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ABSTRACT,,

Two égsaects contributing to the understanding of semimagnetic
semiconductors are presented in this thesis.

The first subject 1s that of single crystal growth of the pseudo-
termary semimagnetic semiconductor alloy CdenyanTe (x +y vz = 1},
Comparisons are made between single crystals, grown by the Bridgman
method, and polycrystal grown by the melt and anneal technique. Results
of this comparison indicate a small separation of the liquidus and
splidus surfaces in the temperature-composition ternary phase diagram.
Also important is the lack of any observable difference In the magnetic
propertlies of single crystals and polycrystals.

The second topic deals with the exchange interaction in the
pseudo-ternary semimagnetic semicopductor CdxﬂngnzTe (x + vy 1z 1)
alloy. Results of X-ray, magnetic susceptibllity and optical energy pap
measurements reveal a significant enhancement of the Mn-Mn exchange
energy for low band-gap, due to virtual interhand transitlons. This
increase In energy is analysed according to the theories of Hloemhergen
and Rowland, and Abrikosov, and is found to have qualitative agreement
with both. Experimental error, however, prevents definitive conclusions

from being drawn.

P
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~alloy compdEIffﬁns or components.

INTRODUCTION

o . LN

1.1 Background '
. v LT

In recent years, there has been a great amount of intérest in

-~

the subject of semimagnetic semiconductors (SMSC's) (B&Bl, _82G1).

These are materials in which')an ordinary semiconductor has been al-
- : v/ =

ioyed with a magnetic semiconductor. The introduction of a magnetic

component to a semiconductor lattice results in many interédsting
‘e n
properties.
1“1

These propertlies include large ﬁggnﬁto—optical effects, magnetic

field dependence of acceptor activation energy, g-factor enhancement,
S -

and solely magnetic properties, such as spiA\glass behaviour (B4B1).

~
1

Almost all of the SMSC's studied are I1-VI compounds allayed
with a transition metal compound, forming a pseudo-binary alloy. The

prg?ominant alloys are Cdl_iﬁnzTe and Hgl_anzTg; Other exqrples are
Sn'/ Mn Te, Cd Mn Se, Zn Mn Te, Pb Fe Te Ltc. There ‘are many
NoZ 2 l-z =z -z oz z

1 1-z

0t3§% possible pseudo-binary fiﬁby combinations.

The Iinterest in these m;Ea<ials can be attributed to two fac-

. .
tors: the many fascinating obsérvg;ions with corregponding theore-

tical explanations; and the fertile ground fof further study provi-
ke

ded by the multitude of properties which can be-.varled by changing
<

The research described in thig thesis was performed in tha semi-
conductor laboratory at the University bf Ottawa, where investlgation
of SMSC;B has been extended to include pseudo-ternary alloys, such as
CdenyanTe (x + y + 2z = 1). This approach allows for two Iindepen-

1

dent variables so that, for example an alloy with a specific mangane-

se concentration and energy gap can be made.

-1 -



1.2 Stngle Crystal Growth

Unt{l this present work, all of the SHS& alloys made a; the
Unlé&rllty.qt Ottava had been polycrystalline samples made by the
melt and anneal tcchnique.‘ The reason fo;\this ie that the pseudo-
ternary alloys being studied had not been investigated previously.
As a result, iniciasl crystallographic work had to be performed in ad-
dition to the other experiments. For crystallographic work, homoge-
neous polycrystalline eamples are necessary. They allow for simple
{dent!fication of the limits of solid solution in the alloy, while
avelding the complications of cippcsitlon gradients which are wmost
nften present in single crystals.

Another advantage of polycrystalline specimens is the ease, rel-
ative to single crystal snmp]eg} with which they are made. A student
can ecasily prepare and oelt twenty-five samples in one HEEE{ with the
nnnna!tnﬁ\flce being typlcally one month. Also, this process re-
quires only relatively incxpensive temperature controllers and uire;
vound furnnces. Thin cethod {6 also casily learned and safe.

The growth of single crystoals requires much larger Investments
{n tice and coney. In the absence of L{expensive) full time technical
noslotance, the time required to master the desired growth techniqu;
4o usually prohibitive for o graduate student looking to finish his
or her degree in a recaoonable time.

The recasong why aon; researchers grow single crystals is that,
the initial crystallographic work having been done, they wish to per-
form clectrical and optical reasurements requiring a low amount of

defecto. Crystal oricntation {5 also a facter for some experiments,

puch as Rawan seatteriag (54Bl).



AB was the case for the initial work on pseudo-binary alloys,
single crystals were considered unnecessary for the measurements per-
formed at the University of Ottaéa- These measurements include mag-
netic susceptibility, optical energy gap and electron spln resonance.
However, to extend the measurements on the pseudo-ternary a{lgys to
electrical properties and more sophisticated optical properties, sin-
gle crystal specimens are required.

Another {mportant consideration 1s that many other researchers
uge single crystals 1in their study ;R SMSC's. Although they work
with pseudo-binary alloys, thelr materfhls often form the edges of
the pseudo-ternary alloy systems grown at the Universit& of Otrawa.

Comparisons are often made between the results obtalned using
pelycrystalline specimens and those obtained wusing single crystal
specimens. Thus it becomes lmportant to know {f the measurements are
Independent of the crystal corndition. r"-a*_’#*r—‘ﬁﬁﬁ

For this reason it was decided to builld an apparatus to grow sin-
gle crystals by the Bridg technique. The detalls of the construe-
tion of the apparatus and the growth results are glven in Chapter 2
of this thesis. }

The growth of single crystals 1s essentially a technical prob-
lem- However, it is original work in that it has not been previously

investigated for most pseudo-ternary systems. It also promises to

add to the knowledge about the phase diagram of the alloy system,

enable research to be extended to electrical and optical properties, .

v

and allow for comparison of single crystal and polycrystalline re-

sults.



1.3 Mﬁgnetic properties of the Cdxﬁgyﬂnzre alloy {x + y+z = 1)

The -or portion of the work performed for this thesis was dev-
oted to - the Bbagy of the magnetic propertfes of the pseudo-ternary
alloy CdngYanTe (x +y +z =1). The interest in this alloy stems
from the fact that 'the energy gap goes to zero near the mercury tel-

luride corner of the ternary dlagram (Figure 1.1)(8191). This has

interesting consequences for the wagnetic properties of the alloy

system {B84M1).

MnTe

Y ///

CdTe HgTe
1.44eV -0.15eV
Figure 1.1 The CdngyHnQTe pseudo-temary diagram

showing approximate lines of constant
energy gap from Debska et al. (81D1).



In a wide gap SMSC, the magnetic {nteraction between the manga-—

‘nese cations has been attributed to super exchange involving virtual
transitions from the valence band to the manganese 3d® 1evel (7761,
85L1, B6S1).

The important parameters in this interaction are the manganese
concentration, z, and the lattice parameter. Together these deter-
mine the average distance between manganese fons.

