods of cooling were performed in order to observe the

“hysteresis” effect in %(T) in these materials at temperatures below Tg, sec below.
3.4 RESULTS

Magnetic susceptibility measurements were carried.out on samples with Mn2+

concentration ranging up to 60%. Samples with zinc-blende crystal structure showed a single

sharp cusp at some temperature Tg. This singularigy in %(T) is attributed to the random freezing of

spins in the lattice as mentioned previously. When Tg is plotted VC{SUS the concentration of the

manganese atoms (z), a straight line is_ obtained whi¢h extrapolates to z= 0.2. The intercept of this

line, figure (3.5,b) agrees with the theoretical nearest neighbor percolation limit of 0.196 for fec
lattice structure (17,18). This percolation limit defines the concentration below which the system

cannot sustain any freezing process that arises from nearest neighbor interaction. In such a case the

T——— Y
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material consists of small isolated non-interacting clusters. Asié result of this, one would not
expect the occurrence of any fm;;.zing at such Mn2+ concentration, and the material would be
cxpectcd to m;nain paramagnetic dpwn to 0K. As the concentration is increased abgve that value,
 larger clusters are present, in such a way that they can overlap and therefore an inﬁqite cluster
forms eventually at T,,, leading to the freezing of the spins. Due to the limitation of the
experimental set-up, ;10 values of Tg that correspond to freezing arisifig from interaction between
higher orders of nearest neighbors for concentration below z=0.20 could be observed in the case of
zinc-blende samﬁlcs, and z=0.15 for chalcopyrite samples, since these values are lower than 42 K.
The scatter of the experimental values of Tg was found to i)c within the experimental error
cstirﬁatcd from the accuracy in wcighiﬁg the sample components, non-stoichiometric effects, etc.

Some chalcopyrite samples showed two maxima in their  vs. T relation, see figure
(3.6). In this figure a maximum is observed at 'I‘g which corresponds to the spin glass freezing and
another ma:u—“-muni‘is observed at Ty that comresponds to the antiferromagnetic ordering of the spins
experienced by some parts of the samplé. The observation of these two maxima suggests the
presence of two magnetic phases in the material. These two phases, however, could not be
identified in the x-ray analysis. As discussed earlier, it is difficult to obtain samples that show
solely one of these types of magneﬁc behaviors, due to the fact that the material may not be
quenched rapidly enough. The rate of cooling of the sample from the annealing temperature (650
9C) was found to affect the relative magnitudes of the two maxima. Most of the samples presented
in figure (3.5,a,c) have been cooled slowly in the furnace by turning it off at 650 °C and letting the A
samples reach room tempc_ratursc over several hou?/R%us, ip these cases one expects the samples
to be mostlj;r ordered since the rﬁatcrial spends long enough time in th:: ordering region, and that is
identified by the strong peak at Ty. However a faint second maximum is present due to some
disordered regions in the sample. |

As mentioned before, the magnetic susceptibility of all samples have been measured
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under zero field cooling (ZFC) condition as well as under field cooling (FC). The susceptibility
measured under these two conditions are diffcfcnt for tcmpcraturcs below Tg, figure (3.7). This
difference is regarded as an irreversible effect due to the fact that some of the spins will retain their
alignment after being cooled in the ﬁcld. This procedure was often helpful in the determination of
Tg in th;: cases where the susceptibility cusp are not pronounced. In chalcopyrﬁtg samples this

irreversible effect is observed only for T<Tyy and not at T, figure (3.8).—-
n

Plotting the inverse of the susceptibility versus temperature results in a straight line in the

high temperature region, indicating that the sample behaves paramagnetically and in accordance

with Curie-Weiss law (28):

l
0l -

When extrapolated back to 1/, =0, the intercept of this line on the T axis, figure (3.9),
gives the value of the Curie-Weiss temperature 8, The slope of this line on the other hand provides
the value of the Curie constant C 1n (K.emu/mol). In figure (3.1.0) valuc‘s of O are plotted vs. 2",
(the Mn2+ ion concentration) for some chalcopyrite and zinc-blende sarﬁplcs. Due to the mixture
of the ordered and the disordered phases in the chalcopyrite samples, 8 in this case represents only—u
a weighted average of the contributions of the two phases. Thus no distinction between the two

phases could be inferred from this graph. Values of 6 were negative for all our samples over all

ranges of solid solution. This indicates that the antiferromagnetic type of coupling of the spins is -
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dominant in these materials. In all samples, a clear deviation from the straight line representing the
paramagnetic behavior could be observed at temperatures above 'I‘g. This deviation is due in part to
the enhancement of the paramagnetic phase by the formation of superparamagnetic clusters

- discussed earlier in this chapter.

