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Abstract

Most of the semiconductor materials are diamagnetic by nature and therefore can-
not take active part in the operation of the magneto-electronic devices. In order to
enable them to be useful for such devices efforts have been made to develop diluted
magnetic semiconductors (DMS) in which small quantity of magnetic ion is introduced
in to normal semiconductors. The first known such DMS are II-VI and III-V semicon-
ductors diluted with magnetic ions like Mn, Fe, Co, Ni, etc. Most of these DMS exhibit
very high electron and hole mobility and thus useful for high speed electronic devices.

CdMnTe systems with face centered cubic structure and long-range antiferro-
magnetic ordering is investigated with in the frame work of the Heisenberg model.
The Hamiltonian includes exchange interactions with the nearest neighbors and Zee-
man terms. Calculations are performed using Holstein-Primakoff transformation and
Green’s function formalism. Temperature dependencies of the spin-wave specific heat
and reduced magnetization are determined. In addition to these linear concentration
dependence of Neel temperature is also predicted.

The spin-wave energy shows T* temperature dependence, where as the predicted
magnon part the heat capacity is proportional to 7% which is similar to the Debye
phonon heat capacity. The sublattice magnetization decreases quadratically with
temperature in the low-temperature region. But the dependence of the Neel tem-
perature on the manganese ion concentration is linear. All the findings are in broad

agreement with experimental observations.



Introduction

Diluted magnetic semiconductors (DMS, known also as semi-magnetic semicon-
ductors) are compounds based on typical semiconductors (like CdTe or InAs), for
which a fraction of nonmagnetic cations has been replaced by magnetic ions (typically
transition metal ions like Mn,Fe or rare earth metal ions) [1]. DMS bridge the physics
of semiconductors and magnetics since they show typical semiconductor behavior
and they also reveal pronounced magnetic properties. The most relevant feature of
DMS, which attracted considerable interest, is the coexistence and interaction of two
different electronic subsystems: delocalized conduction (s-type) and valence (p-type)
band electrons and localized (d or f-type) electrons of magnetic ions [1]. In particular
the s, p-d exchange interaction leads to strong band splitting, which results in giant
magneto-optical effects. On the other hand the d-d exchange interaction, coupling
randomly distributed magnetic ions, triggers formation of spin-glass and antiferro-
magnetic phases, depending on magnetic ion concentration and temperature range
[2,3].

Cdy—,Mn,Te alloys are the most thoroughly investigated diluted magnetic semi-
conductors [1]. It is known that the single phase zinc blende crystals of C'dy_,Mn,Te
can be obtained by equilibrium growth techniques up to x ~ 0.7. The recent diluted
magnetic semiconductor materials reported are (CdMn)Te, (GaMn)As, (GaMn)Sb, ZnMn
(or Co)O, TiMn(or Co)O, etc.



Chapter 1

General introductions to

semiconductors and magnetism

1.1 Semiconductors

1.1.1 Introduction

A semiconductor is a material that is an insulator at very low temperature, but
which has a sizable electrical conductivity at room temperature. The distinction be-
tween a semiconductor and an insulator is not very well-defined, but roughly, a semi-
conductor is an insulator with a band gap small enough that its conduction band is
appreciably thermally populated at room temperature.

In semiconductors at Ok (and with out excitations) the uppermost band of occu-
pied energy states is completely full. It is well-known from solid state physics that
electrical conduction in solids occurs only via electrons in partially-filled bands, so
conduction in pure semiconductors occurs only when electrons have been excited
-thermally,optically,etc...in to higher unfilled bands.

At room temperature, a proportion (generally very small, but not negligible) of
electrons in a semiconductor have been thermally excited from the valence band, the
band filled at Ok, to the conduction band, the next higher band. The ease with which
electrons can be excited from the valence band to the conduction band depends on
the energy gap between the bands, and it is the size of this energy band gap that

serves as an arbitrary dividing line between semiconductors and insulators.
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When electrons are excited from the valence band to the conduction band in a
semiconductor, both bands contribute to conduction, because electrical conduction
can occur in any partially-filled energy band. The current carrying electrons in the
conduction band are known as free electrons, though often they are simply called
electrons. The free energy states in the valence band are known as holes. It can be
shown that holes behave very much like positively-charged counter parts of electrons,
and they are usually treated as if they are real charged particles. There are three types
of semiconductors [4]:

i) a magnetic semiconductor, in which a periodic array of magnetic element is
present.

ii) a diluted magnetic semiconductor, an alloy between magnetic semiconductor
and magnetic element.

iii) @ nonmagnetic semiconductor, which contains no magnetic ions.
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Figure 1.1: Types of semiconductors: A) a magnetic semiconductor B) a diluted mag-
netic semiconductor C) a non-magnetic semiconductor .

1.1.2 Intrinsic semiconductors

An intrinsic semiconductor is one which is pure enough that impurities do not
appreciably affect its electrical behavior. In this case, all carriers are created by
thermally or optically exciting electrons from the full valence band in to the empty
conduction band. Thus equal numbers of electrons and holes are present in an in-
trinsic semiconductor. Electrons and holes flow in opposite directions in an electric

field, though they contribute to current in the same direction since they are oppositely



charged. Hole current and electron current are not necessarily equal in an intrinsic

semiconductor, however, because electrons and holes have different effective masses.
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Figure 1.2: Band scheme for intrinsic conductivity in a semiconductor .

The concentration of carriers is strongly dependent on the temperature. At low
temperatures, the valence band is completely full, making the material an insulator.

The concentration of electrons in the conduction band at a temperature T is given by
o0

n= Dc(e)fe(e, T)de. (1.1)
E.

The Fermi Dirac distribution function is

1
fe(e) = o P B (1.2)
where
1
A= kT’

This is the probability that a conduction electron orbital is occupied. The energy of



an electron in the conduction band is

h2k?
e =FE.+ (1.3)
2me
where E. is the energy at the conduction band edge.
Thus the density of states at ¢ is
1 2me. 3 1
De(e) = 55 ( h;)z(s—Ec)z. (1.4)
Hence the concentration of electrons in the conduction band is
mekpgT . 3
n=2( 2;7]; )2expl(er — E.)B]. (1.5)

The equilibrium concentration of holes (p) is calculated as follows. The distribution
function for holes is related to the electron distribution function by f, = 1— f., because

a hole is the absence of an electron.

1
A ek (16

If the holes near the top of the valence band behave as particles with effective mass

my, the density of hole states is given by

1 th

27772(?)%(5; —5)% (1.7)

Dy(e) =

where E, is the energy at the valence band edge. Therefore the concentration of holes

in the valence band is

Ey
p= Dy (e) fn(e, T)de (1.8)
and
kpT s
p= (””;hﬂg Vieap[(Ey — ). (1.9)

Multiplying together the expressions for n and p we get the equilibrium relation:

exp(—=) (1.10)



where FE, is the energy gap which is given by

In an intrinsic semiconductor the number of electrons is equal to the number of holes
[5], because the thermal excitation of an electron leaves behind a hole in the valence
band.

Thus from equation (1.10) we have

kT

3 —F
n; =pi = Q(Wﬁ(memh) 7

QkBT)'

o

exp( (1.11)

e . . E,
Hence the intrinsic carrier depends exponentially on 5-%7.

To determine the fermi energy we set (1.5) equal to (1.9). From this we will get
1 3 my,

). (1.12)

1.1.3 Extrinsic semiconductors

An extrinsic semiconductor is one that has been doped with impurities to modify
the number and type of free charge carriers. One of the main reasons that semi-
conductors are useful in electronics is that their electronic properties can be greatly
altered in a controllable way by adding small amounts of impurities [6]. The process
of adding an impurity is called doping. These impurities, called dopants, add extra

electrons or holes.

1.1.4 n-type doping

A semiconductor with extra electrons is called an n-type semiconductor. The pur-
pose of n-type doping is to produce an abundance of carrier electrons in the material.
Consider Si atoms which have four valence electrons, each of which is covalently
bonded with one of four adjacent Si atoms. If an atom with five valence electrons,
such as those from group V A of the periodic table (e.g phosphorus, arsenic, anti-
mony) is incorporated in to the crystal lattice in place of a Si atom, then that atom

will have four covalent bonds and one unbounded electron. This extra electron is only



weakly bound to the atom and can easily be excited in to the conduction band.

At normal temperatures, virtually all such electrons are excited in to the conduc-
tion band. Since excitation of these electrons does not result in the formation of a
hole, the number of electrons in such a material far exceeds the number of holes. In
this case the electrons are the majority carriers and the holes are the minority carri-
ers. Because the five electron atoms have an extra electron to donate, they are called

donor atoms.

1.1.5 p-type doping

A semiconductor with extra holes is called a p-type semiconductor [6]. The purpose
of p-type doping is to create an abundance of holes. In the case of silicon a trivalent
atom, such as boron, is substituted in to the crystal lattice. The result is that an
electron is missing from one of the four possible covalent bonds. Thus the atom can
accept an electron from the valence band to complete the fourth band, resulting in
the formation of a hole. Such dopants are called acceptors. When a sufficiently large
number of acceptors are added, the holes greatly out number the excited electrons.
Thus, the holes are the majority carriers, while electrons are the minority carriers in

p-type materials.

Domar leved

2 Z b)

Figure 1.3: a) a semiconductor doped with donor atom. b) a semiconductor doped with
acceptor atoms .



If there are no acceptors present, then the concentration of conduction electrons
is
—FEy
2kpT

[SIES

n = (noNg)2exp( ) (1.13)

mekpgT
2mh2

acceptors, under the assumption of no donor atoms.