In CdHgMnTe however, the proximity of the conduction band allows
virtual transitions between the valence band and conductien band to
become important. This Iin turn allows another form of super exchange
to become significant (84M1). This form is called the Bloembergen-
Rowland interaction, and In addition to depending o; the manganese
concentration and lattice parameter, will depend on the energy gap.

It i{s the investigation of this {nteractlon which is detalled In

Chapter 3 of this theslis.



SINGLE CRYSTAL GROWTH

2.1 Introduction

Having decided to attempt to grow single crystals, one must then
decide which techniquen is to be used. The equipment immediately
available was suitab;e for either chemlical (halogen) vapour transport
or the Bridgman method, both of which are widely used methods of sin-
gle crystal growth. |

While annealing samples of CdZnMnTe, 1t was observed that 1n-fwo
instances the alloy p&r;;;&]y transgported and deposited {itself in
otheé parts of the quartz tube from where the bulk of the material
was located. Powder X-ray plctures of the transported material were
tdentical to those of the bulk material, indicating that they were of
the same composition. This observation seemed to show that vapour
tranaport was a promising technique for this alloy system.

In reviewing papers by other researchers in the fleld of SMSC's,
however, it was found that the Bridgman technique 1s used almost ex-—
clusively for growing bulk single crystals. Other factors which went
agalinst vapouﬁ transport were the need for a glass blower to seal the
larger quartz tubes used with this method, and the safety precautlons
required when using large tubes contalning lodine wvapour at high

temperature.

2.2 The Bridgman Growth Technique
In order to grow single crystals of antimony, blsmuth, tellur-
ium, cadmium, zinc and tin, P.W. Bridgman developed a technique util-

ising a furnace with two distinct regions of different temperature



(25B1). For compounds and elements, the témperatures are chosen such
that the hotter region 1is above the melting point of the substance
'being grown, while the cooler is below that melting point. The fur-
nace is arrangea vertically, and then the substance is slow1§ lowered

from the hot region, where it is molten, into the colder reglon.
As 1t passes through the position of its melting point, the sub-

stance successively freezes. Th;hzzabge holder 1s tapered to a point
L

-
on the bottom, so that the filrst portion to freeze, called the

Jseed", is very small and will be of one crystallographic orlenta-
tion. The next layers will then freeze into this first portion In
the same orientation. The result is a sample having a single orlen-
tation, l.e. a single crystal.

When attempting to grow alloys, as opposed to elements and con-
gruently melting compounds, some parameters of the alloy and the fur-
nace become very important (73Bl). Among these are: the phase dia-
gram of the alloy; the temperature gradient of the furnace at the
position of the melting point; the lowering speed of the sample; and
vibration.

Since attempts to grow single crystals are only made for single
phase reglons of the phase diagram, it 1s {mportant that there |is
some knowledge of the range of solid solubllity. Another factor
which depends on the phase dlagram i{s the temperature separation of
thé liquidus and solidus. As shown in the example of Figure 2.1, the
composition of the cry%tal being formed {s quite different than the
nominal composition of the melt. This Iin turn changes the composi-
tiocn of the melit with growth, resulting in a varying composition

along the growth axis. =~ -
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Simple temperature composition phase dlagram for

a binary alloy Al—xBx showing the difference In

composition between the liquid and the solid.



This difference 1n"compoaition between the so0lid and 1liquid
always occurs, but the magnitude of the difference depends on the
separation of the Iiquidus and solidus.

In addition to causing a composition gradient,. changes in the
composition at the gplid—liquid interface can also Se an actual impe-
diment to the growth of single crystals. A high viscosity and a fast
growth rate can comblne to keép a high composition gradient In the
meii. If in additiqn’to this the temperature gradlent is too small,
thé sltuation can/occur where thﬁ';e]t becomes supercooled away from
the growth surface, as shown in figure 2.2. This is called constitu-
tional supercooling. In this case there will be pleces of randem
orientation suddenly freezing onto the growth face, destrdying the
single crystalfhature of the sample. To counteract this, the temper-
ature gredlent must be made as high as possible. Also the speed at
which the sample Is lowered can belreduced to allow the melt to be-

come more homogeneous, by allowing more diffusion in the liquid re-
glon.

Vibration can be a problem In that 1t can disturb the growth
orlentation, but It can also ald in wmixing the molten port{gn of the

Ingot.

2.3 Furnace Construction

The first flive attempts at growing =single crystals by the
Bridgman method were made by using a f?jnace originally constructed
for horizontal step freezing of pSeudJ lnary alloys. It contalned
two seperately heated tubel, with a wgter cooled copper baffle be-

tween them. These were contalned in an zluminium and ashestos box,

- g -

-
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Figure 2.2 Diagram depicting constitutional supercooling of
portions of the melt due ‘to an inhomogeneous
liquid and an insufficient temperature gradient.
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with vermiculite ae insulation. For use in the Bridgman configura-

tion, the furnace was mounted on a wall with the axis of the tubes

arranged vertically.

The temperature profile of this furnace was measured with a
platinum-platinum 132 rhodi&é thermocouple In a long ceramic rod
(120 cm.). It was found at this point that convection had a very
strong i;pact on the temperature inside the furnace. To avold con-
vection, the bottom of the furnace was plugged with & bung made of
firebrick.

An example of the temperature proffle of the furnace as 1t was
used for crystal growth 1s gliven in Figure 2.3. A very good temper-
ature gradlient exists, but the temperature at which this gradient oc-
cured was limited by the water cooled baffle at a depth of about 35
em helow the top. The temperatures shown In Figure 2.3 are the maxi-
mum which could be attained without the r;;k of lmmediately burning
out. the heating col]. _\\‘E\‘Jj

Th#s furnace lasted long enocugh to grow five samples. The re-
sults of this growth are given in the next section (section 2.4).
After five runs, one of the heafing colls burned out. This came as
no surprise, as the furnace was originally built for temperatures of
around 800°C, not the 1100°C used in this case.

For this reason, and in an attempt to obtaln better results, a
new furnace was constructed. The detalls of its design are given In
Figure 2.4. It is also a two-zone furnace. Fibrefrax!" {nsula-

tion was found to perform very well. Fibreboard ™ . which formed

the outer walls, was found to be easy to work with, although it be-

_11_
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Figure 2.3 Temperature profile of the old fumace as used
for crystal growth. The temperatures required
for Cd7nMnTe are 1050°C and above.
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s “

came weaker after using the furtface ; few times. Arrow A indicates
the position of & platinum sheet (5cm x Secm x .0l13cm) 1intended to
reflect heat. Arrow B indicates the position of a third heating coil
(a later addition) wound onto a new bottom tube. These measures are
both designed to increase the temperature gradient at- the furnace
junction.