3.5 ANALYSIS

I order to have an understanding-of the freezing phcnom%n in these spin glass
materials as well as the magr;ctic behavior of the ordered phase, one should have a clear picture of
the nature of the cxchméc interaction involved. In the actual fitting of the cxpeﬁmcﬁtal data to any
model, one encounters a dif.ﬁculty arising from the simultaneous contribution of more than one
mgneﬁc'behavior to the results. Therefore, and as will be seen later, we obseryed that the
. experimental values of 0 lie between t.hc two thcoreticallly predicted values for the two phases
involved. Itis imbortant, however, to'mention that in the case of a few samples, the values of 8
were found to confirm the calculated value for either one phase or the othgr, depending on'the
degree of order and disorder existing in the sample. It is also important to Bear in mind, that it is
possible that some parts of the chalcopyrite samples of concentration above ~0.4, are of zinc-hlende
structure. This mixture of the two structures becomes evident by considering the present phase
diagram (temperatum' versus composition) to be similar to that of (Culn);_,Mn,,Tey (27), in
which the material has the possibility of crystallizing in either one of the lattice struct"ures, see figire
(3.11). Although one expects a similar kind of phase diagram in our alloy system, the exact
position of the boundaries separating the phases could be different. The presence of such a mixture
could not be identified in the x-ray analysis of these materials due to the fact that the lattice
parameters for both structures are almost equal. However, the effect of this mixture on the
experimental values of 6 could be clearly observed, where some of the samples with z >0.4 tend to

lie between the line of the zinc-blende and that of chalcopyrite. The effect of this mixture was also
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observed in the results of the ESR measurements that will be discussed in the following chapter.
According to the model proposed by Escorne et. al (20,15) there is an exponential’
variation of the exchange parameter "I" with the distance between the manganese ions, that is given

‘by the following expression

-T

J=1J¢ ‘ (3.2)

where o and J, are constants, and "r" represents the distance between the Mn2+ jons. For SMSC
with concentration "z" of manganese ions arranged randomly on a face centered cubic lattice, the

nearest neighborspacing between the Mn2* ions is given by o

%

/

and hence the mean spacing between the magnetic ions is (dz~ 1/ 3). Therefore, the mean exchange

interaction between the ions is

_]___Joe . . (3.3)

As in the development of the theoretical model for gntiferromagnetic materials, one
expects the spin glass freezing to occur whé:\thc thermal energy becomes equal to the exchange

energy at the freezing temperature T, i.e.
' 1

3
-adz

kT, =-Al e (34)
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where kg is the Boltzmann factor and "A" is a constant independent of "z". It is convenient to
rewrite equation (3.4), by taking the logarithm of both sides and rearranging the terms to obtain the

following expression

Al Y
lnTg:ln(- )-adz (3.5)

o - - .

Therefore, a plot of ﬂ—w experimental values of (In Tg) versus dz =173 g expected to give a straight
line if equation (3.2) holds. '

Such a plot is presented in figure (3.12). Itis seen that the experimental points fall on
three different straight lines representing the zinc-blende and the ordered and disordered
chalcopyrite samples. It should be noted that the mean spacing between the Mn2* ions in the case
of m_c_ chalcopyrite lattice is very similar to that of zinc-blende, since the ratio c/a is very close to 2,
and therefore, has‘a smaIl effect on the mean spacing "d".

From these plots and equation (3.5), it is clear that "o is a constant independent of the
manganese c9ncentra;i6n, as well as of the ratio of y to x, and therefore, independent of various
parameters that vary with concentration, such as the energy gap. This type of analysis was
performed on other SMSC, CdenyanTe for example (25), and a similar behavior of the cénstant.
"o" was observed. | '

Equation (3.2) represents an empirical relation that does not give any physical insightas
to the mechanism of cxéhangc involved in these materials. One of the models that gives such
insight is the Bloembergen-Rowland (24). In this model the interaction between the ions takes

place via viriual transitions between the valence band and the conduction band. The variation of the
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exchange parameter with distance between the ions also has an exponential fo_x:m in this model, with
the exponent being a function df the energy gap Eg. This model is expected to bg.of importance in
low band gap materials such as Hg;_, Mn, Te where there is a high probability o'f a virtual
transition across the gap (3,5,26). On the other hand this type of mechanism is not expected to be
“dominant in our material where the energy gap values are considerably higher. For instance,
according to reference (19), the contribution of such mechanism is estimated to be of the order of
5% in the case of Cdy_yMn, Te in which the eﬁcrgy gap varies from 1.5 to 2.5 ev over the entire
;'angc of composition. Thcrc.forc one may expect a contribution of such percentage or slightly
higher in our alloys. According to this model, the variation between the exchange parameter and

the ionic spacing can be written as follows

C f.aRij :
J(Ry) = — e (3.6)

]

R

where
Rij = distance between the ith and jth S$pins
- [ 24172
o =[2m, Eg /h4]
C aconstant

m, conduction band effective mass

Eg energy gap

Due to the difficulties in the determination of Eg over the entire range of solid solution,
which-will be discussed in the next chapter, the exact contribution of such mechanism could not be

determined. In order to obtain the results of energy gap measurements over all the range of solid
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solution, a different method of the sample heat treatment is probably required, especially in the case

of chalcopyrite samples. Because of the time limitation and the effort involved, this task became
. beyond the scope of this report, and therefore, no conclusion could be drawn in this regard.
However, since this contribution is expected to be of the order‘of 5% only, it can be neglected
anyway. N _
Another model for the exchange mgghanism in SMSC is that proposed by Geertsma ct.
al (21),—which is based on the work of Gongalves da Silva and Falicov, In this model the
interaction between the magnetic ions takes place via a virtual transition between the valence band
and the delocalized 3d° state of the manganese ion. The variation of the exchange parameter is then

written as

J(Ry) = IR ¢ 1)

and by following the same argument used above in equation (3.3), this expression can be written as

1

I -
1n(d2;rgz )= In(—2) -adz 3 (38)
- _

2
3

.
The exponent "o in equation (3.7) is a function of the energy of interaction and the effective mass

of the valence band (22)

2m*.

a=E( —)
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where E represents the energy difference between the 3d3 and the excited 3d0 levels of the Mn2*
ion. |

Our experimental results ;1rc replotted in terms of (In d2 Tg z '2/3) versus (dz J 3) asin
figure (3.13). Agaifi the experimental values were found to give straight lines, within experimental
error, for the three different phases that exist in the material. The values of o and (Al / k) for the
three different phases were then determined from the slopes and the intercepts of these lines.