)% and Ny is the concentration of donors. Identical results hold for

where n, = 2(

1 -E
P = (poNa)* exp(57—75) (1.14)
where p, = 2(m2hfff;T)g and N, is the concentration of acceptors.

1.2 Magnetism

1.2.1 Introduction

Magnetism is one of the phenomena by which materials exert an attractive or re-
pulsive force on other materials. Magnetic forces are fundamental forces that arise
from the movement of electrical charge. Thus, magnetism is seen whenever electri-
cally charged particles are in motion. This can arise either from movement of electrons
in an electric current, resulting in "electromagnetism”, or from the quantum mechan-
ical spin and orbital motion of electrons, resulting in what are known as "permanent
magnets”. Electron spin is the dominant effect with in atoms. The so called "orbital
motion” of electrons around the nucleus is a secondary effect that slightly modifies
the magnetic field created by spin.

The physical cause of the magnetism of objects, as distinct from electrical cur-
rents, is the atomic magnetic dipole. Magnetic dipoles, or magnetic moments, result
on the atomic scale from the two kinds of movement of electrons. The first is the
orbital motion of the electron around the nucleus, this motion can be considered as
a current loop, resulting in an orbital dipole magnetic moment along the axis of the
nucleus. The second, much stronger, source of electronic magnetic moment is due to
a quantum mechanical property called the spin dipole magnetic moment.

The overall magnetic moment of the atom is the net sum of all of the magnetic

moments of the individual electrons. Because of the tendency of magnetic dipoles



to oppose each other to reduce the net energy, in an atom the opposing magnetic
moments of some pairs of electrons cancel each other, both in orbital motion and in
spin magnetic moment. Thus, in the case of an atom with a completely filled electron
shell or sub shell, the magnetic moments normally completely cancel each other out
and only atoms with partially-filled electron shells have a magnetic moment, whose
strength depends on the number of unpaired electrons.

The differences in configuration of the electrons in various elements thus deter-
mine the nature and magnitude of the atomic magnetic moments, which in turn deter-
mine the differing magnetic properties of various materials. Several forms of magnetic
behavior have been observed in different materials, including diamagnetism, para-
magnetism, ferromagnetism, ferrimagnetism, antiferromagnetism and spin glasses.
Materials in the first two groups are those that exhibit no collective magnetic inter-
actions and are not magnetically ordered. Materials in the next three groups exhibit

long range magnetic order below a certain critical temperature.

1.2.2 Diamagnetism

Diamagnetism is a form of magnetism which is only exhibited by a substance in
the presence of an externally applied magnetic field. It is the result of changes in the
orbital motion of electrons due to the application of an externally applied magnetic
field [7]. Applying a magnetic field creates a magnetic force on a moving electron
in the form of F = qI—/>X B. This force changes the centripetal force on the electron,
causing it to either speed up or slow down in its orbital motion. This changed electron
speed modifies the magnetic moment of the orbital in a direction against the external
field.

Diamagnetic materials include water, DNA, quartz(Si0O), calcite(CaCOs3), most or-
ganic compounds such as oil and plastic, many metals such as Gold and Bismuth
and noble gases. Diamagnets are repelled by magnetic fields. Superconductors may
be considered to be perfect diamagnets (susceptibility(x) = —1), since they expel all
field from their interior due to the Meissner effect. Diamagnetic materials have a rel-
ative magnetic permeability that is less than one, and a magnetic susceptibility less
than zero. Susceptibility is a measure of how magnetizable a substance can become

in the presence of a magnetic field and can be used in a general way to describe the
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various classes of magnetic materials [8].

Diamagnetism is a fundamental property of all matter, although it is usually very
weak. It is due to the non-cooperative behavior of orbiting electrons when exposed
to an applied magnetic field. Diamagnetic substances are composed of atoms which
have no net magnetic moments (i.e., all the orbital shells are filled and there are no
unpaired electrons). However, when exposed to a field, a negative magnetization is
produced and thus the susceptibility is negative. In atoms with no permanent dipole
moment, e.g., for filled electron shells, a weak dipole moment can be induced in a
direction antiparallel to an applied field, an effect called diamagnetism. If we plot

magnetization (M) versus magnetic field (H), we see:

M

A
M=yH \
+ At X
¥ <0
T
E > >
H ¥ = constant
. slope=y sumieebLLLELL I LLELELLD

Figure 1.4: Magnetization VS magnetic field and susceptibility VS temperature .

Note that when the field is zero the magnetization is zero. The other characteristic
behavior of diamagnetic materials is that the susceptibility is temperature indepen-
dent.

1.2.3 Paramagnetism

Paramagnetism is the tendency of the atomic magnetic dipoles to align with an
external magnetic field. This effect occurs due to quantum-mechanical spin as well

as electron orbital angular momentum. Paramagnetic materials attract and repel
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like normal magnets when subject to a magnetic field. This alignment of the atomic
dipoles with the magnetic field tends to strengthen it and is described by a relative
magnetic permeability greater than unity (or, equivalently, a small positive magnetic
susceptibility).

Paramagnetism requires that the atoms individually have permanent dipole mo-
ments even with out an applied field [7], which typically implies a partially filled elec-
tron shell. In pure paramagnetism, these atomic dipoles do not interact with one an-
other and are randomly oriented in the absence of an external field, resulting in zero
net moment. If they do interact, they can spontaneously align or anti-align, resulting
in ferromagnetism (permanent magnets) or antiferromagnetism, respectively. Param-
agnetic behavior can also be observed in ferromagnetic materials that are above their
Curie temperature, and in antiferromagnets above their Neel temperature. Paramag-
netic materials in magnetic fields will act like magnets but when the field is removed,
thermal motion will quickly disrupt the magnetic alignment.

In this class of materials, some of the atoms or ions in the material have a net
magnetic moment due to unpaired electrons in partially filled orbitals. However, the
individual magnetic moments do not interact magnetically, and like diamagnetism,
the magnetization is zero when the field is removed. In the presence of a field, there is
now a partial alignment of the atomic moments in the direction of the field, resulting
in a net positive magnetization and positive susceptibility [8].

At normal temperature and in moderate fields, the paramagnetic susceptibility is
small (but larger than the diamagnetic contribution). Unless the temperature is very
low (< 100K) or the field is very high paramagnetic susceptibility is independent of
the applied filled. Some examples of paramagnetic materials include clay, Iron-rich
clay, silicate, carbonate and sulfide. In addition, the efficiency of the field in aligning
the moments is opposed by the randomizing effects of temperature. This results in a

temperature dependent susceptibility, known as the Curie law.

1.2.4 Curie’s law

Under relatively low magnetic field saturation when the majority of the atomic

dipoles are not aligned with the field, paramagnetic materials exhibit magnetization
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x=C/T
Curie Law

Figure 1.5: Magnetization VS magnetic field and susceptibility VS temperature .

according to Curie’s law:

M=o (1.15)

where M-the resulting magnetization.
B-the magnetic flux density of the applied field measured in tesla.
T-the absolute temperature measured in kelvin.
C-is a material-specific Curie constant.

This law indicates that paramagnetic materials tend to become increasingly mag-
netic as the applied magnetic field is increased, but less magnetic as temperature is
increased. Curie’s law is incomplete because it fails to predict the saturation that
occurs when most of the atomic dipoles are aligned (after every thing is aligned, in-

creasing the external field will not increase the total magnetization) [8].

1.2.5 Ferromagnetism

Ferromagnetism is a phenomenon by which a material can exhibit a spontaneous
magnetization, and is one of the strongest forms of magnetism. It is responsible for

most of the magnetic behavior encountered in every day life and is the basis for all
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permanent magnets (as well as the metals that are noticeably attracted to them). In
particular, a material is ferromagnetic in narrower sense only if all of its magnetic
ions add a positive contribution to the net magnetization. If some of the magnetic
ions subtract from the net magnetization (if they are partially anti-aligned), then the
material is ferrimagnetic. If the ions anti-align completely so as to have zero net mag-
netization, despite the magnetic ordering, then it is an antiferromagnet. All of these
alignment effects only occur at temperatures below a certain critical temperature,
called the Curie temperature (for ferromagnets and ferrimagnets) or the Neel temper-
ature (for antiferromagnets). Curie temperature is the temperature above which the
material cease to exhibit spontaneous magnetization.

If the crystal symmetry is such that the localized dipole moment alignment at dif-
ferent lattice sites results in a net macroscopic magnetization at 7’ = 0K even in the
absence of an external magnetic field then such a solid is referred to as ferromagnet-
ically ordered.

Unlike paramagnetic materials, the atomic moments in these materials exhibit
very strong interactions. These interactions are produced by electronic exchange
forces and result in a parallel or antiparallel alignment of atomic moments. The
exchange force is a quantum mechanical phenomenon due to the relative orientation
of the spins of two electrons. Ferromagnetic materials exhibit parallel alignment of

moments resulting in large net magnetization even in the absence of a magnetic field.

ORORON
A A 4 a

OROROERO

Figure 1.6: spin alignment for ferromagnets .
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The susceptibility of a ferromagnet above the Curie temperature has the form

C

= : 1.16
T 1o (1.16)

X

This is the Curie-Weiss law in the mean field approximation for (7' > T).
Two distinct characteristics of ferromagnetic materials are their:-
1.spontaneous magnetization and

2.the existence of magnetic ordering temperature.

_C
X=T_T,
Cuorie-Weiss law
i =T.]

Figure 1.7: Susceptibility VS temperature for ferromagnets .