A diagram of the sample holder used with ;he new furnace is gi-
ven in Figure 2.5. The sample holder was lowered through the furnace

(3

by a large ceramic thermocouple rod connected to a steel rod, which
in turn was connected to a string. The string was siowly unwound
from a spool by an electric motor whose speed was reduced by a 2500:1
transmission. ﬂThe lowering speed could be varied by using spools of
different dlameter.

Characterisation of the furnace was again performed using the
very long thermocouple. A sample plot of temperature versus depth is
glven in figure 2.6 for the new furnace.

{

|

.-/,

2.4 Crystal Growth -

Crystals of varlous comﬁbsitions.were grown using both of the
Bridgman furnaces. The temperatures of the liquidus and solidus for
each composition were taken from the work of Triboulet and Didier
{(B1T1) for CdMnTe. For the pseudo-ternary alloys, these temperatures
wvere 1interpolated from the values for CdMnTe and the work of
Steininger and Straus (72S1) for CdZnTe. No phase diagram could be

found for ZnMnTe.

- 14 -
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Figure 2.5 Diagram of the sample holder
‘ used for single crystal growth.
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The temperatures of the furnaccs were set to be around 75°C
above and below the average of the liquidus and solidus. This wide
range was chosen to incre;se the temperature gradient at the junction
(73Bl), and t; allow for errors in the liquidus and sollidus tempera-
tures and.the gemperature measurement .

The sample holder was lowered at 5 mm/hr. The first five sam-

8
ples were grown in the old furnace, while the next four were grown In
fhe new omne. -

The limits of the single phase region for the pseudo-ternary
diagram wéfq\known frop the work of Brun del Re et al. (83B1).

The composition of the first sample tried (labeled BR-1) was
Cd ,55Zn ygMn STe. The result did not appear to be a single crys-
tal. Tt did not cleave cleanly, and had many volds and Irregulari-
ties.

A test of the nature of the crystal can be made uslng the method
of Laue X-ray back-reflection. With this method, a beam of "white”
X-vays 1s caused to pass through the center of a flar 10 cm x 10 cm
film. The beam ghen strikes the crystal and is diffracted back onto
the film, in a pattern which depends upon the orlentatlion of the
crystal planes. A diagram of the configuration for Laue back-reflec-
tion is given in Figure 2.7.

The resulting diffraction pattern will be a distinct set ot
spots for a single crystal. This pat'vrn can be analysed so that the
set of planes causing each spot 1s 1dentified.

If the crystal 1is polycrystalline, there will be a number of

such single crystal patterns superimposed. Tf the glze of the gralns
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is small enocugh, these patterns will be indistinguishable from the
background. All that will be visible will be rings made up of dif-
fraction spots due to the much stronger characteristic radiation of
the X-ray source.

A very thorough description of the Laue method and its uses Is
given by Cullity (78Cl). '

A small piecé of sample BR-1 was analysed by the Laue method.
The plece was chosen because when it was cleaved from the bulk of the
ingot, it had flat faces. It was also transparent, having an orange-
brown colour. The dimensions of the plece were approximately 3mm x
3om x 1 om-

The resulting X-ray plctures displayed patterns Indicatling :
single crystal. The conciusion about the entlire BR-1 ingot was that
{t was polycrystalline, but with grains as large as the X-rayed
plece.

Similar results were obtalned with the remaining four samples
grown with the old furnace and the first one grown with the new fur-
_nace- (Samples BR-2 to BR-6). An example is given in figure 2.8 of
the diffraction pattern, and in Figure 2.9 and the partially indexed
stereographic projection corresponding to the pattern, for sample
BR-3. The composition of BR-3 1is Cd_7Mn_3Te.

Sample BR-7, grown in the new furmace, was left in the lower
part of the furnace for an extra day, as it was a weekend. The re-
sult was a complete single crystal. The extra day annealing seems to
have allowed one of the grains to expand at the expense of grains of
other orientations. Sample BR-8 was thus left to anneal for an extra

day after passing into the zone of lower temperature, and 1it, too,
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Figure 2.8

Laue back reflection photograph of sample BR-3
showing a single crystal patterm,



Flgure 2.9 Stercographic projection of the singl

crystal photopraph of Flpure 208,

T~ t
3



was a complete single crystal. This result suggests that another:

possibility would be to attempt growth at a slower rate.

Single crystal growth was then attempted with CdyHgyMn,Te
{(x +y+z=1). The first such sample, BR-9, broke almost 1like
glass when attempts were made to cleave it. However, 1t too had a
distinct orientation when examined using a Laue back-reflection X-ray
plecture.

A summary of the resulta of the growth of slingle crystals 1is
given in table 2.1.

The second sample of CdHgMnTe exploded while annealing In the
lower part of the furnace, necessitating the replacement of a number
of furnace cowponents. Thls unfortunate occurence was.then Qsed as
an opportunity to relocate the furnace, add the extra heating coil
(shown by arrow B in figure 2.3) and purchase three new high-preci-

sion temperature controllers. This process would stretch éu; to ten

months due to difficultdes with the coutrollers, so that no more sin-

gle crystal growth was performed before the writing of this thesis.
2.5 Comparison of single crygtals and polycrystalline samples

Four single-crystals grown by the Bridgman method, from samples
BR-1, BR-2, BR-4 and BR-7, ere compared with polycrystalline exam-
ples of the same nominal compgﬁition but grown by the melt ana anneal
method. Lattice parameters were measured by the Debye-Scherrer tech-

nique, while spin-glass transition temperatures were measured using

the methed described in section 3.3.2.
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Table 2.1 SUMMARY OF CRYSTAL GROWTH BY THE BRIDGMAN METHOD

Nominal Crystalline

Sample 1D composition condition
a .
BR-1 Cd EZSZN.H?SHN 711 Large gralin* polycrystalline
BR-2 Cd 7Hn %Iﬂ Large graln polycrystalline
BR-3 Cd 7Hﬂ !It Large graln polycrystalline
BR-4 Cd Mn, T Large graln polycrystalline
BR-5 Cd Mo e Large grain polycrystalline
BR-6 {new Cd efn g0 e Large grain polycrystalline
furnace?}
BR-7 Cd 470 s, Te Single crystal**
. - )

BR-8 Cd.37520.]25Hﬂ.5 Single crystal
BR-G Cd.O7Hg'9dn 03Te (’Large‘grain polycrystalline
*

*% Ingot size as drawn in {igure 2.5

...23__
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Grain size larger than the X-ray beam dlameter of about 1 mm.



The results for the single crystals were compared with values
supplied by T. Donofrio (83Bl, 85P1) for the polycrystalline samples,

and are shown in Table 2.2.