The next step is to use the values of & and (AJ/ kg) determined above to preéict the
Curie-Weiss temperature 8. This could be accomplished by using the mean field theory of

antiferromagnetic materials (23), given by

s (s+1)
e=33- . Zniji (39)

where
J; is the exchange parameter for Mn2*+ ith nearest neighbors

n; is the number of the ith nearest neighbors

Thus 6 is the sum of the contributions of all consecutive sets of neighbors given by the

. - . + - /‘ ‘.\“
index (i) . If J; is replaced by the expression in (3.5), then (3.?)‘5&0:;1{;3
y— /_\al‘/
.'/ ' \J\/ f \_7
cad N SO
0 2 s(s+1) ni ¢ l \\\‘ ‘\—-’/
=2 ZLZ R (3.10)

where d; is calculated up to the 6t nearest neighbor spacing. Contributions of the 7th,

Al
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8t etc. nearest neighbors were found to be negligible.

The values of "o, In ( a2 Tg £ 23 ), "a","T,", as well as the ckperimcntal and
calculated values of 0 are given in tables (3.1), (3.2) and (3.3) for zinc-blende, ordered and
disordered chalcopyrite samples respectively. | |

Unfortunately, it has not been possible ;o obtain completely ordered or completely
disordered chalcopyrite samples duc;o difﬁculticg discussed in chapter 1, and tHerefore, the two
lines for 6 vs. z calculated for the ordered and disordered phases, see figure (3.11), give only
upper and lower limits with respect to the experimental data. This is due to the fact that the
measured value of 8 represents the weighted average of the contributions of the two phases. It can
be clearly seen that experimental values of 6 in the case of chalcopyrite samples fall closer to the

" line calculated for the ordered structure than to the line calculated for the disordered structure, figure
(3.10). This indicétcs then, that these samples are mostly ordered. This is confirmed by the
measurements of magnetic susceptibility, where the intensity of the Mum at Ty is significantly
(_/ higher than that at Tg. Experimental values of 8 for the disordered chalcopyrite samples could not
be obtained from the magnetic susceptibility measurements, owing to the fact that such values were
masked by the presence of the ordered structure. However, the analysis of the ESR results
provided these values, figure (3.10), which is the subject of the next chapter,

As mentioned before, no information about the exact type of ordering of the MnZ* jons
could be obtained from the x-ray analysis, and ﬁcutron diffraction measurements are nc;w being
carried out by another member of the research gfoqp on this alloy system for .th.at purpose.
However, the calculated values of 6 were based on two postulated possible types of ordering. In
these two postuiatcs we assumed that the manganese jons will reside éolcl;";'on either gne of the
sublattices of the structure. The calculation of the Curic;,-Wciss temperature using cither' one of
these postulates gave the same value of 6, \yith a difference comparable to th'c experimental error.

* This insensitivity of the measurement to the type of ordering could be understood by



considering the fact that the mean distance between nearest neighbors as well as the number of

nearest neighbors would not change.
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Table 3.1 Experimental and calculated data

for zinc-blende samples.
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00/55/45 54

- 00/50/50 | 64

T ooMsiss 61

Lt
o = -4.6357

Ln(-AJ,/kg)=4.8515

di a!ﬁ a ,/3!_23

n; 8 8 32

6309
6322
6341
6335
6329
633

6323
6335

J3a

Sexp®)

-168
-334
-433
-557
-450
-734
-684
-496
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Table 3.2 Experimental and calculated data

- for ordered chalcopyrite samples,

fcq1k) ‘-
-67.3 '
-333.6

~395.5

- -463

-531.4
-597.4
-666.3
-727.8



composition Tg(k) a foxp®  8eg(®
00/95/05 - 6309 . - -15.1
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- 00/80/20 ‘ - 6301 - -42 .65
00/75/25 - 6322 -75 2752
00770/30 6 6341 -95 -89.5
00/65/35 7 6335 -104.6
00/60/40 9 6329 :119.9
00/55/45 10 633 -134.8
00/50/50 - 11.6 6323 11503
00/45/55 12 6335 - -164.4

o =-2.6035 |
Ln(-AJ,/kg )=2.788

d, a2 a2 fina 22 J102a  f3a

n 12 6 24 12 24 0

Table 3.3 Experimental and calculated data

for disordered chalcopyrite samples.