1.2.6 Spontaneous magnetization

Spontaneous magnetization is the net magnetization that exists inside a uniformly
magnetized microscopic volume in the absence of a field. The magnitude of this mag-
netization, at Ok, is dependent on the spin magnetic moments of electrons. There
can be two types of spontaneous magnetism-localized magnetism and itinerant mag-
netism. Localized magnetism occurs due to the interaction between sufficiently lo-
calized and tightly bounded inner shell electrons of atoms or ions at close by lattice
sites (still some wave function overlap is must). Where as itinerant magnetism occurs

because of the "free” electrons which are shared by the entire crystal.
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A related term is the saturation magnetization which we can measure in the lab-
oratory. The saturation magnetization is the maximum induced magnetic moment
that can be obtained in a magnetic field (H,;); beyond this field no further increase in
magnetization occurs. Saturation magnetization is an intrinsic property, independent
of particle size but dependent on temperature. Fe, Co, Ni, MnAs etc are few examples

of ferromagnetically ordered crystals.

1.2.7 Antiferromagnetism

A more common situation is when the crystal symmetry is such that the local-
ized dipole moment alignment at different lattice sites results in no net macroscopic
magnetization at 7" = 0K in the absence of an external magnetic field, such a solid
is referred to as antiferromagnetically ordered and resultant magnetization (at higher
temperatures) is referred to as antiferromagnetism.

In materials that exhibit antiferromagnetism, the spins of magnetic electrons align
in a regular pattern with neighboring spins pointing in opposite directions. This is the
opposite of ferromagnetism. Generally, antiferromagnetic materials exhibit antiferro-
magnetism at a low temperature, and become disordered above a certain temperature;
the transition temperature is called the Neel temperature. Above the Neel tempera-

ture, the material is typically paramagnetic.

Figure 1.8: Spin alignment for antiferromagnetism .

The antiferromagnetic behavior at low temperature usually results in diamagnetic
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properties, but can sometimes display ferrimagnetic behavior, which in many phys-
ically observable properties is more similar to ferromagnetic interactions. The mag-
netic susceptibility of an antiferromagnetic material will appear to go through a maxi-
mum as the temperature is lowered; in contrast, that of a paramagnet will continually

increase with decreasing temperature.

.

|
|
|
4 0 Ty T
C
X=T1p
(T > T

Figure 1.9: Susceptibility V'S temperature for antiferromagnets .

If the two sublattice moments are exactly equal but opposite, then the net moment
is zero. This type of magnetic ordering is called antiferromagnetism. Antiferromag-
netic materials also have zero remanence, no hysteresis, but a small positive suscep-
tibility that varies in a peculiar way with temperature. An antiferromagnet is a special
case of a ferrimagnet for which both sublattices a and b have equal saturation mag-
netization. Above Ty, the susceptibility obeys the Curie-Weiss law for paramagnets
but with a negative intercept indicating negative exchange interactions.

Slight deviations from ideal antiferromagnetism can exist if the antiparallelism
is not exact. If neighboring spins are slightly tilted (< 1°) or canted, a very small
net magnetization can be produced. This is called canted antiferromagnetism and
hematite is a well known example. Canted antiferromagnets exhibit many of the typ-
ical magnetic characteristics of ferro-and ferrimagnets (e.g., hysteresis, remanence,

Curie temperature) [8].
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Figure 1.10: Spin alignment in canted antiferromagnetism .

1.2.8 Ferrimagnetism

A ferrimagnetic material is one in which the magnetic moment of the atoms on
different sublattices oppose as in antiferromagnetism but the opposing moments are
unequal and a spontaneous magnetization remains. This happens when the sublat-
tices consist of different materials or ions (such as Fe?t and Fe3™) [7]. Ferrimagnetic
materials are like paramagnets in that they show no magnetic order above the Curie
temperature, and are like ferromagnets in that they can hold a spontaneous magne-
tization below. However, there is some times a temperature below the Curie temper-
ature at which the two sublattices have equal moments, resulting in a net magnetic

moment of zero; this is called the compensation point.
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Figure 1.11: Spin alignment in ferrimagnetism .
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Strictly, ferrimagnetism is only a special case of ferromagnetism. If the mare sym-
metry consideration predicts an antiferromagnetic ordered but the crystal turns out
to have net resultant macroscopic magnetization due to the different magnitude of
exchange interactions on different lattice sites we reffered to such a solid as ferrimag-
netically ordered and the resultant magnetization as ferrimagnetism. Fe30O, is one of
the most famous examples of ferrimagnetically ordered solids [9].

The magnetic structure in ferrimagnets is composed of two magnetic sublattices.
The magnetic moments of the two sublattices are not equal and result in a net mag-
netic moment. Ferrimagnetism is therefore similar to ferromagnetism. It exhibits all
the hall marks of ferromagnetic behavior-spontaneous magnetization, Curie tempera-
ture, hyste- resis and remanence. However, ferro-and ferrimagnets have very different

magnetic ordering.

1.2.9 Spin glass

A spin glass is a disordered material exhibiting high magnetic frustration. The
origin of the behavior can be either a disordered structure (such as that of a con-
ventional, chemical glass) or a disordered magnetic doping in an otherwise regular
structure. Frustration refers to the inability of the system to remain in a single lowest
energy state (the ground state). The spin glasses have many ground states which are
never explored on experimental time scales.

A spin glass has been defined as a random, metallic, magnetic system in a non
magnetic host characterized by a random freezing of moments without long range
order at a rather well-defined temperature 7 [10].

It is the time dependence which distinguishes spin glasses from other magnetic
systems. Beginning above the spin glass transition temperature, 7y, where the spin
glass exhibits more typical magnetic behavior, (such as paramagnetism as discussed
here but other kinds of magnetism are possible), if an external magnetic field is
applied and the magnetization is plotted versus temperature, it follows the typical
Curie law (in which magnetization is inversely proportional to temperature) until 7}
is reached, at which point the magnetization becomes virtually constant (this value is
called the field cooled magnetization). This is the onset of the spin glass phase. When

the external field is removed, the spin glass has a rapid decrease of magnetization to a



19

value called the remanent magnetization, and then a slow decay as the magnetization
approaches zero. This slow decay is particular to spin glasses.

For spin glass we have a long range interaction via the conduction electrons, which
causes the freezing process, and hence a cooperative behavior would be expected
[10]. Experimentally one observes in a spin glass a sharp, cusp like maximum in
the very low (or even zero) field susceptibility at the freezing temperature 7y, which
becomes greatly broadened for external fields of only a few hundred Oersteds-spin
glass can be strongly magnetized by applying magnetic fields, but below 7 there is

large hysteresis.

1.3 Antiferromagnetic spin waves

Here we will consider the nature of the elementary excitations over the ground
state at a non-zero temperature or with the application of a small perturbation on
the system. Any local deviation from perfect alignment of the spin system will not
in general remain confined in the region, but, owing to exchange coupling, will prop-
agate like a wave. These low-lying excitations are called spin waves and were first
introduced by Bloch (1930). The spin wave can be thought of as one spin reversal
spread coherently over the entire crystal. When spin waves are quantized, we refer to
the state of excitation interms of a certain number of magnons in the particular mode.
They behave like field quanta and obey Bose statistics. It should be noted that the
concept of magnons as non-interacting quasiparticles is valid in very low temperature
regions, i.e. far below the characteristic temperature beyond which long range mag-
netic order breaks down. At elevated temperatures certain kinematic and dynamic
interactions have to be considered.

The spin wave excitation energy, incontrast to the ferromagnetic case, is linear in &
at long wave lengths [11]. But in ferromagnets the dependence of spin wave excitation
energy on k is quadratic (k?). In an antiferromagnet the spins are ordered in an
antiparallel arrangement with zero net moment at temperatures below the ordering or

Neel temperature [5].
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1.3.1 Exchange interaction

For spontaneous magnetization electron-electron (called "magnetic interaction” -
not because of the origin of the force rather because of the effect of the force) is a must.
Now there could be different types of interactions. It could either be dipolar interaction
(interaction between two magnetic dipoles) which is magnetic in origin or it could be
exchange interactions due to Pauli’s exclusion principle which is purely electrostatic
or coulombic in origin. Qualitatively speaking, Pauli’s exclusion principle prohibits
two electrons with same spin from taking same state and hence on an average they
would be farther apart and therefore coulombic interaction energy would be lowered
compared to the case when two electrons have opposite spin and hence can occupy
same state.
Usually exchange interaction is much stronger compared to the dipolar interac-
tion. There could be many types of exchange interactions as well:-
1.Direct exchange interaction:- it arises from the direct coulomb interaction among
electrons from the two ions [9]. When paramagnetic ion/atom cores are next to
each other on the lattice sites and if they are not sufficiently tightly bound so that
their electron clouds do overlap then they can have direct exchange.

2.Superexchange interaction:- two magnetic ions interact with the mediation of non-
magnetic ion. In such cases when paramagnetic ion/atom electron clouds don’t
overlap and there is another nonparamagnentic ion/atom sitting in between we call
such interactions as superexchange interaction.

3.Indirect exchange interaction:- In the sea of conduction electrons two paramagnetic
ions/atoms can interact with each other by the mediation of free electrons. This
type of exchange interaction is called indirect exchange interaction. One of the main
mechanisms for indirect exchange interactions in DMS is RKKY mechanism.

4.Itinerant exchange:- For those electrons that aren’t well localized and are shared
by the entire crystal, such electrons can have exchange interaction among them-
selves.Such electron- electron interactions are called itinerant exchange interac-
tion[9].

The singlet-triplet energy splitting measures the extent to which the antiparal-
lel (S=0) spin alignment of two electrons is more favorable than the parallel (S=1).