As can be seen from the table, the characteristics of each sin-
gle crystal sample are very close to those of its polyerystalline
counterpart. For identical compositions, the characteristics should
not differ. Thus the small differences may be attributed to slight
differences in composition. For single crystals, these composition
changes depend on the liquidus-solidus separation. For polycrystals,

composition changes may be due to a deviation from grmity over

the« entire ingot. The measurements which disagree the most are those
of spin glass transition temperature for Cd.7Mn.3Te. But the devia-
tion is accounted for if, for example, the manganese concentration 1is
.33 in the slngle crystal, as opposed to the nominal concentration of
.30.

fhe results thus Iindicate that the liquidus and solidus are very
close in the CdZnMnTe system, as the grown crystal and the starting
alloy have very close to the same composition.

o

2.6 Conclusions and recommendatidns

The following conclusions can be drawn from the work described

in this section.
- -

Single crystals of CdenyanTe alloys (x + vy + z = 1) can bhe
grown by the Bridgman technique, when followed by, a short annealing
period.

Lattice parameter and spin glass—transition temperature charac-

teristics of CdZnMnTe alloys are almost Iindependent of whether they

are single crystal or polycrystalline. This indicates that the star-
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Table 2.2

Properties of single crystal and

polycrystalline CdXZnyanTe

Lattice parameter
(nm) +0.005

Spin glass transition
temperature (X)

Compoeition
Single Poly- Single Poly-
crystal | crystalline cryetal | crystalline
: +
Cd.ZZSZn_075Hn_7Te L6341 .6349 4012 3911
Cd sMn 4Te L6431 .6438 950.5 7.110.5
od BHn ATe L6422 L6422 1311 1210.5
cd 32n 3Hn ATe .6360 .6306 13.7X0.5 13.2:0.5
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ting alloy and grbuﬁ crystal have close to the |

same cdmposition.
JThis result in turn means that there 1s only a small difference In
temperature between the liquidus and solidus surfaces of the pseudo—-
ternary phase diagram. This result gives an important contribution
to the knowledge of the form of the phase diagram for CdZnMnTe.
Single crystals, or at worst large-grain polycrystalline samples
of CdngyanTe (x +y +z - 1) can alsc be grown by the Bridgman
method. However, prolonged high temperatures may cause these alloys
-~
to weaken theilr quartz containers and explode.
It is recopmended that single crystal growth be continued, es-
pecially for research into the electrical properties of CdZnMnTe, and

for electrical and 6ptical work with CdHgMnTe. A method must be

found to avold explosion of the latter alloys, however.
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THE EXCHANGE INTERACTION IN CdngyanTe (x+y+2=1)

-1 Introduction
As stated in the introduction to this thesis, there are many
different magnetic and magnetic field dependent effects observed in
semimagnetic semiconductors. Any explanation of these effects must
inevitably épend on a satlsfactory description of the actual Iinter-

action whi is taking place between the magnetic lons of the SMSC:
¥

the exchafige interaction. ~

The exchange interaction can take place ip many ways, depending
on the conditions. Direct exchange, which depends on the overlap of
the wave functions of the magnetic., ions, 1s one form of the Interac-
tion. However, in semiconductor‘alloys, such as CdMnTe, the spacing
of the magnetic cations 1s too large to allow for significant over-
lap. Thus direct exchange can be ruled ;ut.

This leaves Indirect exchange as the means by which magnetic
ijons interact in SMSC's (and in metalllic alloys with low magnetlc
concentrations). Indirect exchange can occur through different mech-
anlsms.

One such mechanism {8 the polarization of the electron gas, cal-
led the RKKY interaction. This requires a very high carrier concen-
tration, and thus is not significant in materlals other than metals
and degererate semiconductors (79Bl). '

The mechanlsm which has been deemed responsible for magnetic ex=

change in wide band gap SMSC's involves virtual transitions between

the valence band and internal mangig;se energy levels (B5Ll). This

\
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18 commonly called superexchange. A more thorough description is
given in section 3.2.1.

For SMSC's with smaller energy gaps, virtual transitions from
the valence_band to ccnduction band provide another medium for ex—'
change to téiﬁ place. This 1s called the Bloembergen—Rowland inter-
action and is the main subject of investigatiorm in this thesis.

In both of the above cases for SMSC's, the resultant exchange
interaction is antiferromagnetic (80Ll).

At low temperat:}es, SMSC's digplay spin glass behavior, while
paramagnetic behaviour is displayed at higher tempera;ures-

A spin glass 18 a "freezing" of spins into random orlentations.
This 1is accqmpFnied by a cusp in the magnetic susceptibility measure-
ments made as a function of temperature. However, no corresponding
anomaly is observed in the specific heat (82Gl).

In SMSC's, the random orienﬁation of the spin glass is belleved
to be due to a lattice-induced "frustration” of the antiferromagnetic
interaction (84Bl). This frustration would result from the competing
influsnces of two nelghboring spins of opposite direction. This sit-
uation is depicted in figure 3.1. This contrasts with metallic spin
glasses, where the osrillation with distance of the sign of the RKKY
exchange interaction causes competition between antiferromagnetic and
ferromagnetic Interactions.

In addition to the random splin glass phase, an ordered antifer-:j
romagnetic phase has also been observed in SMSC's, but only with cer-
tainty in CdMnTe. Neutron dikfraction studies showed that this alloy
exhibited type TII antiferromagnetic ordering for manganese concen-—

-

tration z > 0.6 (8lGl). Short range ordering was also observed Iin
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Figure 3.1 Deplction of the frustration of the antiferromagnetic
interaction due to competition between equally spaced

magnetic catlons In the zinc blende structure.
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ZeMnTe for z = 0.594 and 0.676 (B82Hl). Magnetic studles have
indicated an antiferromngnetié phase for z >0.6 in the pseudo-ternary
alloy CdZnMnTe (85D1). The above alloys are the only SMSC's knowqrto
exist in a single crystallographic phase for concentrations of

oanganese high enough CLo result i{n antiferromagnetic ordering.

1.2 Theory
The temperature at which a SMSC becomes a spin glass is called
the opin glass transition temperature, Tg. This transition from 4

paramagnetic to spin glasé phase occurs when the thermal energy, kT,

becomes less than the exchange energy (BlEl, 84Bl). The exchange

/\
encrgy between two magnetic ions separated by a distance r is (B6W1).
r
Eex = =5(5 + 1) J(r) (3-1)

where J(r) is the exchange parameter

and S {s the spln of each lon (=5/2 for manganese)

The transition is accompanied by a cusp in the susceptibility
veraus ccmpefﬁ?ﬁre curve. Hence Tg (and thus also the exchangg\ener—
gY) can be determided experimentally by measuring magneiic susgébti—

bility as a function of temperature.

3.2.1 Wide Gap SMSM'sg

In a wide gap Bemiconducgor such as CdMnTe, the exchange energy
has been attributed to 1ndirect exchange via the manganese 3db lev-
el, called superexchange (85L1). Sﬁecifically, a virtual transition

occurs from the full valence band to the de—localiéed manganese 3d9
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level. This results in a hole in the valence band and a manganese
1d® electron. Because the valence band, which has p character, now
has a net magnetic moment due to the hole, it can 1ntefact magnetic-—
a}ly with another neighboring mangangﬂétatom.

