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Surprises bring in new challenges! 

 
Abstract 

 
 

In today's information world, bits of data are processed by semiconductor chips, and stored in 
the magnetic disk drives. But tomorrow's information technology may see magnetism (spin) and 
semiconductivity (charge) combined in one 'spintronic' device that exploits both charge and 'spin' to 
carry data (the best of two worlds). Spintronic devices such as spin valve transistors, spin light 
emitting diodes, non-volatile memory, logic devices, optical isolators and ultra-fast optical switches 
are some of the areas of interest for introducing the ferromagnetic properties at room temperature in a 
semiconductor to make it multifunctional.  The potential advantages of such spintronic devices will be 
higher speed, greater efficiency, and better stability at a reduced power consumption. 

  
This Thesis contains two main topics:  In-depth understanding of magnetism in Mn doped 

ZnO,and our search and identification of at least six new above room temperature ferromagnetic 
semiconductors.  Both complex doped ZnO based new materials, as well as a number of nonoxides like 
phosphides, and sulfides suitably doped with Mn or Cu are shown to give rise to ferromagnetism 
above room temperature.  Some of the highlights of this work are discovery of room temperature 
ferromagnetism in  

  
■   ZnO:Mn  (paper in Nature Materials, Oct issue, 2003)   
■   ZnO doped with Cu (containing no magnetic elements in it!) 
■   GaP doped with Cu (again containing no magnetic elements in it!) 
■   Enhancement of Magnetization by Cu co-doping in ZnO:Mn 
■   CdS doped with Mn, and a few others not reported in this thesis. 
 
We discuss in detail the first observation of ferromagnetism above room temperature in the 

form of powder,  bulk pellets, in 2-3 µm thick transparent pulsed laser deposited films of the Mn (< 4 
at.% ) doped ZnO. High-resolution transmission electron microscopy (HRTEM) and electron energy 
loss spectroscopy (EELS) spectra recorded from 2 to 200nm areas showed homogeneous distribution 
of Mn substituting for Zn a 2+ state in the ZnO lattice. Ferromagnetic Resonance (FMR) technique is 
used to confirm the existence of ferromagnetic ordering at temperatures as high as 425K. The ab initio 
calculations were found to be consistent with the observation of ferromagnetism arising from  fully 
polarized Mn 2+ state. The key to observed room temperature ferromagnetism in this system is the low 
temperature processing, which prevents formation of clusters, secondary phases and the host ZnO 
from becoming n-type. The electronic structure of the same Mn doped ZnO thin films studied using 
XAS, XES and RIXS. revealed a strong hybridization between Mn 3d and O 2p states, which is an 
important characterstic of a Dilute magnetic Semiconductor (DMS).  

 
      It is shown that the various processing conditions like sintering temperature, dopant concentration 
and the properties of precursors used for making of DMS have a great influence on the final 
properties. Use of various experimental techniques to verify the physical properties, and to understand 
the mechanism involved to give rise to ferromagnetism is presented.   Methods to improve the 
magnetic moment in Mn doped ZnO are also described. New  promising DMS materials (such as Cu 
doped ZnO are explored). 
      The demonstrated new capability to fabricate powder, pellets, and thin films of room temperature 
ferromagnetic semiconductors thus makes possible the realization of a wide range of complex 
elements for a variety of new multifunctional phenomena related to Spintronic devices as well as 
magneto-optic components. 



1. Introduction 

 
 Devices continue to diminish in size in order to achieve higher speeds. As this 

shrinkage occurs, the design parameters are impacted in such a way that the materials in 

current use are pushed to their limits [1]. Another alternative would be to render the 

individual components multifunctional. Several long-term alternative concepts are being 

investigated that would reduce the device size, power consumption, and exploit 

multifunctional properties of materials. One of the hot topics today is to use the spin of 

electrons, holes, nuclei, or ions to gain new functionalities in both analog and digital 

electronics. The charge, mass and spin of electrons form the foundation of present 

information technology. The integrated circuits and the high frequency devices made of 

semiconductors, used for information processing, use only the charge of electrons while the 

storage of information is done by magnetic recording using spin of electrons in a 

ferromagnetic metal [2,3]. But tomorrow's information technology may see magnetism (spin), 

and semiconductivity (charge) combined in one device that exploits both charge and 'spin' to 

process, and store the information. We may then be able to use the capability of mass storage 

and processing of information in the same device. Such a device will be called as “Spintronic 

device” [4].    This could not be realized so far because the semiconductors currently used in 

integrated circuits, transistors and lasers, such as silicon and gallium arsenide are 

nonmagnetic. Moreover, in order to have a useful difference in the energy between the two 

possible electron spin orientations (up and down), the magnetic fields that would have to be 

applied are too high for everyday use [5]. There are semiconductors, which have a periodic 

array of magnetic elements eg. Europium, chalcogenides and semiconducting spinels but their 

crystal structure is quite different from that of Si and GaAs. Also their crystal growth is very 

difficult. Hence they are not ideal for spintronic applications [5]. 