Since E; — E; is the difference between eigenvalues of a Hamiltonian containing only
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electrostatic interactions, this energy should be of the order of electrostatic energy
differences, and therefore quite capable of being the dominant source of magnetic
interaction, even when explicitly spin dependent interactions are added to the Hamil-
tonian.

The singlet-triplet energy splitting is then E,; — E; which is consistent with the gen-
eral theorem E; < E; for two electron systems. The singlet-triplet energy difference is
referred to as an exchange splitting or, when viewed as a source of magnetic interac-
tion, an exchange interaction [11]. For two atoms with two-electron systems at sites i

and j in which the exchange integral is expressed as:

1
Jij:§(Es_Et) (1.17)

Equation (1.17) shows that half the energy difference between the singlet (symmetric)
and the triplet (antisymmetric) state gives the exchange integral. The spin Hamilto-

nian for a two electron system is given by

—

_)
H = —2J;;5;.5, (1.18)

For many cases of interest the form of the spin Hamiltonian is simply that for the two

spin-case, summed over all pairs of ions:
H=-2Y"J;5.5; (1.19)
j
The spin Hamiltonian (1.19) is known as the Heisenberg Hamiltonian and the J;; are

known as the exchange coupling constants.



Chapter 2

A review on the study of DMS

2.1 Introduction

Diluted magnetic semiconductors (DMS) are composed of an inert host semicon-
ductor doped with both localized spins and carriers (electrons or holes ) that are either
itinerant, or localized on a much longer length scale [12]. The name diluted magnetic
semiconductors implies that the system has only a small percentage of localized spins,
they are at the opposite extreme of the dilute magnetic alloys, the canonical systems
involving itinerant fermion and localized spin degrees of freedom, which have been
studied extensively [13].

In the dilute magnetic metallic alloys, the law of density of spins are a perturba-
tion on the Fermi liquid representing the non magnetic host metal, so depending on
the concentration of the localized moments, they may be studied interms of diluted
Kondo systems, or amorphous magnetic system with a spin-spin coupling mediated
by the fermi sea of conduction electrons (RKKY coupling), which lead often to spin
glass behavior [14]. DMS’s, which are made by substitution of small amount of 3d
magnetic transition-metal (TM) atoms such as Mn, Fe, and Co ions in to cation sites
in the II-VI or III-V compound semiconductors, involve both semiconductor physics
and magnetism [15].

In the 1980s, research in DMS focused mainly on II-VI semiconductor such as
(Cd, Mn)Te and (Zn, Mn)Se. In a II-VI semiconductor, the II element is substituted

by an equivalent valence of magnetic transition metal atoms, making it possible to
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achieve a high density of magnetic atoms and to fabricate quantum structures. In a
II-VI DMS, the optical characteristics such as Faraday effect are greatly modulated by
magnetic fields due to the exchange interaction (sp-d interaction) between the s and p
orbitals of non magnetic atoms and the d orbitals of the magnetic atoms. However, it
is generally difficult to control conduction by doping in II-VI semiconductors, which is
one of the major obstacles for the use of II-VI semiconductors as electronic materials.

Although II-VI DMS generally exhibit antiferromagnetism, spin glass and/or para-
magnetic properties, as we will discuss later, it was recently reported that a p-doped
[I-VI DMS undergoes a ferromagnetic transition at low temperatures. The most rel-
evant feature of DMS, which attracted considerable interest, is the coexistence and
interaction of two different electronic subsystems: delocalized conduction (s-type) and
valence (p-type) band electrons and localized (d or f-type) electrons of magnetic ions
[16].

Diluted magnetic semiconductors are expected to play an important role in in-
terdisciplinary material science and future electronics because charge and spin de-
grees of freedom accommodated in to a single material exhibits interesting magnetic,
magneto-optical, magneto-electronic and other properties [4]. DMS are semiconduc-
tors in which a fraction of the component ions are replaced by those of transition
metals or rare earths. Most importantly, state of magnetization changes the elec-
tronic properties and vice versa through the spin exchange interaction between local
magnetic moments and carriers.

The usefulness of semiconductors resides in the ability to dope them with impuri-
ties to change their properties, usually to p- or n-type. This approach can be followed
to introduce magnetic elements in to nonmagnetic semiconductors to make them
magnetic. This category of semiconductors, called diluted magnetic semiconductors
(DMSs), are alloys of nonmagnetic semiconductor and magnetic elements. Diluted
antiferromagnets represent an interesting class of materials whose crystallographic
structure is closely related to their magnetic properties [1].

The mass, charge, and spin of electrons in the solid state lay the foundation of the
information technology we use today. Integrated circuits and high-frequency devices
made of semiconductors, used for information processing and communications, have

had great success using the charge of electrons in semiconductors. Mass storage
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of information-indispensable for information technology-is carried out by magnetic
recording (hard disks, magnetic tapes magneto-optical disks) using spin of electrons
in ferromagnetic materials. It is then quite natural to ask if both the charge and spin
of electrons can be used to further enhance the performance of devices. We may then
be able to use the capability of mass storage and processing of information at the
same time. This can be done by achieving information processing and data storage
facilities in a single crystal that gives increased transistor density making use of spin
of electrons in magnetic materials [17].

Diluted magnetic semiconductors are prepared by introducing magnetic elements
in to nonmagnetic semiconductors to make them magnetic. Therefore, they are alloys
of semiconductors and magnetic ions of transition metals or rare earths which exhibit
a variety of cooperative effects via spin exchange interactions not originally present in
nonmagnetic semiconductors. The transport, optical, and magnetic properties of the
host semiconductors will be altered due to the exchange interaction between the con-
duction carriers and the localized moments of the magnetic ions. In these magnetic
semiconductors exchange interactions between the electrons in the semiconducting
band and the localized electrons at the magnetic ions lead to a number of unusual
and interesting properties, such as a red shift of band gap when ferromagnetism or
antiferromagnetism sets in. The crystal structure of such magnetic semiconductors
is quite different from that of nonmagnetic semiconductors.

In a new branch of electronics known as spintronics or spin electronics or some-
times magneto-electronics, there is need for manipulating of spin and charge degrees
of freedom of electrons to yield a desired electronic out come. All spintronic devices
act in order that:-

1) information is stored (written) in to spins as a particular spin orientation (up or
down).

2) the spins, being attached to mobile electrons, carry the information along a wire.

3) the information is read at a terminal.

Spin orientation of conduction electrons survives for a relatively long time (nanosec-
onds compared to tens of femtoseconds during which electron momentum and energy
decay), which make spintronic devices particularly attractive for memory, storage and

magnetic sensors application, and potentially for quantum computing where electron
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spin would represent a bit (called qubit) of information.

What is expected from these materials is to have a large commercial and econom-
ical impact in nonvolatile memories (the information stays in the memory even if the
electric power is switched off, in contrast to semiconductor memories that we use to-
day). In general the advantage of these new devices would be nonvolatility, increased
data processing speed, decreased electric power consumption, and increased transis-
tor density compared with conventional semiconductor devices.

Within the next few years, it is expected that magnetoelectronic chips will be used
in quantum computers. An inherent advantage of magnetoelectronics over electronics
is the fact that magnet tend to stay magnetized for long. Hence this arises interest
in industries to replace the semiconductor-based components of computer with mag-
netic ones, starting from RAM. The new magnetic RAM will retain data even when the

computer is turned off.

2.2 Alloy of II-VI semiconductors with magnetic materials

Diluted magnetic semiconductors (DMS) are compound of alloy semiconductors
containing a large fraction of magnetic ions (Mn™2, Cr2 Fet? Co™?) and are studied
mainly on II-VI based materials such as CdTe and ZnSe etc. This is because such
+2 magnetic ions are easily incorporated in to the host II-VI crystals by replacing
group II cations. In such II-VI based DMS such as (Cd, Mn)Se, magneto-optic proper -
ties were extensively studied,and optical isolators were recently fabricated using their
large Faraday effect. Although this phenomenon makes these DMS relatively easy to
prepare in bulk form as well as thin epitaxial layers, II-VI based DMS are difficult to
dope to create p- and n-type, which makes the material less attractive for applications.

The magnetic interaction in II-VI DMSs is dominated by the antiferromagnetic ex-
change among the Mn spins, which results in the paramagnetic, antiferromagnetic, or
spin glass behavior of the material. It was not possible until very recently to make a II-
VI DMS ferromagnetic at low temperature (< 2K). The zinc-blende ternary compound
Zni_sMn,Te with x < 0.65 is a typical (diluted) magnetic semiconductor [18]. This
compound is also a typical frustrated antiferromagnet with 5/2 spins (Mn?**) ran-

domly arranged on face centered cubic (f.c.c) sublattice points [19]. This compound
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undergoes spinglass transition below 50k in the wide manganese concentration range,
x = 0.20 — 0.65 [20].We recall that for all II-VI dilute magnetic semiconductors with Mn,
Co or Fe p-d exchange is antiferromagnetic (AF) [1,2].