The form of this interaction has been derived theoretically by

Geertsma et al. (77Gl). Thelr result for the exchange parameter J(r)

is:
. Ja(r) = I, exp(-ar) (3-2)
~ v2
with o = 2(2m*c/n2yi
where: m* is the valence band effective m;ss
€ 15 the difference In energy between the valence band
and the Mn 3d® level.
I, is a constant
and r Is the distance between the maénetlc fons.
i
The constants T, and alin equation 3-2 have beeﬁﬁ determined
experimentally (B86Wl). This was done by using a mean value for the

manganese-manganese distance r, as suggested by Escorne et al.

. -1/3
(B1lEl). The value used was Iy dz /

where d 18 the nearest
neighbor catlon distance and z the manganese concentration. The va-
lue of d was given by the lattice parameter a as d = a/l2 for zinc

blende and d = a for wurtzite. Equating the thermal energy kTg with

the exchange energy of 3-1 glves:



kTg = -5(S + 1) I, exp(-o rup (3—?)
r2
or log(r%Tg) = log =S(S + 1)1, ~ ary (3-4) .
k

It was found that plotting log (I%T ) versus rp resulted in
straight lines whose slope, —© , and intercept, log(-S5(S + 1)I,/k),
were independent of the actual alloy but dependent upon the crystal
structure. TFor the zinc blende alloys CdZnMnTe and CdMnTeSe the

values obtained were:

-S(S + 1)1, = (2.03 +0.5) x 102 K nm?
————"k :

and @ = 6.1 Z 0.4 nn”!

Different values were obtained for alloys with the hexagonal
wurtzlte structure.

Using these constants and equation 3-3 it should be possible to
predict spin glass transition temperatures for any wide band gap
éHSC, given the structure, lattice parameter and manganese concentra-
tion. A plot gf transition temperature versus manganese concentra-
tion using equation 3-3 and the above copstants is glven in figure
3.2 for a hypothetical wide-band gap SMSC with zinc blende structure.
This will prove useful in the analysis of narrow gap SMSC's, when {t
is necessary to determine the change in the exchange energy due sole-
ly to the smaller energy gap. The narrow gap exchange energy will be
taken as the difference between the measured energy and the amount
predicted through equatlon 3.3 as resulting from the normal wide gap

interaction.

v
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3.2.2 Narrow gap SMSC's

When the energy gap, Eg, between the valencé and conduction
bands becomes small, virtual transitions across the gap result 1n
another form of the exchange interaction. This 1Is called the

Bloembergen—Rowland interaction, after the authors who first derived

a description of 1t in 1955 (55B1)- Their result for the exchange

parameter J(r) is:

T r) = € expf—(al)rJ (3-5.a)

3
r

with @, = (2mEg/n?)?}
where C = constant

e = conduction band effective mass

Eg = energy -gap-

However, m depends on the energy gap. For low Hg using the
Kane model (72Bl), we get m, = LEg, where L is ' constant.
Thus. &, = (7I/h2)iF
L 2L 28 {3-5.b)

More recently (1980), Abrikosov (BOAl) has given a new deriva-

tion, along with comments on the methods of Bloembergen and Rowlahd.

His result for the exchange parameter is:

JBE(r) = C (3-6)

3/2 -
¢ (uzm*) [Z(me + mh)] l/zexp(—uzr) !
r5/2

ta

with ) = (2(me + mp)Eg/R)1/2
where C) = constant )
me,m = electron ana hole effective masses
o* = (m;l + mh"l)—l

Eg = energy gap



-

Again, since Eg is small, m* > m. so that
*
m uEg
Thus,

4 572
Czﬁggf*r e exp (-apr) (3-7)

Jpz ()

where C, = constant

Abrikosov's derivatlion was made for small concentratlons of the
magnetic component. No theoretical work on the whole range of
magnetic concentration could be found.

The next step to take is to fiand out how to.determine the
contribution of the Bloembergen~Rowland interqction to tﬁe overall
exchange energy-

If one assumes that the two interactions are Independent (85L1),
then the total exchange energy is simply a sum of the wide band gap
exchange energy given In equation 3-3 and the narrow gap exchange

energy. Thus the total exchange parameter Jr{r) will be given by

Jp(r) = Jg(r) + Jp(r) (3-8)

Fquating the thermal energy at the transition temperature to
the exchange energy, as in equation 3-3, glves:

KTy = =S(S + 1)Jr(r)

One can write:

Tg = AIG(e) ~ Ad(n) (3-9)

where A = S(S + 1)
or: {
Tg = —AJp(0) (3-10)
k

with T4 = Tg - TgG being the dlfference between the
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spin glass transition temperature of the narrow gap SMSC, and
TgG' the transition temperature that would occur 1f opnly the wide

gap interaction of equations 3-2 and 3-3 was 1mportant.

3.3 Experiment

As shown in figure 1.1 on page 4, the energy gap of the CdHgMnTe
alloy system goes to zero near the HgTe corner of the ternary dia-
gram. This characteristic makes this alloy system suitable for stud-
ying the exchange interaction in SMSC's with a low band gap. Another
factor in favour oﬁ this alloy system is the wide range over which a
single phase should exist, as the three pseudo-binary alloys which
make up this system all have large ranges of solid solution. These
are: Cdy_,Mn Te, which is zinc blende up to z = 0.74 (B1Tl); Cdl—ngx
Te, which is single phase for the entire range of x (60Wl): and
Hgy_,kn,Te which definitely exists in the zinc blende phase up to
z = 0.35, and possibly up to about z = 0.75 (63D1).

Another student in the semiconductor laboratory at the Univer-

¢ m——cty

gity of Ottawa, Sudershan Manhas, is currently working on the phase
diagram, crystallography, magnetic and ESR propertles of the entire
CdHgMnTe system. However, his work had not been completed gt the
time of writing this thesis. R
Since this study 1s concerned with the effect of a low energy
gap, only samples near the mercury telluride corner were prepared.
For comparison purposes, two wlde gap samples, provided by Mr. Manhas
were also studlied. Mr. T. Donofrio, also of the semiconductor labo-

ratory, provided data for two points on the CdMnTe edge of the alloy

system.

“¥
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3.3.1 Sample Preparation "

The melt and anneal method was used to prepare all of the alloys
for this investigation. Constituents were weigﬁed out to make 1.5 g.
gsamples to a precision of better from five parts per thousand. In
all, fifty-one samples were made. The constituents were weighed in
elemental form, except for mercury. Mercury was filrst reacted sepa-
rately with tellurium, at a relatlvely low temperature of 500°C, to
form mercury telluride. This‘was done to aid in the weighing, and to
minimize the vapour pressure due to free mercury at higher tempera-
tures.