3 : CHAPTER 4 T

4.1 INTRODUCTION -
The application of a static magnetic field "H" to a free magnetic ion possessing a

permanent magnetic moment results in the Zeeman splitting of its energy levels as given by
: q :

E=MggugH (4.1)
Where l
M is tl_1‘e— spin magnetic quantum number
g is the Landé splitting factor
KU Bohr magneton

In Electron Spin Resonance (ESR), transitions between these levels, which obey the
selection rule AM =1, are induced by the application of an alternating clectromagnetic field with

an angular fréquency (28) w, given by

corresponding to the energy difference between the adjacent magnetic energy levels and separated
by fiw. - |

In our alloy system Cdzx(AgGa)y Mn,,Te,, the Mn?2+ ions possess a permanent
magnetic moment with a spin $=5/2 corresponding to a 3¢5 atomic configuration. The applicaticn
of a magnetic field will split the energy levels as shown schematically in figure (4.1 a). Due to th}: :

effect of a cubic or nearly cubic crystalline electric field, further splitting of the energy levels
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results, figure (4.1 b).

In usual ESR measurements, the trénsition between these energy levels is induced by
fixing the fréquency of the incident radiation, at some point in the microwave range, while varying
the magnetic field. For systéms of free ions in- thermal equilibrium, the population will be largest
for the low energy levels. Therefore, in spite of the equal prabability of absorption or crrﬁssion, ;1
net amount of the incident radiation will be absorbed by the material that can be detected
cxfacrimcntally. This effect is manifested as a broad maximum in the absorption spectra of these
materials. The reason for having such maximﬁm that is spread over a wide range of H, instead of
a well defined value, is the presence of dipole-dipolélinteraCtion, exchange iﬁtcraction and various
types of relaxation phenomena, such as spin-spin and spin-lattice (28).

Electron Spin Resonance measurement was found to be a very effective experimental
mcthod of studying this typc of maghetic systems. The observations provided by this method
" reveal infqrmau'oh concerning the exchange interaction bctwec; the spins. Also, pcrforming this
type of study on these materials provides valuable inf:ormation about the dynamics of the magnetic
system as well as the critical phenoﬁeha that occur when the temperature is varied. One other
importance of such measurements is that it has been employed as a method of detecting the
existence of order and disorder in our samples, as well as the dcg.re'e of such order. This is
discussed in the following sections of this chapter. |

These measurements were performed m the ESR laboratory at the Univcrsi‘ty of Ottawa

by the technician specialist Mr. Bei Wah Chan, under the supervision of Professor A. Manoogian.

Most of the samplés that have a single crystallographic structure were studied by this

. technique. The range of temperature over which the experiment was performed was between 550 ~



0K iﬁ two steps: fnonil room tcmpéréturc down to 90 K, and from room temperature up to 550 K.
No measurements in the low temperature range of (90 to 4.2 K) could be performed due to some

. damage to the helium-transfer equipment in our laboratory. There was only one exception to this:_a‘
sample with comp'bsition (x=0, y=0.75, z=0.25), a chalcopyrite, has been studied in‘ the range of i
90 ~ 4.2 K. This set of measurements was performed at the National Research Council
laboratories by Dr. Bartkowski whose help is gratefully aclmowlcdgcd.

A detailed description of the experimental set-up used in these measurements as well as
of the procedure followed is given by Chehab (29). The apparatus consists mainly of an
electromagnet, a micré»wavc source (~9.4 GHz) and a systemn of wavegui&;as that direct the
microwave cnérgy to the sample. In order to simplify the determination of the linewidth in these
measurements, the derivative of the absorption signal is taken by applying a modulating signal to
the static magnetic field. This modulation (100 kHz) is realized by means of two Helmholtz coils
mounted on the two opposite walls of the sample's cavity facing the tw-o—polcs of the
electromagnet.  The linewidth AH was taken as the peak to peak separation of the dcriv;.tivc curve,
as illustrated in figure (4.2). In figure (4.2 a), the modulation field causes the microwave power in
the cavity to be modulated at the same frequency when the sample absorbs power at resonance. As
the steady field is slowly swept through the absorption curv;:, the amplitude of the modulation of
the microwave power changes in proportion to the absorption curve as shown in figure (4.2 b).
The modulated microwave power travels from the cavity to the crystal detector where it is
demodulated and then passes to a phase sensitive detector. The output of the phase sensitive
detector gives the first derivative pattern of the ESR line on a chart recorder as shown in figure (4.2
c).

The temperature of the sample was controlled within £2 K over the entire range indicated
above, by circulating nitrogen gas evaporated from liquid for measurements in the low temperature

region, and by a flow of properly heated nitrogen gas in the high temperature region, around the
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sample. The temperature was measured with a thermocouple which was in direct contact with the

';s‘.amplc. A golc;-chromcl thcrrnocbuplc was u§cd for temperatures below room temperature, and a
-j copper-constantan thermocouple was used for temperatures above that. The procedure followed in
these experiments is as follows: the sample was-placed in a glass tube mounted inside the
microwave cavity and its temperature was stabilized at a certain value, and then the magnetic field
was slowly s'. ept over a range of 5 K gauss. The temperature was then changed (by controlling
~ the tcmperatugcvf the circulating nitrogen gas) by 50 K increments for temperatures 5bovc room
and by 15 .K for temperatures below that. The incident electromagnetic radiation will be absorbed
by the samplé when the resonance condition given by equation (4.2) is satisﬁc@ This absorption
was detected as a reduction in the intensity of the microwave radiation leaving the cavity and

recorded at each temperature as a function of the applied magnetic field.