A semiconductor AB where A and B are, respectively, group II and VI elements,
upon being alloyed with a compound MB where M is an element of the iron group,
forms part of a class of materials usually called diluted magnetic semiconductors
(DMS). If z is the atomic concentration of M atoms replacing atoms of type A, the
formula of a DMS is written A;_,M,B. A typical example is Cd;_,Mn,Te which can
form homogeneous solid solutions for x ranging from O to 0.75. These materials
have a unique combination of semiconducting and magnetic properties. Cd_,Mn,Te
crystalizes in the zinc-blend structure for 0 < z < 0.75 in which at random cation
sites Cd is replaced by Mn atoms. For z < 0.17, Cd;_,Mn,Te is paramagnetic for all
temperatures [21]. If z > 0.17, below a critical temperature 7,.(z), there is a mag-
netically ordered phase due to antiferromagnetic coupling between neighboring Mn?*
ions. For example Cd;_, Mn,Te with x = 0.75 is in antiferromagnetic phase below 40k
[21]. It has been experimentally established that CdMnTe and ZnMnTe compounds
with zinc-blende (ZB) crystallographic structures reveal long range antiferromagnetic
ordering when the concentration of Mn is relatively high [22]. Detailed investigations
performed with the use of the neutron diffraction show that the antiferromagnetic
phase of type III appears for concentrations as high as 0.8 [23].

The II-VI DMS are based on semiconductors AB, where A is a group II element
and B is a group VI element (such as CdTe or ZnSe) [12]. In the II-VI DMS, some of
the divalent sites (Cd/Zn) are substituted by a magnetic element, typically Mn. This
fraction is denoted by z, so the DMS we consider is A;_,Mn,B. Mn is also a group II
element, but in addition it has a half filled 3d shell, with a total spin given by Hund’s
rule: S=5/2. In the absence of other types of dopants, the system A;_,Mn,B is an in-
sulator which exhibits antiferromagnetic (AFM) tendencies at low temperatures. This
is seen, for instance, from measurements of the susceptibility which is found to de-
pend on temperature as x(7') ~ 1/(T + Ty), with a Neel temperature of a few kelvin [1].
The origin of this AFM tendency is the (expected) antiferromagnetic exchange between
the Mn spins. However, for low doping concentrations z, the average distance between

Mn spins is large and this AFM direct exchange is rather small. In CdTe/Cd;_,Mn,Te,
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the dilution decreases the influence of ion-ion interaction, which favors an antipar-
allel alignment of Mn?* spins at low temperatures [24]. When a Mn?" ion occupies
a substitutional Cd site in the cubic CdTe crystal, its free-ion terms split due to the
cubic crystal field [25].

When a low density of charged dopants, such as group-V phosphorus (P) substi-
tuting for the group-VI element, is introduced in the system, each of them binds a
hole (or electron) in a shallow hydrogenic 1S state ¢(r) ~ exp(—r/ap), characterized by
a Bohr radius ap ~ 10 — 20A. Exchange interactions arise between the spins of these

charge carriers and the Mn spins, and are described by the Hamiltonian

H =Y J(7,R;)S,.5 2.1)
,J

Here, S_g is the spin of the Mn at position ﬁ; and E) is the spin of the electron/hole
centered at 7';. The exchange interaction J(77, ]?;) is dependent on the overlap be-
tween the orbital ¢(7 — 7;) of the charge carrier and the orbitals 4(7 — ﬁ; ) of the 3d
electrons responsible for the Mn spin. Since these 3d orbitals are localized on a scale
of a few A around the Mn nucleus, the exchange is proportional to the carrier charge

density at the Mn site, i.e.,
(7, R}) = Jo|o(R; — 7)|? = Joeap(—2|7 — Rj|/ap) (2.2)

where J, characterizes the strength of the exchange. Typically for electron J, < 0,
while for holes J, > 0.

As mentioned earlier, Cd;_,Mn,Te exhibits a magnetically ordered low tempera-
ture phase for x > 0.17. The transition from the paramagnetic to the magnetically
ordered phase is accompanied by the appearance of a new Raman feature at low tem-
peratures. Since this excitation is associated with magnetic order, it is attributed to
a magnon. A distinct magnon feature was observed in Cd;_,Mn,Te for the composi-
tion range 0.40 < x < 0.70. The magnon feature is absent when the incident and the
scattered polarizations are parallel. In an antiferromagnetic system these excitations
can be described by classifying the spins in to those which in the state of equilibrium
point in one direction and those pointing in an antiparallel direction. This classifica-

— — —
tion gives rise to magnetizations M; and M; where M; is the magnetic moment per
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unit volume of the spins of the first class and ]\72) that of the second. In equilibrium
]\7{ + J\72> = 0. Now, the agents responsible for the preferential orientation of a spin of
type 1 are those of type 2 and conversely. The best fit to the data for x = 0.70 yields
Ty = 40K [21].

2.3 Alloys of III-V semiconductors with ferromagnetic prop-

erties

An approach compatible with the semiconductors used in present-day electronics
is to make nonmagnetic III-V semiconductors magnetic, and even ferromagnetic, by
introducing a high concentration of magnetic ions. The III-V semiconductors such as
GaAs are already in use in a wide variety of electronic equipment in the form of elec-
tronic and optoelectronic devices, including cellular phones (microwave transistors),
compact disks (semiconductor lasers), and in many other applications. Therefore,
the introduction of magnetic III-V semiconductors opens up the possibility of using a
variety of magnetic phenomena not present in conventional nonmagnetic III-V semi-
conductors in the optical and electrical devices already established.

The major obstacle in making III-V semiconductors magnetic has been the low
solubility of magnetic elements (such as Mn) in the compounds. Because the magnetic
effects are roughly proportional to the concentration of the magnetic ions, one would
not expect a major change in properties with limited solubility of magnetic impurities,
of the order of 10'®cm =3 or the absence of holes, the magnetic interaction among Mn
has been shown to be antiferromagnetic in n-type (In, Mn)As and in fully carrier
compensated (Ga, Mn)As. These results show that the ferromagnetic interaction is
hole induced.

Magnetic III-V semiconductors show ferromagnetism, whose Curie temperature,
T., is relatively high as predicted theoretically only when the carrier concentration
is effectively raised. However, the highest Curie temperature, 7., obtained to date
is about 110k in Ga;_;Mn;As [26].Zn0O, TiO, doped with 3d transition metals Co,
Ni, Fe etc are promising DMS materials showing ferromagnetism with 7, above room
temperature. The large band gap may open up transparent ferromagnetic materials

in oxide DMS for application in the visible region.
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When Mn is doped in a III-V semiconductor, such as GaAs, the major difference
with respect to the II-VI DMS is that the Mn atom provides both the S=5/2 spin
and the dopant charge carrier (a hole, since divalent Mn substitutes for trivalent Ga).
While this implies nominally equal concentrations of holes and Mn spins, experi-
mentally it is found that the hole concentration is only p=10-30 percent of the Mn
concentration [27]. As in the (II, Mn)VI systems, the main magnetic interaction in the
(III, Mn)V DMS is the exchange between the Mn spins and the hole spins, which is
known to be AFM[28]. The DMS materials based on III-V compounds (GaAs, InAs)
were always a challenging problem due to their possible application for optoelectronic
devices [29,30].

The III-V diluted magnetic semiconductors are materials which exhibit sponta-
neous ferromagnetism mediated by holes in the valence band of the host semicon-
ductor and thus represent new materials with promising applications in spintronics.
The Mn-doped III-V magnetic semiconductors are the most intensively studied DMS
materials of current interest [31,32]. These materials are expressed in the form of
(III1_;Mn,)V; examples of which are (Gaj_,Mn;)As, (Gaj—Mny,)P, (Gaj_ Mny)N,
(Gai1—zMny)Sh, (In1_,Mn,)As and so on; where the carriers are typically holes.

In Mn?* doped III-V compound semiconductors Mn has a different valence to
group III element and introduces a spin-5/2 moment, leading to both local moment
formation (playing role of magnetic ions) and acts as acceptors introducing valence
band holes due to valence mismatch [31] in semiconductor host; where these holes
mediate interactions between the Mn moments correlating their orientations and

making ferromagnetism possible [33,35].

2.4 The magnetic elements for doping

The magnetic elements for doping purpose are mainly; Cr, Mn, and Fe in diluted
magnetic semiconductors. The table shown below gives configuration why Mn2* is

more appropriate.
element Ccr#t Mn?® Fe? | Cr*t | Mn?t | Fe*t | Fe3t

configuration | 3d°45! | 3d°45? | 3d54S% | 3d* 3d° 3d5 | 3d°

In Mn** doped III-V DMS, there is a valence mismatch between that of Mn and
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the group Ill-element with S=5/2 creating holes in the valence band. In Cr?* doped
[II-V the 3d electrons is less in number which is 4 pair atom and S=4(1/2)=2 where
less magnetic impurity spins per atom results in weak ordering in the compound.
In Fe2t the 3d electrons gives rise to S=4(1/2)=2 and Fe3t gives the valence match
with group III element as in II-VI DMSs case. Therefore, Mn?" with shorter nearest
neighbor distance of 2.24A4 [5] relatively, is more preferable for doping purpose in

which high concentration of 3d spins is required.

2.5 Structure of CdTe

If the two atoms of the basis are identical, the structure is called diamond. Semicon-
ductors such as Si, Ge, C, etc fall in this category. If the two atoms are different, the

structure is called the zinc blende structure.

Figure 2.1: The zinc blende structure of CdTe .