The components were then sealed with an oxy-acetylene torch into
quartz tubés which had been evacuated to less than 0.1 pascal. The
lower part of the inside of each of the quartz tubes was first coated
with carbon by cracking acetone over a Bunsen burner. This was done
to prevent the manganese from reacting with the quartz during the
melting operation. .

The sealed tubes were then heated to 1100°C over a one hour
period, and kept at that temperature for about 15 minutes. After
coollng overnight, the tubes were then placed for one month in an-
nealing furnaces set at 550°C. The annealing furnaces were allowed
to cool overnight before the tubfs were removed.

The quartz-tubes were broken open, and the contents were care-
fully inspected. In almost all of the cases, & small amount of free
mercury was observed. It was assumed that the mercury had evoligd

from the top portion of the ingot. For this reason. only the bottom

third of the ingots were used for analysis. Also, many samples were
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rejecﬁed because of thelr appearance: they were too porous, or they
had separated into two dissimilar pleces, etc.
Debye-Scherrer powder X-fay photographs'were then taken of each
sample, and the lattice parameters were measured. In all cases, the
. —
X-ray pictures identified the structure of the samples to be zinc
blende type. In a few cases, the existence of a second phase‘was

revealed by the presence of a diffraction pattern in addition to that

of the zinc blende structure. This pattern was always very faint,

{ndicating that tite second phase existed at most in quantlties around

5%.

3.3.2 Measurement of the spin glass transitlon temperature, T,
The temperature at which a sample undergoes transitfon between
the paramagnetic phase and a spin glass phase can be determined by

measuring the d.c. magnetic susceptibility as a function of tempera-

ture. At the transition temperature, Tg, a cusp ls evident in the

otherwise smoothly varging curve. This discontinuity in the slope.

is attributed to the "freezing” of the spin orientations, similar to
.1he N&el temperature in the case of an antiferromagnetic substance.
In the spin gless case, however, the sping freeze info a disordered
gtate. )

The actual measurement of susceptibility was performed using the
equipment of Dr. G. Lamarche of the University of Ottawa. A schemat-
ic diagram is given in figure 3.3. It gonsists of 8 varlable-temper—

ature cryostat into which a moveable sample holder 1s inserted. Sur-

rounding this 1s a cryostat kept at 1liquid helium temperature.
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Figure 3.3 Schematic diagram of the equipment used
to measure d.c. magnetic susceptibility.
Samples go 1in positions A-and B,
Diagram courtesy of T. Ponofrio.
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This outer cryostat contains a superconducting niobiu{n_ cylinder to
trﬁp magnetic fields of known strength, and two superconducting
coils wound in opposite directions. These coils are connected to a
SQUID (superconducting quantum interferen(ie device). ’

The sample holder 1is lowered at & slow speed through_}he two
colls. This results in a current change in the coill to counteract
the flux change arising from the magnetisation of the sample. This
current 1s amplified through the SQUID, and the output voltage fed
into a computer. The computer averages the values for an upward and
then downward pass of the sample holder, converts the voltage Into
uniga of susceptibility and stores the results along with the temper-
ature reading. Tbe gusceptibility 1is then plotted as a function of
temperature. A typlcal result {s shown in Figure 3.4.

It should be noted that the values of susceptibility below Tg
are dependent on whether thé-sample was cooled in or out of the mag-
netic fleld. Samples cooled in the field have a higher susceptibili-

ty below T while above Tg they act the same as samples cooled

i
in zero fleld. Normally, it is more difficult to determine the posi-
tion of the cusp in the susceptibility-temperature curve for a fleld-
cooled sample. For this reason, zero-field-cooled measurements are
usually made first. If the cusp has been blurred out, perhaps by =a
slight inhomogeneity In the sample, then fileld-cooled measurements
are made, and Tg {s taken to be the temperature at which the curves

intersect.

- 40 -



-snieaedde Jjuswainsesw 2341 UYITH PIDIEJILIUT 21a3indEcd 2yl Al

paiiold se ‘s3[nssa pa[oed pPI3T] PUR PI[O02 PTIT3-018Z Y{IoQq SAOYS

pue zg a7dures 103 eiep jo st ydexd s1y] -1032npuodTwas J13auivaiuss
e 1cJ @anieiadwzl snslias A11lT1qtadsosns Dri1auBew jo udead jeoidsr v -t0 ainfrg

ﬁ&,u .
3y FMN1YEIIHIL e

9T z21 5

T T A — 1

-

pa1002

prP?13j-0i9z
! lm_u.lmm

e

[

£

CWIOAH S 2

41



3.3.3 Measurement of the energy band gap, Eg, by optical

apsorption

4

In order to measure the energy band gap of the.various gamples,
the procedure described by Goodchild et al. (82G2) was followed.
This metkod uses the relationship between the absorption coefficient

' ]

and the photon energy hv at the absorptiemn edge:

ahv = A(hv —Eg)n (3-11)

where A = constant
n = 4% for a direct allowed transition
- 2 for an indirect allowed transition
3/2lfof a direct forbidden transition
nnd 3 for an Indirect forbidden transition

A thin slice of eaéh sample was cut using a wire saw, and then
was ground down to between 150 and 350 pm using alumina and silica
powders. The thinned plece was then mounted covering a hole in an
aluminum plate. The edges and any visible holes iﬁ the sample *Fre
blocked with silver print.

The absorption coefficlent was determined by measuring both the
incident and transmitﬁed light {intensity, I, and Iig, as a func-—
tion of waveleungth.

For wavelengths up to 3 pym, a 30 W tungsten ribbon lamp was used
as the light source. For lower energy gap samples, the light source
used was a 40 W tungsten filament lamp with a-QUartz bulb. This al-

lowed measurements out to about 4.2 pm.



The monochromator used was a Spex 1702, with Bausch and Loﬁb
gratings blazed at iaﬁ pm and 4 ym, depending on the desired wave-
length range. The light Qas filtered at the output slit of the mono-
chromatd} to removeithé higher orders of the short wavelengths pres—
ent. Colour or dielectric filters of the appropriate cutoff wave-
lengtha were used. ‘

Light from the monochromator was then focused on the sawmple,

and the transmitted light detected with a Dumont 6911 photomultipli-

er, a biased PbS cell, or a Laser Preciéion kT-2220 pyroelectric de-

. tector. To obtain the incident intensity, the light was gsimply al-
' 1

1
lowed to fall on the hole in the aluminium plate, with nd sample In

nlace, Bo that the same area as the sample was liluminated.
The detector ocutput was fed into aoloaln amplifier. A PAR

1864, 12BA or 129 lock-in was used depending on avallebility. Pre-

amplification of the signals from the Pb3 cell and the pyroelectric
4

detector was obtained using either a PAR 113 roll-off amplifier or a

PAR 189 gelective amplifier.

The sample thickness, d, was measured with a micrometer, and a
graph of 1 log (1,/17) versus photon energy was made . A linear
d

extrapolation of the background absorption was then subtracted and
the difg;rence was taken to be abgsorption due to interband transi-
tions.