-

4.3 RESULTS

For all chalcopyrite samples, two absorption lines were observed. One was broad with a
AH value between 500 and 700 gauss, depending on the sample composition, while the second
was narrower, having a AH of approximately 120 gauss for all composition range. It is postulated.
that the narrow line arises from the Mn2* ions in the ordered structure in the material whichis
antiferromagnetic in character, while the broad line arises from the MnZ2* jons in the disordered
structure, which behaves like a spin glass. The intensity of these two lines with respect to each
other.depends strongly on the relative amount of order and disorder present in each sample. The
intensities of these two lines relative to each other are related to the magnitudes of the two peaks
observed in %(T) measurements, see chapter 3,

In figure (4.3), the derivative of the absorpffon spectrum at various temperatures is

- presented for a typical chalcopyrite sample with composition (x=0, y=0.75, z=0.25). From such
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curves the \:rariation of AH with temperature for the broad line "b" and the narrow line "n" can be
found. The resulting graphs of AH vs. T are shown in figure (4.4). AH for line "b" starts ata
high value and increases relatively slowly at temperatures well above T, the spin glass freezing
temperature. This behavior is typical of that observed with spin glass material where &c value of
AH is determined mainly by spatial inhomogeneity of the local field seen by the Mn2* atoms and is
almost independent ofﬂthc critical phenomenon at Tg (4). However, the AH curve for line "n"
shows an almost constant low value until the temperature comes relatively close to the critical
transition temperature of 30 +5 K. Itis to be noted that the variation of AH for line "n" above 500
gauss is an estimate only since in this range, the peaks corresponding to the two lines coalesce.
The form of AH for this line is typical of antiferromagnetic behavior, see figure (4.5), i.e. the
ordered structure appears to show an anﬁfm;omagnelic Néel temperature Tyy. This result seems to
be in good agreement with the value of 27 K for Ty -determined from the magnetic susceptibility
measurements for that sarﬂplc (see chapter 3).

In most of the studied samples with zinc-blende structure, a single symmcﬁ-ic line was
observed. The width of this line varies with temperature in the fashion described by figure (4.6).
In some of these samples one could clearly identify a second line that has a much smaller AH than
the first. This narrow line is generélly smeared and asymmetric due to its small intensity in
comparison to that of the broad line. This asymmetry made the measurement of AH for this line
very difficult, since the peaks of these lines are not pronounced. Therefore, the values of the AH
are much less accurate for such lines.

In sor;lc samples, chalcopyrite or zinc-blende, a large separation between the zero point
and the end of the tail of the derivative curve was found (figure (4.7)). The presence of such a
large separation was found‘to be more persistent in samples that lie on the borderline between the
two crystallographic phases, see figure (2.7). Such an effect is attributed to the presence of an

absorption line that corresponds to a second phase in the sample. However, this line could not be
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.‘}
seen since its intensity is small and therefore, it becomes masked by the other lines. In cases like

this, the analysis of AH gave unrealistic results. ' | /
Tuming back to the effect of order and disorder on the absorption spcc_trun; of the
sample, it was observed that the shape and the intensity of the lines depended on the method of
cooling from the temperature at which it was annealed, see chapter (2). As mentioned in chapter
(2), two methods of cooling were followed: the ﬁmf is slo{v cooling, while the other is rapid
quenching. The slow cooling results in the presence of two well pronounced lines, see figure
(4.8), while in the qucnchcci samples the narrow line becomes very faint and asymmetric. This
type of dependence 6n the method of heat treatment ;:vas not very pronounced in the magnetic
susceptibility measurements in our alloy system. However, the effcc; of the cooling method on the
x(T) was very cl-car for another alloy system, Cdoy, (AgIn)y Mny, Teo, studied by this research
group. In that case two sam{:lcs of the same composition (x=0, y=0.75, z=0.25) showed two
different behaviors in their x(T). In ﬁgure (4‘.9) curve "a" represents one of the samples that has
been quenched in water from its annealing fcmpcmturc and curve "b" represents a sample being
cooled slowly by switching the furnace off and leaving the sample to cool over several hours.
Curve "a" shows a very strong peak at 8 K and a small one at 24 K, while in "b" the higher
. temperature peak is strong and the lower temperature peak has almost dgappeamd (30).

iy

4.4 DETERMINATION OF CURIE-WEISS TEMPERATURE
In the work of Oseroff et. al. on the alloy system Cd 1-zMn, Te (31), the linewidth of the

ESR measurements was assumed to obey the following expression
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AH = A( ) 3 B . 4.3) .