Semiconductors such as GaAs, AlAs, CdS, CdTe, etc, fall in this category. Semi-
conductors with diamond structure are often called elemental semiconductors, while
the zinc blende semiconductors are called compound semiconductors. The compound
semiconductors are also denoted by the position of the atoms in the periodic chart,
e.g, GaAs, AlAs, InP are called III-V (three-five) semiconductors while CdTe, CdS,

HgTe, etc., are called II-VI (two-six) semiconductors.
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2.6 Synthesis of dilute magnetic semiconductors

DMSs are semiconductors containing magnetic ions and normally prepared by
doping magnetic atoms (Fe, Ni, Co, Mn, Cr) in to the compound semiconductors
(CdTe, InSb). DMSs have high interaction between magnetic spins and conducting
carriers because DMSs possess magnetic properties in addition to semiconducting.
It is expected that DMSs can yield industrially important and high technological new
materials whose functions are controlled by changing the interaction. One such ex-
ample is that the DMS material will cause magnetic field when it absorbs either optical
or electrical power, or the wave length of semiconductive laser will change by vary-
ing the external magnetic field. However, most of the DMSs have not been examined
enough. There are many unknown factors, such as limitation on doping concentra-
tion of magnetic ions or effect of dopant on the crystal structure and the properties.
We would like to synthesize high quality DMS materials and elucidate the fundamen-
tal properties. In future there will be a new productive technique to synthesize high

quality DMS materials for industrial use.



Chapter 3

Mathematical techniques for spin

wave excitations

3.1 Formulation of the problem

We assume the spin structure of the crystal may be divided in to two interpene-
trating sublattices a and b with the property that all nearest neighbors of an atom on
a lie on b, and vise versa.

The Heisenberg exchange Hamiltonian is given by

H=-Y"J;5.5 (3.1)

where the summation is over all the magnetic ions in the lattice, and J;; is the ex-
change integral between the " and the j'* ion. Assume that J;; is non vanishing only
for the nearest neighbors and it is taken to be isotropic. When J;; is positive, the
lowest energy states corresponds to the situation where the spins of all the ions are
parallel. This is the case of ferromagnetism. But when J;; is negative the neighboring
spins tend to be antiparallel, resulting in an antiferromagnetic substance.

When we are interested in the magnetic properties, we require the response of

the system to the external magnetic field. The Hamiltonian including the magnetic

32
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perturbation is given by

H= ZJ(7ij)§‘§j —guBHAZSfZ—t—guBHAZS;’Z (3.2)
) 1 J

where g-the Lande g-factor for the ion.

H 4-the applied magnetic field, we take H4 > 0 to make the magnetic moments line

up along the positive z-axis when the system is in the ground state.

rij = |r; — ;| = l-is the relative position vector of spins S; and S;.

[- connects the atom i with its nearest neighbors on a bravis lattice.

Here we use the Holstein-Primakoff (H-P) transformation. It is a transformation
from the spin operators S; to the spin deviation creation and annihilation operators

a; and a;, which have the following commutation relations
[ai,aj] =0;; and [a;,aj] = [aj,aj] =0. (3.3)

The spin occupation number n;, which is the eigen value of a; a;, is defined by the
relation
ni=S—Si. (3.4)

It is very important to note that n; is the reduction in the z-component of the i** spin
from its maximum possible value of S. Thus the operator «; creates a quantum of spin
deviation, that is, it reduces S;, by one unit.

To derive the H-P transformation, we use
SE = Six +1iSy, (3.5)

as the two independent spin operators, simply because they have the convenient
raising and lowering properties. We already know from the theory of atomic spectra
that:

SE[S) = [S(S + 1) — Sia(Siz £ 1)]2[Sis £ 1). (3.6)

Now,taking the first relation from (3.6), we have, dropping for the moment the sub-
script,
S*+1S.) = [S(S + 1) — S.(S. +1)]2|S, + 1)
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= (S24+ 854858, — 85, — §2—5.)2|S, + 1)

= (S+S.+1)2(S—8.)2|S. + 1) .
Hence we get
S S5-8.-1

5g )2 (5= 5:)2]5: +1) (3.7)

N

5*5:) = (28)2(1
or,restricting the subscript i, we get, using (3.4),

ni—l

55 )2 (mi)2lni —1). 3.:8)

Sy = (28)2(1 -

The fact that ST operating on S, gives rise to a state having (S, + 1) means that the
occupation number n; decreases by one unit, becoming (n; — 1).

Now using the relations:

aln) = (n)2|n — 1) (3.9)
atln) = (n+1)2|n +1) (3.10)
ataln) = n|n) (8.11)
we find that (3.8) reduces to
S = (28)2(1 — aj‘“’)%ai. (3.12)
i 25

+
get the state (n; — 1) and also from (3.11)
a:rai\ni —1)=mi—1)n; — 1) .

Thus, in (3.12), we have replaced the eigenvalue (n; — 1) by the corresponding (num-

In (3.12) we have written a; a; in place of (n; — 1) because, when a; operates on n;, we

ng

ber) operator a; a;, as is possible since 74 < 1, that is [1 — 5 S]% converges.
Similarly, taking the second relation from (3.6), we get

S Ins) = (29)7 (s +1)3(1 — 24)3|ni + 1) = (28)2a; (1 — 25)2 |n;)

+
_CLi a;

- = (29)3ar (1 — LT3
S; = (28)7a; (1 - )%, (3.13)

This is the H-P transformation, that is, the relation ship of the spin operators with

the spin deviation creation and annihilation operators, a; and q;.
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Collecting the terms from (3.4),(3.12) and (3.13), we have

S;z=5— a;"ai (3.14)
+ 1o afai
S =(28)2(1 - —5)a (3.15)
1 cﬁai 1
S; =(29)2af (1 - 575)5, (3.16)

In (3.2) the first term is the familiar Heisenberg exchange energy, expressed in
terms of the atomic spin operators and the last two terms are Zeeman interaction (i.e,
the interaction of spins with the applied magnetic field, H4). The Hamiltonian involves

the three components S;,, Siy, S;. of each spin S;, and similarly for S;, that is
— —
S; = Szt + Siyj + S;.k and Sj = iji + Sjyj + sz/{:. (3.17)

From equation (3.5) we can find S;, and S;,:

S+ 87 S-S
Sia = 5+ and Siy =5 (3.18)
Similarly
Sf+S; Sy —S;
jx — 9 and Sjy = 721 (319]
Hence,
—  St+sS. . St—s5 -  Sf+sS; ST -S7
S; = (= 5 )it (= 5 “)j+Sizk and  S; = (T)H(T)ﬁsjzk (3.20)

In our case since we have two sublattices a and b, we can write equations (3.14),
(3.15) and (3.16) as follows:

+
+ 1 _ a; a; |1 '
S5=(28)301 - Ll (3.21)
S= = (28)2a} (1 — ‘Lj‘”)% (3.22)
al KA 2S
N 14 N
Spy = (28)767 (1 = 5=°)7 (3.23)
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+b.
1 IR/ INE S
Sy = (28)2(1 - ;S )2b; (3.24)
St =5—afa; (3.25)
b
~8. =8 —bfb; (3.26)

where b;r, b; are creation and annihilation operators which refer to the 4t atom on
sublattice b, they are not magnon variables. It is convenient to make a transition
from the atomic a;",q; and bj, b; to the magnon variables ¢, ¢, and d;, dj, for the two

sublattices a and b respectively, which is defined by

c;r —N7T Z exp(—ik.ri)a; and ¢ = N7T Z exp(ik.r;)a; (3.27)
and
di = N7z Z eazp(ik'.rj)b;r and  dy = Nz Z exp(—ik'.r;)b; (3.28)
J J

here r; and r; are the position vectors of the atoms 7 and j in the sublattice a and b

respectively. The inverse transformation is then given by:

a; = N7 Z exp(—ik.ri)c,  and a. N7 Z exp(ik.r;)c (3.29)
k
and
bj=N7 Y exp(ik'rj)dy and b =NT Y exp(—ik'.r;)df. (3.30)
k/ k/
Then,

— — — —
Si.Sj = Sai-Shj
a a b b b
= (S H—Slyj—l—S k).(S%,i+ 55,7+ 57.k)

S48, Sy =S,
= (T (Feg ) SR + () 4 LK
SE4+S2 1\ ( So; 5 St_s—. St s "
:( MJZr m)( bJ2 bj)“‘( m2i az)( = 'bj)+SzzS§z'
Therefore,
o + —+ a Qb
S;.5; = (5 Sy SuiS) + SLSh. (3.31)

Now using the first transformation given by (3.21-3.26), we find that the first term of
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the Hamiltonian (3.2) reduces to:

H., = Z J(7ij) S*Sb] + S,505) + 8552, (3.32)

and substituting the values for S, and S?Z the next two terms of equation (3.2) be-

COINES;
H.ceman = —gupHa Z - (L a’L —gupHa Z — b+b (3.33)

To reduce expressions (3.32) and (3.33) to a much simpler, and thus solvable form,
we made the following approximations: If the magnetization is near saturation, we

expect that

1 Mo—M(T,H)
2 M,

S-S, <n;> _ <ata;>
<1l or =5z<1 or 5s = ey K 1.

Hence

+ +p.
1,(1— %%): ~1  similarlly (1 — 2

)z ~1

2,ai aibj bj =n;n; ~0

3.(25)2at ab; = (28)2nb; < 1.

With these approximations equations (3.21-3.26) become

S~ (29)%a;; Sy~ (28)3af and S~ (25)3b7; Sy~ (25)3b; and S =S —afa;
—S8h, =5 —-blb; .