The maximum values of o measured were in the range 500 to 730
-1

cm™l, which indicate a direct allowed transition. Thus n = % fin

equatlon 3-11, and graphs were made of (a hV )2 versus hv .  The
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,straight line portion was extrapolated to give the hv intercepﬁ.
- /

From equation 3-11, itlsan be seen tha&xchis intercept is the value

N\

. of the enérgy gap-
AN

gre 3.5.-

An example of this procedure is given for amplépﬁ}S in fig-
" _ y
&
3.4 Results and analysis

In order to clearly obgerve the behaviour of the low band-gap
SMSC's, it was decided to concentrate on gpeclfic comﬁositions of the
alloy. What was needed was to vargééﬁt energy.gap over 5 wide range,
while holding constant as many parameters as possible.

These constraints led to the choice of the compositions contain-

> ing constant manganese cgncentrations of 0.25 and 0.3, and to the
HgMnTe edge of the pseudo-ternary alloy (l.e- no cadmium).

Some samples which duplicated other samples (made as backups)
were Alao found to be unnecessary.

After the X-ray, magnetic and optical measuremengf had been
made, graphs were plotted of the raw data points to ﬁetermine thelr
sultability for further analysis. The criterion for this suitability
vas that for alloys within a given phase field, the values should
vary smoothly with composition. Any point which did not form part of
a smoothly varying curve was rejectéd. ~The reason for the deviation
vas nsfumed to be a change in composition due to a large scale inho-

pogcnéity in the sample or to the presence of a second phase in large

quantiries.

.
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Graphs were plotted of the following quantities: Eg and Tg ver—

sus z for the mercury edge Hgj_,Mn,Te; and Eg and Tg versus
. the cadmium fraction of the non-magnetic cations, x for donstant
' x+y

manganese concentrations of z = 0.3 and z = 0.25. These graphs are
shown in figures 3.6 to 3.8..

From the graphs, it can be seen that the results are falrly con-
sistent; The bad samplés are easily identified, and are not Included
in further analysis. The values of ]attice parameter, energy gap and

/s

spin glass transitlion température of the remaining samples are given
in Table 3.1. . —

An interesting result is shown by figures 3.7(b) and 3.8(b).
Effectively, the only parameter being vaf;ed in these cases 15 the
energy gap- Both the magnetic component (mafganese) and the lattice
parameéer are constant. However, the spin glass trénsition tempera-—
ures decreases as mercury 1s replaced by cadmlum and the energy gap
1g increased. This is a good indication of the significance of the
Bloembergen—-Rowland interaction in the total interaction energy.

Using equation 3-3, calculations were made of TgG the spin
glass transition temperatures corresponding to semiconductors of the
same 1attice-parameters and manganese concentrations as tﬁose of the
experimental samples, but with wide band gaps. The parameters used
in this equdtion were obtained from alloys whose energy gapg were

greater than 1.5 eV, meaning they had negligible contribution to

thelr exchange energles from the Bloembergen—RowlandQinteraction.
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{
Table 3.1 Lattice parazmeter, energy gap and spin glass
transition temperature of samples used for
the analysis of small-gap exchange interaction
Lattice Optical Spin glass
Composition Parameter | Energy Gap Transition
Samole
: X -y -z (nm} (ev) Temperature
+0.0005 _+0.02 (K) £ 0.3
M14 0 - .55 - .45 L6427 1.11 15+ 1
M1S 0 - .60 - .40 6413 0.95 13
M18 0 - .65 - .35 L6413 0.82 11.5
M23 g0~ .70 - .30 .6418 G.69 10
M24 .05 - .65 - .30 L6422 0.85 10
M29 0- .75 - .25 .6425 0.61 7.2
M34 0 - .80 - .20 .6433 0.43 7.2
M39 ¢ - .85 - .15 L6445 0.31 5.5 2 0.5
M58 175 - .525 - .30 .6418 0.96 9.8
M6&2 .20 - .55 - .25 L6421 0.99 6.0
ME4 .55 - .20 - .25 J6451 1.30 5.2
51 .35 - .35 - .30 .6428 1.24 9.4
52 .525 - 175 - .30 .6431 1.58 8.7
T .70 - 0 - .30 6438 1.93 7.1
B
T2* 15 -0 = .25 .6445 1.87 4.5

* Lattice parameter and energy gap Interpolated, spin glass transition
temperature extrapolated from data furnished by T. Donofrio.
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These temperatures were then subtracted from the experimental
values of Tg. The difference JkL was considered to be due solely
to the Bloembergen-Rowland effect. This procedure is illustrated for
the Hg)_,Mn,Te samples in Figure 3.9.

These temperature differences were analysed according to the

theoretical predictions of equation 3-7.

9/4

Eg exp(—uzr)

/2

[
—~
La ]
—
1

&
5
T

3

£
e
r
o
=
1"

5 (?_(me + mh)Eg/hz)

5/2 . -9/4 '
The quantity log(Y hg / Td) was plotted against Egir.

This graph is given Iin Figure 3.10. The slope of this ldne is a =
Ld 1

-12.2 +4.5 ev—dnm~1. This gives a wvalue for the sum of the
effective masses mg + oy = 5.7 4.2 m,.

The expected value of mg + m, Is between O0.3m, and 0.8

my using the data for HgTe and CdTe given by Long and Schmit (70L1
p. 197, 201) and Moss, Burrell and Ellis (73¥1 p. 398, 399). Thus
the value obtained using the formula of Abrikosov 1is about a factor

of ten higher than predicted.

When Instead the original Bloembergen-Rowland formula is used

a

{equation 3-5) and a graph of log(r3Td) versus Egr s

plotted as shown 1in figure 3.11

a = -2.1 * 0.9 eV‘lnm_l. Using equation 3-5(b), this gilves

10_1392m—2.

, the sicpe 1is found to Dbe

L =10t 8 x Data given for CdHgTe (73M1 p. 397, 398}

results Iin a value of L = 6,7 + 0.3 x 10—1352md2. These results are

thus in better agreement vhian those obtained using the theory of

Abrikosov.
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All of }he above values were obtained using -room temperature
energy gaps- Strictly speaking, the analysis Bhoulﬂ be performed
using' the energy gap at the spin glass transition temperature. In
order to see if the change in energy gap would affect the final re-
sult, low temperature values of the energy gaps Wwere calculated.
This was done gsing the composition and temperature dependence of the

-

energy gap for CdHgTe (73M1l, p. 396). The change in energy gap used

was based on a change in temperature of -300K:

BEg = -0.17(_x__ - 0.5) o¥ (3-12)
X t+y

New gra?hs corresponding to equations 3-7 and 3-5 are given In
Figures 3.12 ;ﬁd 3.13 respectively. The slopes were calculated to be
a=-12.7%Y2.5 and a = -2.0%0.9 respectively, and thus have
negligible difference from those obtained using room temperature
energy gaps. Because the temperature dependence of the energy gaps
of HgTe andwédTe are almost equal and oppgsite, it seems the data 1s

E 8
merely stretched out, leaving the slopes almost unaffected.