 One of the approaches to drive a semiconductor ferromagnetic is to introduce 

magnetic ions like Mn, Cr, Co and Fe into non-magnetic semiconductors. In these 

ferromagnetic semiconductors, a part of the lattice is made up of substitutional magnetic 

atoms. Hence they are called diluted magnetic semiconductors (DMS) [6]. In recent years 

there has been an extensive research towards introducing  ferromagnetic property at room 

temperature in semiconductors to realize a new class of spintronic devices such as spin 

valves, transistors, spin light emitting diodes, magnetic sensors, non-volatile memory, logic 

devices, optical isolators and ultra-fast optical switches. The potential advantages of 
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spintronic devices will be higher speed, greater efficiency, and better stability, in addition to 

the low energy required to flip a spin [4]. 

 Most of the past work on DMS has focussed on (Ga,Mn)As and (In,Mn)As. But the 

highest reported Curie Temperature (Tc) in the single phase samples grown by MBE range 

from ~ 35 to 172 K [7,8]. This quest for a room temperature Ferromagnetic Semiconductor, 

gained momentum, following a theoretical prediction by Dietl et al., that ZnO and GaN would 

exhibit ferromagnetism above room temperature on doping with Mn, provided that the hole 

density is sufficiently high [9]. Several researchers have since then reported observation of 

room temperature ferromagnetism in doped semiconductors. A considerable attention has 

been paid to semiconductors doped with ferromagnetic metals (Co, Fe, and Ni). In these types 

of systems, the fundamental issue of much concern is that the ferromagnetic ordering could be 

a result of metal precipitates e.g., Co in Co doped TiO2 and Co doped ZnO [10,11,12]. 

Moreover, a definite picture regarding the actual mechanism of ferromagnetic ordering in 

these systems has not been established. 

 A ZnO based DMS would be very promising because of its widespread applications in 

electronic devices, such as transparent conductors, gas sensors, varistors, surface acoustic 

wave devices, optical wave guides, acoustooptic modulators/deflectors, ultra violet laser 

source, and detectors [13]. Out of all the transition metals (TM), the doping of Mn in ZnO is 

most favourable because Mn has the highest possible magnetic moment [14] and also the first 

half of the d-band is full, creating a stable fully polarized state. The theoretical studies on Mn 

doped ZnO also proved its novelties in the fabrication of room temperature spintronic devices. 

A Tc higher than 300 K for p-type ZnO has been predicted theoretically, but this has not been 

realized experimentally. Moreover, Mn is known to be anitiferromagnetic [15], which makes 

this system more clean in terms of metal precipitate induced ferromagnetism, which is the 

subject of great controversies in DMS. Despite uncertainity in the mechanism of 

ferromagnetism in doped semiconductors, and the fact that the obtained magnetisation is 

lower than the theoretically predicted value in most of the reports appearing in literature, the 

results reported thus far, provide a pathway for exploring the Mn doped DMS. It is however, 

imperative to understand the phenomenon and the factors affecting the magnetisation value in 

order to realize commercially applicable devices. 
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1.1 Objectives 
  

The main aim of the present thesis is to show that it is indeed possible to obtain room 

temperature ferromagnetic semiconductors by controlling the process parameters. Theoretical 

prediction of room temperature ferromagnetism in Mn doped ZnO could be realized 

experimentally. Its is shown that various processing conditions like sintering temperature, 

dopant concentration and the properties of precursors used for making of DMS have a great 

influence on the final properties of the material. Use of various experimental techniques to 

verify the physical properties, and to understand the mechanism is demonstrated. Methods to 

improve the magnetic moment are also described. Other promising DMS materials, that is, Cu 

doped ZnO and GaP doped with Cu are investigated. We have also persued an active search 

for new materials that satisfies the criteria of above room temperature ferromagnetism, with a 

capability to control the carrier type and concentrations. 
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2.  Spintronics 
Best of both worlds! 