‘where -

B = high temperature linewidth -
a = critical cxpon_ént

T, = transition temperature
A=an cmpmcal parameter

whlch is based on the exptession developed by Huber (32) for antiferromagnetic materials above

.the Néel temperature. Using thésanalysis of the experimental data, Oseroff found that & and A

suffered inconsistent variation with sample corﬁposition, in which o could vary by an order of
magnitude. Such variation is in contradiction with the fact that « should be independent of
comp@.ion for thc-‘;ame critical phenomenon. In subscquénf work, Oseroff (33,34) P‘IOdiﬁCd

equation (4.3) giving the following
|

~
-~

T .‘
AH = A (== + B(1- &) C (44)

wheﬁ A and B are empirical parameters independent of temperature, 6 is the Curie-Weiss

* temperature and T, is the fmczing temperature,

Howcvcr, in our alloy system as well as others (35,36), the AH of the broad 11nc (in .

b6th zinc-blende and chalcopyntc samplcs) increased rapidly at tcmpcratures well abovc thc critical

tcmpcraturc Tg that has been determined in chaptcr (3). Fitting the experimental data in the high

temperature region to oﬂuaﬁon (4.4) gave values of 0 consistent with those obtained from

oo . '
| measurements of %x(T). These values were obtained by writing equation (4.4) as

é}
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~ does not correspond to a single line bl

.  TAH = F() + B(T-0) , (4.5)

where F(T) comresponds to the contribution to the linewidth at lower temperatures, and
has a negligible contribution at high temperatures. Therefore, from the plot of TAH vs T at high
temperatures, one expects a straight line with an intercept with the temperature axis at 8. Such
plots are shown in figures (4.10 a) and (4.10 b) for sélected samples. The variation of TAH with T
was found to be linear over a reasonably wide range in the high temperature region. However, at
lower temperatures the relation betwccr; TAH and T becomes non-linear due to the contribution of
the séqond term F(T) in equation (4.5).

The application of this type of analysis to the narrow lines in the case of chalcopyrite

-samples resulted in very small values of 9 For instance, for the sample with composmon (x=0,

y=0.75, z=0.25), the value of 8 is - SP K (ﬁgurc (4.11)), while that obtained for the same sample
from the mcasurcmcnt of x(T) is -32% K, see chaptcr 3. This d1ffcrcncc is not yet understood, and
is now being mvcsugatcd oy other me bers of the research group.

As it has been mentioned érhcr #n samples lying on the border lines between the two
crystallographm phases, one suspects the presence of an absorption line that corresponds to a |
second phase in thc sample. The analysjs of;I‘AH vs T for these sAmples at high temperatures

(ﬁgure (4 12)) gave a positive value of 8.

(ol

These values are unreliable since the measured AH

ather to the effect of the combination of several.



TAH..

{Kelvin. Kgauss)
400
, 00/85/15
300_
200 00/70/30
100
i //; . 3
- I - T 1 | [ 1
=200 -100 0 100 200 300 400 500
Temperature (K)
Figure 4.10 a Fitting of experimental data to
: equation (4.5) for the disordered line
of some chalcopyrite samples.



T AH d
(Kelvin, Kgaouss)

400 —

10/70/20

300 —

00/75/25

200 —

i | l l | I |
-200 -100 0 100 200 300 400 500

r\ Temperature (K)

Figure 4.10 b  Fitting of experimental data to equgation
(4.5) for the disordered line of some
chalcopyrite samples.



T AH
(Kelvin. Kgauss)

70

‘60
50
40
30
20

| | | .l I ! ' ]
200 <100 0 100 200 300 400 500

Temperature (K)

Figure 4.11 Fitting of experimental data to equation .
' (4.5) for the ordered line of a
chalcopyrite sample with (x=0, y=.75,
z=.25).



| 00/65/35
T AH ' o 00/50/50
(Kelvin. Kgauss)
400 —|
300 —
200 —
R
100 —
e 1 l |' I T ]
-200 ~100 0 100 200 300 4% 500
N
Temperature (K) o

Figure 4.12 Fitting of experimental data to equation
(4.5) for chalcopyrite samples suspected
of showing two phase behaviour.



E

3.1 INTRODUCTION

Since SMSC materials possess properties of a scmiconduc.tor, it is important to
ipvcstilgatc their energy gap values. _Ihc energy gapof a semiconductor represents the energy
difference between the highest point i; the valence band and the lowest peint in the conduction
band. In order to understand the effect of the presence of the rﬁagnctic impurities on the value of
the energy gap Eg, it is necessary to determine Eg as a function of the concentration of magnetic
ions in the material. Also measurements of Eg open a window on the problem of order and
disorder in such materials. |

Determination of the band gap can be achieved by several methods, of which only two
are considered in this work. The first, which is the easiest from the technical point of view, is the
optical‘absoﬁltion method. The second is the wavelength modulated reflectance method. The
method of optical absorption was. used to determine the values of Eg in our alloy system.
However, difficulties in the preparation of samples for such measurements limited the number of
samples investigated. The main difficulty was to bring the sample to the required thickness in order
to get a reasonable transmission of light mrt;ugil it. On the other hand, the impossibility of *
obtaining good reflecting surfaces on the samples prohibited us from using the wavelength
modulated reflectance method. For these reasons, a complete study of the energy gap dependence
.on sample composition and on the state of order and disorder in the sample could not be realized.
However, we were successful in determining Eg for some samples, and thes.c values are in good

-
agreement with those found for similar SMSC alloy systems such as Cdy, (Ag In)yMn», Te).