3.5 Discussion and conclusions

The results of the analysis of the magnetic and optical proper-
tlies of CdHgMnTe ipdicate a significant enﬁancemgnt of the exchange
interactioﬂ when the energy gap becomes small. These results show
at least qualitative agreement with the energy gap dependence predic—
ted by Bloembergen and Rowland (55B1) and Abrikosov (80A1). Of the
two, the Bloembergen—Ro;&and theoretical result has better agreement

with experimental data than that of Abrikosov. This may be due to
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the stretching of Abrik9aov's-result to manganese concentrations for
which it is not applicable.

However, experimental error prevents Fhe forming of any defini-
tive conclusibn on the ceprrectness of either predifction. This error
can be attributed to two factors: the uncertainty In compeosition,
especially manganese concentration, in the materials used in the
study;. and ghe error in determining the difference in spin glass
transition temperature, T4, due soclely to the Bloembergen-Rowland
interaction. |

The first problem is not evident, as the data seems qulte self
conslstent. However, a systematic change 1n composition, perhaps b;
the loss of mercury, could alter the results g$nsiderably- A solu~
tion to the composition problem might be achieved £y éctual chemical
{(or other) messurement of each sample. Another method would be to
see {f the faﬁrication techniques could be altered to . minimize pos-
gible eompositional changes (e.g. annealing wiih extra mercury pres-
ent).

The second problem, “the error on Ty, would be harder to fix.
The measurement of the actual transition temperature, Tg, has a
small error assoclated with 1t, usually less than 0.5 K. However,
Ty 1s alsc small, beinghht most 4.3K. Thus a large error must be

accepted as unavoldable. However, extending measurements to lower

energy gaps and temperatures below 4.2K would provide more data

points with high Ty values.
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SUMMARY AND GENERAL CONCLUSIONS

4.1 Summary

This thgsis deals with the subject of semimagnetic semiconduc-
tors. This fleld has attracted great interesé recently, due to the
many properties affected by the introduction of a magnetic component
to a semiconductor lattice, and to Fhe magnetic behaviour of such a
diluted magnefic system. ‘ |

Specificglly, this thesis contributes to two areas of the re-
search into SMSC's. The first of these {s the growth oé bulk single
crystals of the pseudo-ternary alloy CdXZnyanTe (x + y+ 2 - 1) and
the comparison of the propenties of these sgsingle crystals with poly-
crystals of the same nominal composition.

An'abbreviated attempt was alsc made to grow single crvstals of

Cd HgMn,Te (x +y + 2z = 1). \"{i

The second area of interest dhich was investigated was the ef-
fect of a small energy gap on the magnetic properties of SMSC's. For
this study, polycrystalline samples of various compositions of
C%?HgyanTe (x + y+z = 1) were made. Powder X-ray, megnetic sus-
ceptibility and energy gap measurements were performed, and the

results were analysed according to the theoretical work of

k] v
Bloembergen and Rowland (55Bl) and Abrikosov (80Al).



- 4.2 Single Crystal Growth

p)

£

*

Single crystal specimens of CdZnMnTe were grown by the Bridgman

—— e

method. Couplec§ single crystals were obtained onf} when the ingot-
uu; annealed for an extra day after growth. “This =ay suggest the
need for s slower growth rate than the 5Smm/hr used.

Comparison of X-roy and ?agnetic susécptibiilty properties show-
ed that Ehe polycrystals and single crystals were the same, within
10X of.the nominal composition values. This.in turn implies a narréu
sepatation of the solldus and- liquidus surfaces of the CdZnMnTe
pnéudo-tcrnnry phase diagram. However, a comprehensive investigation
of the phase diagram would requlré many more single crystals to be
grown, over the complete range of solid solution.

The first attempt at growing another alloy, CdHgMnTe, rgsulted
tn a polycrystal with grains lﬁrger than 1 mm diameter. A secoﬁd
ganple of CdHgHMnTe exploded while annealing, destroying the sample
holder and qnmnging the furnaoce. No attewmpts were made Lo compare
single crystals with polycrystals for CngﬂnTe, as work on the prop-
ertics of polycrystalline samples is currently belng performed by Mr.
S. Honhas for the whole range of compositions, and hnq\not yet been
conpleted.

There 1is unlimifed rooﬁ for further research {nto single crystal
growth cf CdZnMnTe, CdHgMnTe and other SMSC alloys. In addition to
tm.tnndnrd Bridgman method, chemical vapour transport alao holds

promise as o means of growing SHSC single crystals.

=
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4.3 Magnetic Properties of the Narrow Band-gap Alloy
caxagwnzre (x+y+z=1)

Many'alloys of CdngyanTe (x+y+z= 1) were made by the melt
and anneal technique. The compositions were chosen to allow for &
large range of energy gap, so as to study the effect of a small gap
on the magnetic properties. The.magnetic properties of the alloys
with narrow gaps were expected to differ from-?ggzz-:I:;—wide gaps,
due to an extra exchange mechanism resulting from virtual transitions
across the gap-

The exchange energy was measured by determining the position of
a cusp in the magnetic susceptibility-temperature graphs. This cusp
{s belleved to be due to a change from a spin glass‘to a paramagnetic
state when the thermal energy kT becomes greater than the exchange
energy- -

X~ray, magnetic and optical measurements were performed on the
CdHgMnTe samples. Interpolati;ns of the exchangé energy for hypo-
thetical wide gap samples of identical structure (zlnc blende) were
made using the experim;ntal results from other alloy systems with
zinec blende atructure but wide gaps.

The enhancement of the exchange eneréy {n the narrow gap samples
was found to be significant. The spin glass transition temperature
was found to increase by as much as 4.3 + 0.5 K above that of the
corresponding wide gap temperature.

Analysis of the experimental data was performed using theoreti-

cal relations for the exchange energy found in the literature (5581,

B0AL). The results agreed more with Bloembergen and Rowland than



with Abrikosov. This was unexpected as Abrikosov's derivation dealt
specifically with semiconductor spin glasses and pginted out errors
in Bloembergen's and Rowland's methods. Also, Bloembefgen and
Rowland were studying nuclear spin exchange in thallium and thallic
oxide. Abrikosov's derivation, though, was based on low concentra-
itions of the magnetic component and may have been extended past its
applicable range. However, the experimental errors were large
enough to rule out completerrejeetion or acceptancé of elther theo-
retical prediction.

These results thus leave ample room for further research into
the exchange interaction in narrow gap SMSC's. - In addition to im-
proving the analysis of CdHgMnTe, other narrow gap alloy systems
should.be investigated. Suggested alloys are HgMnSe and PbSnMnTe,
both of which have low energy gaps and fairly wide ranges of solid

solfition.
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