Substituting these in equation (3.32) we get

Hep = 35 J(745)[5(85:5y, + SuiSy;) + 5585 ]

iz _]Z

B

= Y J(T i) [5((25)2a:(25)2b; + (25)2af (25)20F) — (S — af a;)(S — bT b))
= Z J( )[%(QSCLJ) + QSCLer;r) - (52 — Sb;rbj — SCL?CL;’ + ajalb;rb])]

= > J(7 i) (Sab; + Sa+b+ S? + Sbtb; + Safa; — afaibjbj)

= — Z J(7r ij)SZ + Z J( ij)S(aibj + afb;“ + b;_bj + ajai) — Z J(?’ij)a;raibjbj .
We can ignore the third term by the reason (2) above. That is when the excitation is

low. Then the above equation becomes

=D I(Ti)S?+ D J(Ti)S(aib; + af b +b5b; + afa;). (3.34)
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Now we can write equation (3.33) in the following form

H.coman = —gupHa Y Si—gupHay_ Sj+gupHa Yy afa;+gupHa» b0, (3.35)

J 1 J
Hence the total Hamiltonian can be written as

H = H, + Hpqgq

where H, and H,,, (Hamiltonian of the magnons) are given as follows

Hy =~ J(rij)s* —gupHa) S — gupHa ) 5 (3.36)
. i J

and  Hmag = Y _ J(1)S{aib; + af bl +b1b; + o ai} + gupHA{D _afa; + > bib;}. (3.37)
7] A 7

Substituting equations (3.29) and (3.30) on equation (3.37) we obtain
_ J(l)S Y R XA 1 S LI T + 3+
Hipag = Z 7[2 exp{—i(k — k').r; }exp(ik’.l)crdy + Z exp{i(k — k").r;yexp(—ik'.l)c. d,

- N
il k. k! kK

+ ) eapli(k — K).(ri + D}dfde + Y eaxpli(k — k).ri}ef el
k' k

+ QMBHA[Z exp{i(k — k).ri}cf o + Z exp{i(k' — k').r;}df dy). (3.38)
ik Ik

But we have
Z exp{—i(k —k').r;} = Sppr
k!
1, ifk=1Fk;
0, otherwise.
Hence the Hamiltonian of the magnon becomes

where 5k‘k” =

Hpag =2>  J(1)S2 Y lexp(ik.l)cpdy + exp(—ik.D)cdf + df dy, + cf cx]
l k

+gupHAY [cfcx + dif dy]. (3.39)
k

Now taking the term ) J(I) and considering contact type of interaction we get the
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following

I =) J(Ty) = JZ(S(?’Z-]-) = JZ(S(?’Z- — 7). (3.40)

l J
Taking the average over j we obtain

<Y T =T >=a (3.41)
J

where z is the concentration of the impurities added on the semiconductor. Therefore

equation (3.39) becomes

Hypag = 27522y [yncrdi +v-pcl dif + difdi + ¢l el + gupHA Y [cfer + dfdi]  (3.42)
k k

where z is the number of nearest neighbors. The above equation can be written as

Hpnag = 2JSx2 Z[’yk(ckdk + c;d;) + C;ck + d;:dk] +guHy Z(c;ck + dﬁdk) (3.43)
k k

where

1
S k) = ~_ 3.44
Vi zzl:exp(z ) =Yk ( )

assuming a center of symmetry. We now look for a transformation to diagonalize
H,nag. We transform to new creation and annihilation operators o, «; 87, 3 with

[ag, ;] = 1;[Bk, B ] = 1; [, B] = 0, etc. Then the transformation is defined by

O = URCL — de;; ag = Ukc;r — vidy, (3.45)
and
B = vgdy, — vy B = vrd) — vy (3.46)

here vy, vy, are real and satisfy v} — v? = 1. Therefore the magnon eigenfrequencies wy,

are given by

Wi = (we + wa)? — w2y} (8.47)
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with we = 2JSx2;  wa =gupHa.
There are thus two degenerate branches for each k, one associated with the o operator
and the other with the g operators. That is each value of k is to be counted twice

because of the double degeneracy. If we neglect wy and take [ = a,

2 2 2.2 2 2
W = We — WV :we(l _’Yk)

wr = we(l — ’y,?)% (3.48)

Assuming that ke < 1, then (1 — 7,%)% ~ %; for a simple cubic lattice (z=6), and

assuming i = 1 we have finally
wy, ~ 4V/3J Skax. (3.49)

If we consider the external magnetic field, the dispersion relation in general case is
given by
hwif = 2v22JSkax £ gupHa. (3.50)

This is the dispersion law for antiferromagnets in the long wave length limit.

3.2 Green’s function formalism
The retarded and advanced Green’s functions G, (t,t') is defined as
G, (t, 1) =< A(t), B(t') >,= —if(t — t') < [A(t), B{t)] > (8.51)

where < ... >, is the abbreviated notations for the corresponding Green’s function,
and < ... > denotes averaging over a ground canonical ensemble. This is appropriate

since the number of particles is not constant and 6(t) is the step function, that is,

0, fort < O0;
a(t) = o (3.52)
1, fort > 0.

Also [A, B] is a commutator or anticommutator, that is,

[A,B] = AB—nBA , n=+l. (3.53)
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The sign of 7 is positive if A and B are both Bose operators and negative if they are
Fermi operators. In general, A and B are neither Bose nor Fermi operators since
products of operators can satisfy more complicated commutation relations. The sign
of n is chosen by considering what is most convenient for the problem.Using equation

(3.53),we can write equation (3.51) as
G (t,t') = —if(t,t')[< A(t)B(t') > —n < B(t')A(t) >]. (3.54)

We note from (3.52) and (3.54) that G, (t,t') # 0 when ¢’ < ¢, G,(t,t') = 0 when ¢ > t,
and G,(t,t') is not defined when ¢t = ¢/, because of the discontinuity of 6(¢) at t=0. One
important property of G, (t,t') is that it depends only on the difference (¢t — ¢) in the
case of statistical equilibrium. Now taking the operators A = a; and B = az, to relate

with our problem we obtain
G (8, 1) =< ag, af >= —i0(t —t') < [ax(t), a, ()] > . (3.55)
Differentiating the above equation with respect to t, we get

%Gkk/(t,t’) = —i6(t —t') < [ag(t),a),(t')] > —if(t — ) < [%ak(t),a;(t’)] > (3.56)

and multiplying both sides of the above equation by i it becomes

i%Gkk/(t,t/) =5t-t)< [ak(t),a;,(t’)] > —if(t —t) < [i%ak(t%a;(t’)] S (3.57)

where ida(t) = [ax(t), H]here H = Hypoy.
Taking

H = E wka,":ak
k

and for our convenience let us drop the time (¢, #) from a,(¢) and q;, (') then we will

have

.d
z@ak ak, ak, E wpa ap

’L—ak = pr ak, af ap] = pr{ ak, o |ap + af Flag, apl}
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but the second term becomes zero. Then we have only

d
IOk = zp:wp[ak, atlay, = ;wpékpap.

1, ifk=mp;
But remember that 4, = P Then we will get
0, otherwise.

d
Zaak = Wiak. (3.58)

Substituting equation (3.58) in to equation (3.57), we obtain
P4 G = 5(t — ) < ar(t), af, ()] > —ib(t — ') < [wpar(t), afs(¢)] >
= 6(t — t') < [an(t), s (t)] > —i6(t — ' )wp < [an(t), a ()] >.

Using the Fourier transformation we get

S
WG = 5+ < la, H] 0, > (3.59)

equation (3.59) follows since the Fourier transform of the § function is % But we
have got [ak, H] = Wiak.
Hence wG = %—fr’—l— < wiay, a;, >0

For k = k/, we have d,; = 1, and then the above equation becomes
1 +
WGk = 5t wp K ap, ap > (3.60)

But from equation (3.51) we have the following relation
< ag, af, >= G-

Therefore equation (3.60) becomes

WG = 3= + wp G-

From this we obtain
1

O = S — )

(3.61)

w—wy, = 0 gives us the dispersion relation. From the analytical properties of the Green

functions it follows that the correlation function < azak > can be obtained from the
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equation

o

+ +

L Ay Gy, >ptris — K Ak, Q. >—i

<afay >:lim5_,o’i/ (ko Tk Zwtid ko T Zwid
o eap(B) — 1

Yexp(—iw{t —t'})dw. (3.62)

Taking t = ¢/, equal time correlation gives the number operator;

1 1 P

T ris= = — —imo(w — 3.63
S Oy Zotio= o T T —on] | 2rw— (w=wo] (3.63)
1 1. »p .
+ s = —|—— —
L ag,a) s @ —i0) e 2r'w—wn +imd(w — wi)] (3.64)

where p is the principal part of the integral. Therefore equation (3.62) becomes,

d(w—wy) dw

< ak ap >= limg_ot f czp(wB) =

1

—_—. 3.65
exp(wif) — 1 (869

< afay >=

Substituting equation (3.49) in to equation (3.65) for w; and taking g = @% we get:

1

exp(4@é%amk) -1 ’

<afap >= (3.66)

Since magnons are bosons, the above equation is the Bose-Einstein distribution
which magnons obey. Now let us determine the total number of magnons that are

excited at a temperature T, which is given by

Z s 1 /°° 4rk?dk
k pr—
A (2m)3 Jo exp(4‘[‘]sxk“) -1

1 [ k?
D <y >= 2/ dk (3.67)
. 272 Jo exp(74“/%‘é%$ka) -1
Let y= ‘ﬁ# and dy= %dk solving for k, we get k = 4}1%“3/ :
_kgT
dk = 4\/§{3]S:cady'

Substituting these in equation (3.67) we obtain

kgl 3/ y2
g <np >= ——dy.
F (4\fJS:Ea) o €e¥—1 y
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The integration of [ —- dy =2 x zeta(3) ~ 2 x 1.202 ~ 2.4.
Therefore the total number of magnons is

_— 3.68
4\/§J5xa) ( )

D <y >=0.122(
k

3.3 Magnetization and transition temperature for antiferro-

magnets

The sublattice magnetization at temperature T is given by

= gup Z —a ). (3.69)