2.2 EXPERIMENT : ‘

In semiconductors, two types of interband energy absorption are possible. Transition
between extrema of the bands situated at the same point in the Brillouin zone are called direct
‘transitions. If the interband absorption on the other hand takes placclbctwccn extrema situated at
different points in the Brillouin zone, the transition s referred to as indirect. '

Direct transition is experimentally characterized by a steep rise in the value of the
absorption coefficient as a function of the energy of the incident radiation. The absorption

coefficient for a simple parabolic band in the case of an allowed direct transition (37) is given by
(ahv)? = A(hv-Ep) (5.1)

where
o 1is the absorption coefficient
Eg energy gap

A aslowly varying function of hv

Y\
2) Sample Preparation

Samples were cut into small slices with a typical thickness of about 400 tm using a wire
saw. The sample was then mounted on an aluminum plate with,an aperture in the center which was
covered by the sample. The edge and any visible holes in the sample were blocked with silver
print. The sample was made as thin as possible by grinding it using 140 pim and 10 pm silica
powder. A typical value of sample thickness required in order to obtain a reasonable transmission
of light through the sample is of the order of 100 um. In the case of most samples grown in this

work, the slice starts to crack into small pieces during the thinning process at a thickness of



approximately 300 pm due to the brittle nature of these materials. Because of this, the number of

experimentally measured values of Eg was greatly limited (we were successful in completing the

preparation of only 10 samples out of 32). In the case of the samples that we were not successful

in preparing for the absorption method, we tried to polish the sample’s surface by etching it with a

i

solution of bromine in 99% pure methanol in order to determine the value of the energy gap using
wavelength modulated reflectance method. Unfortunately these measurements could not be

completed due to the poor quality of the reflecting surface obtained.

b) Measurements ,
For sufficiently thick samples, such that no interference effects are observed, the relation

between the incident intensity of light on the sample and the transmitted intensity can (37) be

v

written as

1=1,Ke-®d | | | (5.2)

where
I incidcn; intensity
I transmitted intensity

K aslowly varying function of the incident photon energy

- d sample thickness

© ¥

o absorption coefficient

taking the logarithm of both sides of the‘cquation, we obtain

ln(Ii?=—ad-an_ (5.3)

[s]

.
) [



In our experiment, & was determined by measuring the incident and the transmitted

. intensities I and I. A tungsten lamp of 40 W with a quartz.fubc was used as a source.
Monochromatic light was obtained by using a Spex 1702 monochromator with a grating blazed at 4
mm, The wavelength was first set in the visible region, and the light coming from the
monochromator, see figure (5.1), was focused on the sample, A dielectric filter was placed at the
output of the monochromator in order to block the higher orders of short wavelengths present. The
sample, as described earlier,was mounted on an aluminum plate suspended in front of the window
of a Dumont 6911 photox;lultiplier. The intensity of the transmitted light detected by this
photomultiplier was then fed into a Par 113 roll-off pre-amplifier and then into a Par 186A lock-in
amplifier. The lock-in amplifier was locked on the fm;;ucncy of a chopper placed on the light path
before entering the monochromator. The signal from thé lock-in was recorded on a chart recorder,
The mcasufcxﬁcnt of the transmitted intensity was taken from energies well above Eg to energics
well below it. The intensity of the incident light was then measured in the same energy range by
removing the sample from the aluminum plate, and therefore measuring the intensity of the light
passing through the aperture. | ,
In order to déterminc the value of & from equation (5.3), it is important to determine the

value of In (K). In our analysis, the value of {( 1/d ) In (K)} was considered as part of the
"background” and subtracted from the value of {{ 1/d ) In ( I,/1)}. _Thc flat part of the

— — N
experimental relation between o and the energy of the in[cidcnt radiation was fitted to a straight line,

see figure (5.2 a), and then extrapolated to higher energies. The extrapolated values of {(1/d)
In(T,/1)} Wwere then subtracted from the measured ones, therefore obtaining the corrected value of
a. These values of & were then fitted to equation (5.1) by plotting (o hv )2 versus hv. The
straight part of the msulﬁng curve was extrapolated in order to obtain the hv intercept, i.e. Eg, see

figure (5.2 b).

£7



sa : sample
ph : photomultiplier
M : mirror

G : grating

source
. . chopper

G

Filter

M M

Figure 5.1 Schematic presentation of the
experimental setup used in optical
absorption measurements. :
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In figure (5.3), values of Eg for the studied samples are plotted versus manganese
concentration. All of the samples presented in this ﬁgut_‘c are chaJCOpJ;rites with x=0. These values
were found to be dependent on the method of cc-olipg the samples from the annealing temperature.
In this figure, experimental points are divided in three sets, where each represents one type of
cooling process. Samples that have been coolgd by pulling“from the furnace (slow quenching),
showed highér values of Eg tha'n those cooled slowly in the furnace (slow cooling) over several
hours. In the case of the two samples with composition (x= 0, y= 0.65, z=0.35) and (x=0, y=
0.60, z= 0.40), two ingots'of the sample were treated in two different methods. Rapidly qucﬁchcd
(dropping the sample in cold water from T=500 K) ingots gave values of Eg higher than those
obtained from slowly cooled ‘ingdts. From these results, no conclusion as to the variation of the
samples energy gaps could be arrived at. However, by cérnparing such results with those obtained
by Quintero (6) on Cdzx(CuIn)yMnZZTez (with x=0), one could form an idea regarding the
behavior of the samples’ optical properties with the method of heat treatment followed in the
preparation of the samples. In Quintero'’s work, three different types of results were 6btaincd_
corresponding to three different types of lattice structures that the material could assume, see figure
(5.4). Chalcopyrite samples in the disordered phase were found to fall on a line that gave an
intercept of 2.8 ev when extrapolated to z=1 (this intercept represents the energy gap of MnTe if it

would crystallize in the disordered chalcopyrite structure). On the other hand ordered zinc-blende