 

 Electrons, like all fundamental particles, have a property called spin which can be 

orientated in one direction or the other - called 'spin-up' or 'spin-down' - like a top spinning 

anticlockwise or clockwise [4]. When electron spins are aligned (ie all spin-up or all spin-

down) and interact they can create a large-scale net magnetic moment as seen in magnetic 

materials like iron and cobalt. Magnetism is an intrinsic physical property associated with the 

spins of electrons in a material. The directional property of magnetism is already exploited in 

recording devices such as computer hard disks [16]. Data are recorded and stored as tiny areas 

of iron or chromium oxide magnetised with the direction of magnetically ordered elements, 

controlled and easily manipulated to be in-plane or out-of-plane (a basis for the so called 

perpendicular recording) [17] 

 Conventional electronic devices rely on the transport of electrical charge carriers - 

electrons - in a semiconductor such as silicon. The infomation processing  is done by utilizing 

circuits using transistors that work by transfer of electrons [18]. A schematic of a 

conventional metal oxide field effect transistor is shown in Fig. 1. A Field-Effect-Transistor 

(MOSFET) consists of a source and a drain, two highly conducting n-type semiconductor 

regions, which are isolated from the p-type substrate by reversed-biased p-n diodes. A metal 

(or poly-crystalline) gate covers the region between source and drain (Fig. 1). The flow of 

electrons from the source to the drain is controlled by the voltage applied to the gate. 

 

 

 

 

 

 

 

Fig-1 A metal oxide field effect transistor. Gate voltage changes electron density 
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A conceptually similar structure shown in Fig. 1 was first proposed and patented by Lilienfeld 

and Heil in 1930, but was not successfully demonstrated until 1960. Now, with the 

advancement in technology, the devices are diminishing in size and increasing in speed. The 

number of transistors on an IC chip, doubles every 18 months-following the so called 

Moore’s law [1,4]. However, Moore’s law will subsequently lose momentum as the size of 

individual bit approaches dimensions of an atom. For this reason and to provide 

multifunctionality to the devices, investigators are trying to combine both, charge and spin 

degrees of freedom of electrons, to create a remarkable new generation of devices which will 

be smaller, more versatile and more robust than those currently making up silicon chips and 

circuit elements. Thus emerges a new field of electronics called spin electronics or spintronics 

[2,4]. 

 The advantage of spin over charge is that spin can be easily manipulated by externally 

applied magnetic fields, a property already in use in magnetic storage technology. Another 

significant property of spin is its long coherence, or relaxation, time (nanoseconds, compared 

to tens of femtoseconds during which electron momentum decays) —once created it tends to 

stay that way for a long time, unlike charge states, which are easily destroyed by scattering or 

collision with defects, impurities or recombination [4]. These characteristics open the 

possibility of developing devices that could be much smaller, consume less power and will be 

more powerful for certain types of computations which is not possible with electron-charge-

based systems. It is widely expected that new functionalities for electronics and photonics can 

be derived if injection, transfer and detection of carrier spin can be controlled over room 

temperature [1]. 

2.1  Spintronic devices 

 
 Spintronic devices came into action after the discovery of powerful effect called 

“Gaint magnetoresistance (GMR) ” in 1988 by French and German physicists [19]. It results 

from subtle electron-spin effects in ultra-thin 'multilayers' of magnetic materials, which cause 

huge changes in their electrical resistance when a magnetic field is applied. It is a sandwich 

structure with alternating layers of magnetic and nonmagnetic metal (Fig-2). Depending upon 

the relative orientations of the magnetizations in the magnetic layers, the electrical resistance 

changes from small (parallel magnetizations) to large (antiparallel magnetizations). The 

magnitude of this change is two order of magnitude larger than is possible with conventional 

materials, hence the name “giant magnetoresistance”[4]. 
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Fig-2 A GMR  sandwich structure. Consisting of alternating magnetic and nonmagnetic metal 
layers. Layers. 
 
 

IBM soon realised that read heads incorporating GMR materials would be able to 

sense much smaller magnetic fields, allowing the storage capacity of a hard disk to increase 

from 1 to 20 gigabits [20] In 1997 IBM launched GMR read heads, into the market. Physicists 

have been quick to see the further possibilities of spin valves. Not only they are highly 

sensitive magnetic field sensors, they can also be made to act as switches by flipping the 

magnetisation in one of the layers. This allows information to be stored as 0s and 1s 

(magnetisations of the layers parallel or antiparallel) as in a conventional transistor memory 

device. An obvious application is a magnetic version of a random access memory (MRAM) 

device of the kind used in computers [21]. The advantage of magnetic random access memory 

(MRAM) is that it is 'non-volatile' - information is not lost when the system is switched off. 