Using the spin-wave canonical transformation we get the following

M(T) = gup(nS — z:sinh2 O — Z < a,jozk > cosh 20). (3.70)
k k

The second term of equation (3.70) gives the zero-point contribution to the sublattice

spin deviation. It can be shown, on neglecting the Zeeman term, that

. 1 _1
AMzeropaint = gUB %SlnhQ O = igMB g{(l - 7]%) é - 1} (3.71)
For a simple cubic lattice this turns out to be 0.078gupn. The third term of equation
(8.70) gives the temperature dependent part. Taking M (0) = gupnS which is ground
state magnetization and neglecting the second term of equation (3.70) we obtain
M(T) = M(O)(l — %Zk < ny > cosh 260y)

_M( [_nSZk(

1 1
) Z(W)]-
But the value of (1 —y2)"2 = % hence

KpT

V3 1
=1 ) 3.72
M (0) nasS Zk: klexp(ikr) — 1] ( )
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Now we use

B 1 /‘krnuw dBk
-1 @m)? Sy klexp(3r) — 1]

The upper limit can be taken as infinity for temperatures small compared with the

Neel temperature. Thus

> 1 1 /°° Ark*dk 1 /°° kdk
- Kleap(yr) =11 (@m)* Jo Kleap(pz) =11 2% Jo - eqp(dv3S5asky _

4staxk _ kT _ _ kT
kB k= 4fJSaa:y7 dk = 4\/§J5axdy

Z 1 _L( kpT )2/00 ydy
— klezp(i2r) — 1]~ 27° 4/BJSax’ Jo e -1

oo ydy _ w2

ey—1 = 6 °

The value of the integration |;

Hence substituting all these values in equation (3.72) we will get

M(T) V3, kgT

) _ 2
MO T 12NS\1vasse) (8.73)

But when 2 (T goes to zero, T approaches to Ty which gives
JS
Ty = (48)1(22 . )(NS)2z. (3.74)
B

3.4 Magnon heat capacity in antiferromagnets

We have seen that in the absence of an external magnetic field the two magnon
branches are degenerate, i.e,
wlf = 2v/2zJSkza.

Hence the internal magnon energy for antiferromagnets can be written as

U= wp<mng> (3.75)
k
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which can be written as

B — exp wkﬁ —1 (213 J exp(wif) — 1

1 /’fm wpdnk*dk 1 /km wik?dk
o eaplwpf) =1 272 Jy  exp(wif) —1

g ! /km 4y/3.J Swak3dk

ﬁ exp(4\[JSkza) o 1‘

The upper limit can be taken as infinity for temperatures small compared with the

Neel temperature. Thus

(3.76)

1 43T Szak3dk _4\/§J5:w /°° k3dk
0 exp(

~on2 4fJSk;m) 1 2n? 4\/Jsm—a) 1

exp( 7

Let y = #3J5kaa ang dy = 443050,
solving for k, we get k = | \/’%@gmy and dk = ; \/%?ng dy.
Substituting these in equation (3.72) we get

kgT . kpT 3/00 y?
= ——d 3.77
272 (4\/§J5xa) o €e¥—1 y ( )

but the value of the integral [~ - = 7{—;

Therefore the internal magnon energy for antiferromagnets is

7w (ksT)!

30 (4y/3JSza)3’ (3.78)

Hence the magnon heat capacity is given by

oU  4rn® kp(kpT)?

= 20 2 hplEpl)”
or 30 (4y/3JSza)3

(3.79)

Thus the predicted magnon part of the heat capacity is proportional to 72 which is
similar to the Debye phonon heat capacity.



Chapter 4

Results and discussion

In the previous chapter we have obtained expressions of magnetization, specific
heat and transition temperature for antiferromagnetic magnons based on spin wave
theory using the Holstein-Primakoff transformations. In addition to these we have
also calculated the number of magnons excited in the mode k£ at a temperature T
using Green’s function. To calculate all of the above quantities first we have got the
dispersion relation for magnons in an antiferromagnet. The dispersion relation for
magnons in an antiferromagnet is linear in k& which is quite different from that of
magnons in a ferromagnet which is quadratic in k.

In this chapter we will try to generalize the main results obtained in this work and

investigate the results with the help of figures.

4.1 Dependence of magnetization on temperature

The reduced magnetization as a function of temperature can be computed by
noting that each spin-wave mode leads to one spin reversal distributed coherently
through out the entire lattice. We have got the theoretical formalism describing the
dependence of reduced magnetization due to thermal spin-wave excitations on tem-

perature as follows:

M©O) 12NS(4\/§JS:C

which shows that the sublattice magnetization decreases quadratically with temper-

M(T> _ \/§ kp )2 2

ature in the low temperature region and it agrees with the expression obtained by

47
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Sinha et.al., 1980 [36].

—x=0.45
— x=0.55
x=0.65
1.0 i
0.8 -
=)
=
-
— 06 d
=
0.4 -
024
o0 —r——pr——mr——mr—rrrr—r—r—1"1
0] 5 10 15 20 25 30 35 40

T(K)

Figure 4.1: Reduced magnetization VS temperature when values of x are kept constant

As we have seen from the figure Curves are slightly different for different values
of the concentration (x) of the manganese ion, however, they all have a convex up-
ward shape. The reduced magnetization versus temperature curve is obtained for
x = 0.45, 0.55 and 0.65. The calculated curves fit excellently well to the experimental
results obtained by C. Marino et.al., 2000 [37].

4.2 Dependence of Neel temperature on concentration

A distinct magnon feature is observed in Cd;_,Mn,Te for the composition range
0.40 < z < 0.70. That is, there is a magnetically ordered phase for this range, which is

antiferromagnetic ordering. In the previous chapter we have obtained the expression
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for the Neel temperature which is given by:

Ty = (48) 22 (NS)
kp

(S

x

Using the above formula and taking the constants S=5/2 for Mn?*, N=4 nearest
neighbors, the exchange integral for antiferromagnets is around |J| ~ 10 %cv, but
in our case it is calculated using equation (2.2) taking the lattice constant for CdTe
a = 6.484 and the manganese concentration is 0.70. Hence the theoretical value of
the Neel temperature for CdMnTe is 42K. However, the highest Neel temperature, T,
obtained to date is about 40K in Cd;_,Mn,Te for x = 0.70 [21].

45 -

)
o
i

=
]

Neel Temperature (K)
= i
1 1

-
on
1

—
=]
1

T T T T T T T T T T 1
0.z 0.3 04 0.5 0e 0.7

Concentration (x)

Figure 4.2: Neel temperature versus concentration .

As we have seen from the figure the plot of Neel temperature versus manganese
ion concentration is linear. But antiferromagnetic ordering is observed when the
composition is in the range of 0.4 < z < 0.7. This shows the Neel temperature for
CdMnTe increases when the concentration of manganese ion increases in the range

given above. The calculated curve fits excellently to the experimental result obtained

by A.Twardowski [16].
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4.3 Dependence of specific heat on temperature

The detailed antiferromagnetic magnon specific heat capacity per unit volume ver-
sus temperature T for CdMnTe will be shown in this work with in the temperature
range of OK and 40K. To derive the specific heat we neglect magnon-magnon inter-
actions, which is justifiable in the very-low-temperature regions.We have seen that
magnons behave like Bose particles. Thus the internal energy of a system of magnons

in thermal equilibrium at temperature T using equation (3.75) is given by

_ 7 (kgT)!
30 (4/3J5za)3

¥=0.45
x=0.55
¥=0.65

ENE
25

20 -

C(x10°JKm")

0 10 20 30 40
T(K)

Figure 4.3: Heat capacity per unit volume VS temperature when values of x are kept

constant .

The Zeeman contribution to the internal energy is relatively small compared with the

exchange term. Taking the derivative of the above equation with respect to T, we get
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the specific heat capacity per unit volume, which is

_ 4n® kp(kpT)?
30 (4y/3JS5za)3

Because U goes to zero just at T and vanishes at all temperatures above it, there
is no latent heat associated with the disappearance of the magnetization [38]. Thus
the heat capacity for an antiferromagnet in the low-temperature region arising mainly
from magnons is proportional to 72, which is the same as the expression found in
QTS [39].

What we have seen from the figure is that specific heat increases when temperature
increases keeping the concentration of manganese ion constant. However, the specific

heat of the magnons decreases as the manganese ion concentration increases.



Chapter 5

Conclusion

The theoretical results obtained compared with the experimental results (reduced
magnetization and Neel temperature) and the graph of these quantities matches with
the experimental graphs. The magnetization increases rapidly with decreasing tem-
perature if the concentration is kept constant and it reaches the saturation sublattice
magnetization when the temperature goes to zero. But above T the sublattice mag-
netization vanishes. Generally from the mathematical expression we can see that
the sublattice magnetization decreases quadratically with temperature in the low-
temperature region.

Magnetic II-VI semiconductors show antiferromagnetism, whose Neel temperature,
Ty, is relatively high as predicted theoretically only when the concentration is effec-
tively raised. The Neel temperature for CdMnTe increases when the concentration of
manganese ion increases in the range 0.4 < z < 0.7. Hence Cd;_,Mn,Te is found to be
antiferromagnetic with the antiferromagnetic transition temperature, 75=23-40K for
x = 0.4 — 0.7 where the values of x corresponding the highest T is 0.7.

The heat capacity for antiferromagnets in the low temperature region arising from
magnons is proportional to 72 which is similar to the Debye phonon heat capacity.
The specific heat capacity vanishes above the Neel temperature. However, the heat

capacity per unit volume decreases when manganese ion concentration increases.
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