.samples fall on a different line giving an intercept of 1.9 ev when extrapolated to z=1, while

ordered chalcopyrites give an intercept at 1.35 ev. From figure (5.3) the different ext:rapolatcd lines
for our alloy system glvc intercepts that are consistent with those mentioned above. Therefore one
could cqncludc that the lines shown in figure (5.3) represent the same structures present in the alloy

system Cdzx(CuIn)yMnZZTcz. Thus, samples that have been quenched slowly from 650 K have



Eg (ev) I R N N O A

..... 26 — o slow quepch
fast quench
slow cool

2
S
a

1T T 1 1 1T T 1 1
10 20 30 40 50 60 70 80 90 100

z%

. Figure 5.3 Variation of energy gap with
' concentration for some chalcopyrite
samples.

.



'~ Eg (ov) N T O N B O

e T 17 1T 17 1T T 11
. 10 20 30 40 50 60 70 80 90 100
- 2%

Figure 5.4 Variation of energy gap with
_manganese concentration .
for some samples of the alloy
system Cc% x(CuIn)y an ZT%



- 83 -

disordered cl;aloopyritz structure and their energy gap ;falucs are higher than the values they would
have if they were in an ordc)rad chalcopyrite structure, The presence of the ordered ziﬁc-bl;ndc
samples arises from the fact that these samp‘lcs are quenched from 500 K, where the samglcs
crystallize in the zinc-blende structure if we coﬂsidcr a phase diagram similar to that proposed by g

Arcsti et al.(27)in the case of-tflc alloy system (Culn) 1-zMny,Tes (see chapter 3).

;_"["' ?

-



Some f):‘opcrtiﬁ of the pseudo-ternary alloy system Cdzx(AgGa)yIVinzrzTcz have been
presented, including lattice structures and lattice constants, d.c magnetic susceptibility, ESR
" linewidth and energy gap values using an optical absorption method. |
From'the powder x-ray diffraction measurements, samples were found to crystallize in
one (\)f two possiblc crystal structures depending on composition. The first of these two structures
" is the adamantine zinc-blende structun:; which extends over a wide range of composition. 'I‘h;:
second is the body centered tctragohgl chalcop;ritc structure.

In rﬁost of the zinc-blende samples studied, measurements showed a single pronounced
cusp in the variation of magnetic susceptibility with temperature (at a temperature Tg). This cuSp is
attributed to the random freezing of the spins in thé alloy which undergoes a paramagnetic to spin

- glass transition at Tg. In most of chalcopyrite samples, two cusps were observed. It is postulated
that such behavior results from the existence of two magnetic phases in the material. The first of
these two phases is the disordered phase in which the magncti;: ions are randomly distributed on the

lattice sites, and which shows a spin glass freezing temperature Tg. The second phase represents

v

the antiferromagnetic ordering of the spixis on one of the sublattices of the structure, showing a
critical phcﬂomcnon at the Néel temperature T)y. The relative intensities of the observed two peaks
were found to depend on the exact method of heat treatment of the sample.

From ESR measurements, most of zinc-blende sampJes showed a single absorption line.
Analysis of the linewidth indicates that this line behaves in a fashigr} typical of that of spin glass .
materials. In most of the chalcopyrite samples studied, two absorption lir_lcs were observed. From
the analysis of the linewidth of these lines it was found that the two lines rcprcscnt the ordered and

the disordered magnetic phases. -

4



Optical absorption measurements were carried out in order to determine the energy gap
of these materials. Due to difficulties in the sample preparation, a complete study of the
dependence of the cnc:rgy gap on composition was not achieved. However, 'frorn the few
experimental data obtained, it was found that thc‘cncrgy gap of th/c sample depends on whether the
magnetic ions in thc sample are ordered or disordered. Such dependence of the energy gap on the
ordering of the mzfgnctic ions was found to be similar to that observed in other SM&C alloy
systems such as (Cdo, (Culn)yMn;, Tep). _

Unfortunately, due to the insensitivity of the x-ray diffraction measurements to thc
prcscncc of the order and disorder in the matcnal information rcgardmg the exact type of ordcrmg
of the magnetic ions in the lattice could not be obtained. To obtain such information, ncutron
diffraction measurements are being made by another member of our research group.

The "ckpcrimcntal data obtained from the magnetic susceptibility measurements were
fitted to the theoretical model of superexchange p§oposcd by Geertsma et al. In this model, the
inferactions between the manganese ions take placé via virtual transitions between the valence band
and the 3d° energy levels of the MnZ* jons. The theoretically predicted values of the Curie-Weiss

L temperature (0 ) from this model were found to agree, within the experimental error, with the

g experimental valués. An additional contribution to the exchange interaction between the ions may.
be present due to the Bloembergen-Rowland type of interaction mechanism. In this mechanism,
interactions between the magnetic ions take place via virtual transitions between the valence ahd
conduction bands. Calculation of the magnitude of this contribution could not be obtained dug to
the lack of a complete set of experimental data on the energy gap values as a function composition
required for such calculation, but other results indicate that for the present alloys, the
Bloembergen-Rowland contribution should not exceed 10% of :.thta].
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