MRAM devices would be smaller, faster, cheaper, use less power and would be much more 

robust in extreme conditions such as high temperature, or high-level radiation or interference. 

The US electronics company Honeywell has already shown that arrays of linked MRAMS 

could be made to work.  

 MRAM is rapidly developing as a technology because it can allow quantum 

computing by use of spin of individual particles to process information. Such an information 

bearing particle is known as a quantum bit or qubit. It is amazing to know that only 34 qubits 

are required to represent the total amount of information stored in  a 10 Gb hardrive [1]! With 

the exception of MRAM, none of the spintronic devices such as spin based light emitting 

diodes (spin LEDs), resonant tunneling diodes (spin RTDs), field effect transistors (spin 

FETs), and spin based single electron devices based on quantum dot arrays can be fabricated 

without the ability to generate, maintain, and propagate long lived spins in a semiconductor 

[1]. 
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Fig. 3 A technology tree for Spin –based devices [3] 

 

All spintronic or more specifically semiconductor spintronic devices act according to 

the simple scheme: (1) information is stored (written) into spins as a particular spin 

orientation (up or down), (2) the spins, being attached to mobile electrons, carry the 

information along a wire, and (3) the information is read at a terminal [22]. The long 

coherence time of spin makes spintronic devices particularly attractive for memory storage 

and magnetic sensors applications, and, potentially for quantum computing where electron 

spin would represent a bit (called qubit) of information [18]. The basic idea behind 

semiconductor based spintronics is to add the characteristics of magnetic devices to existing 

devices such as light-emitting diodes and field effect transistors [4]. This would lead to 

technologies such as memory and microprocessor functions integrated on the same chip, 

magnetic devices with gain and integrated sensors with on-chip signal processing and off-chip 

optical communications. A technology tree which summarizes the spin-based devices is 

shown is shown in Fig.3. 
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2.1.1 Spin-FET: 

  
The first appearance of the idea of a spintronic device was the Spin-FET proposed by 

Datta et al. in 1990 [23]. In this proposal, taking into account similarity of electrical and 

optical systems, they proposed that in direct analogy with an electro-optic modulator (in 

which voltage variability of the polarization factors of the electro-optic material are used to 

control the output power), a small band gap compound semiconductor field effect transistor 

with polarizing ferromagnetic/semiconductor source and drain contacts, can enjoy the current 

modulation due to spin-orbit coupling. The device of Datta/Das proposal is demonstrated in 

Fig. 4 

 

 

 

 

 

 

Fig. 4 Datta/Das Spin FET [23] 

  

In the structure shown in Fig. 4, the ferromagnetic contacts are used to preferentially 

inject and detect specific spin orientations. For this kind of source/drain (or 

polarizer/analyzer) contact, the density of states at the fermi level for electrons of one spin 

greatly exceeds that of the other one; this way the contact preferentially injects and detects 

electron of a single spin.  

 The operation of Spin-FET is same as in a conventional charge controlled FET. In a 

spin FET, application of a relatively low gate voltage causes an interaction between the 

electric field and the spin precession of the carriers. If this is sufficient to put the spin 

orientation of the carriers out of alignment with the drain contact, then the current is 

effectively shut off and this can occur at much lower biases than is needed to shut off the 

current in a charge-controlled FET.   
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2.1.2 Spin LED:  

Efficient spin injection from the ferromagnetic metals and dilute magnetic semiconductors 

into the semiconductor is the fundamental requirement of the semiconductor based spintronic 

devices. Spin-LED is used to measure the spin                                         

 

 

                                   Fig. 5 A schematic of a spin LED  [24] 

 

injection efficiency into materials. In a spin LED circularly polarized light is emitted after the 

recombination of spin-polarized carriers that are electrically injected into a semiconductor 

heterostructure. Such a device should allow us to modulate the polarization of the light 

emitted by the spin LED by application of an external magnetic field. The most 

straightforward approach to achieve this goal would be to implant Mn into the top contact p-

GaN layer of the standard GaN/InGaN LED. Fig-3 shows a  schematic of a spin LED. 

 

2.1.3  Magnetic switch:  

Recently, Ohono et al. [25] designed a magnetic switch, which has a layer of indium 

manganese arsenide, (In,Mn)As, material ed within a field-effect transistor . A positive 

voltage on the metallic gate electrode creates electric fields (shown by arrows in fig 6(a)) that 

repels holes causing the Mn moments to orient randomly. A negative voltage on the gate 

electrode creates electric fields that attract holes, causing the Mn magnetic moments to align. 

Shown below is a schematic of the magnetic switch- 
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Fig. 6 A schematic of a magnetic switch [25] 

In order to realize the spintronic devices in practice, ferromagnetic semiconductors functional 

at room temperature are needed. The search for suitable materials started in 1960s and several 

promising materials have been found since then. 
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3.   History of Dilute Magnetic Semiconductors 
A journey of thousand miles begins with a single step! 

 
 

            The study of dilute magnetic semiconductors started in late 1960s [26,27] resulted in 

various exciting findings. Among the most extensively studied ferromagnetic semiconductors 

were Eu-Chalcogenides (e.g., EuSe, EuS, EuO) and Cr-Chalcogenide spinels (e.g., CdCr2Se4, 

CdCr2S4). In these magnetic semiconductors exchange interactions between the electrons in 

the semiconducting band and the localized electrons at the magnetic ions led to a number of 

interesting properties like red-shift of band gap when ferromagnetism sets in. Inspite of the 

numerous studies carried out on these materials, no practical applications have been realized. 

A low Curie temperature hampered the application and extreme difficulty in growing these 

crystals hindered further studies on these materials [27]. 

 The next generation of DMS began in early 1980s with the appearance of dilute 

magnetic semiconductors based on II-VI compounds together with those based on IV-VI 

compounds [26]. The materials of the type  (e.g. CdVI
x

II
x BMnA −1

VIB

1-x Mn xTe, Cd1-x Mnx Se, 

Hg1-xMnxTe) were of much interest because of several distinct reasons. Their ternary nature 

gave the possibility of tuning the lattice constant and band parameters by varying the 

composition of the material, thus making it possible to engineer their band gap [6]. The 

substitutional Mn atoms in AIIBVI lattice are also characterised by highly efficient 

electroluminiscence, which makes alloys important in the context of optical flat 

panel display applications. Furthermore, the strong exchange interactions between sp band 

electrons and d electrons associated with Mn

x
II

x MnA −1

++ resulted in interesting optical and electrical 

properties like giant Faraday rotation and magnetic and field induced metal-insulator 

transition [6]. 

 In these materials the valency of cations matches that of common magnetic ions like 

Mn.  This phenomenon makes this type of DMS relatively easy to make in bulk and thin 

epitaxial layers. Many fundamental studies were done on these systems but not much 

application could be realized except for optical isolators [26]. The magnetic interactions in 

these DMS is dominated by antiferromagnetic coupling of Mn spins, which results in 

paramagnetic, antiferromagnetic or spin glass behaviour [26]. A ferromagnetic DMS based on 

II-VI materials could not be realized until recently by A. Hauri et al. (Tc~2K) [28]. Moreover, 
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II-VI based DMS have been difficult to dope to create p-and n-type, which made it difficult to 

study their transport properties and hence less attractive for applications [27]. 

  Another group of materials, IV-VI materials (such as PbMnTe, nMnTe and GeMnTe) 

also attracted attention because of free carrier induced magnetism. Unlike II-VI DMS, these 

materials can be grown with higher concentration of free band carriers. Their magnetic 

properties can be controlled by modifying the carrier concentration through control of native 

defects.  Story et al. demonstrated for the first time, effect of carrier concentration on 

magnetic properties of  PbSnMnTe [29]. They reported a ferromagnetic ordering in this 

material up till 4 K and the Tc could be increased by increasing the carrier concentration. 

However, giant moment often talked about in certain metallic alloys of transition metals 

cannot be formed in IV-VI alloys because of the diamagnetism of the host crystal. Recently 

ferromagnetic transition temperature as high as 100 K was reported in Fe doped GeTe films 

[30]. 

 The other class of semiconductors that is III-V semiconductors like GaAs and InAs 

had major markets in IR LEDs and lasers and magnetic sensors respectively [3]. Magnetism, 

especially ferromagnetism, has not been a part of activity in these semiconductors because of 

the lack of material technologies that would allow introduction of magnetic cooperative 

phenomena into III-V heterostructures [28]. The equilibrium solubility of transition metal 

atoms into these semiconductors is very low ~1018cm-3 [31] or less. Beyond a certain doping 

level, the surface segregation, and in extreme cases phase separation would occur and impede 

further incorporation of high concentration of magnetic ions into the crystals. Therefore, 

preparation of ternary alloys to form DMS of III-V semiconductors is an extremely difficult 

task. No DMS based on these materials was formed until Ohno et al. reported ferromagnetism 

in epitaxial films of InMnAs grown by Molecular Beam Epitaxy (MBE) in 1992 and GaMnAs 

(Tc~110 K) in 1996 [32,33]. The low temperature used to grow a crystal by MBE prevents 

formation of a secondary phase. Since then both these systems have been investigated 

extensively in an attempt to increase the ferromagnetic transition temperature to more 

practical limits. Till date the highest reported Curie temperature in Mn δ-doped GaMnAs 

heterostructure is ~172 K by Nazmul et al. [8]. 

 Besides II-VI, IV-VI and III-V semiconductors based DMS, room temperature 

ferromagnetism was reported in a II-IV-V2 type chalcopyrite compound CdGeP2 doped with 

Mn. [26]. It is easier to achieve p-type doping in ternary semiconductors with chalcopyrite 

type structure. Also II-IV-V2 semiconductors are reported to have a higher carrier mobility, 

which is important for device applications [26]. 
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 Another important discovery was a group IV ferromagnetic semiconductor MnxGe1-x 

by Park et al. in 2002 [34]. It followed a prediction based on mean field solution of Zener 

model that ferromagnetic (FM) order can be stabilised in group-IV semiconductors like Si, Ge 

and Si1-xGex. The single crystal MnxGe1-x films on Ge and GaAs (001) substrates have Curie 

temperatures varying linearly with the Mn concentration from 25 K to 116 K.  

 13



 
4.   State of the art 

Vision drive determination, eyes set on perfection! 

 

 Recent work on spintronics focuses on achieving practical magnetic ordering 

temperatures in technologically useful semiconductors. While the progress in synthesizing 

and controlling magnetic properties of III-arsenide semiconductors has been astounding, the 

reported Curie temperatures are too low (~172 K) [8] to have a significant practical impact. A 

key development that focussed on wide band gap semiconductors as being the most promising 

for achieving high Curie temperatures, was the work of Dietl et al. They employed Zener 

model of ferromagnetism to predict Tc values for several materials. The schematic showing 

the predicted Tc values is given below [9] 

 

 

 

 

 

 

 

 

 

Fig-7Predicted Curie temperatures for doped semiconductors. [9] 

 

 The Tc exceeding room temperature for semiconductors such as GaN and ZnO containing 

5% Mn and a high hole concentration (3.5 x 1020cm-3) initiated intense research to realize a 

room temperature DMS based on wide band gap semiconductors. Tremendous progress has 

since been made both in realization of high quality epitaxial layers of DMS films and in the 

theory of ferromagnetism in these dilute magnetic semiconductors.  

 Several materials have been reported to have a room temperature ferromagnetic 

ordering.  Some of them are listed here.     
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        ______________________________________________________________ 

Material   Curie temperature Submitted Published Ref. 

 
 

Cd1-xMnxGeP2     300 K 000804 001001 26 
 

Ti1-xCoxO2  > 380 K  000928 010202 35 
 

Zn1-xCoxO     300 K 010201 010813 36 
 

Zn1-xVxO  > 350 K 010823 0111  37 
 

Zn1-xMnxSi1-yGeyN2  ~300 K 011029 020815 38 
 

Zn1-xMnxGeP2     350 K 011203 0203  39 
 

Ga1-xMnxN     940 K   011213 0211-0212 40 
 

Zn1-xMnxSnAs2    329 K 020123 0204  41 
 

Ga1-xMnxP     330 K 020128 020902 42 
 

Ga1-xCrxN  > 400 K 020201 0204  43 
 

Ga1-xMnxSb  > 400 K  020327 020715 44 
 

Zn1-xFexO     550 K 020502 021125 45 
 

Ga1-xGdxN  > 400 K 020508 0206  46 
 

InxMn1-xAs     400 K 020514 021203 47 
 

Al1-xCrxN  > 340 K 020731 020923 48 
 

Zn1-xCrxTe  ~300 K 020829 030523 49 
 

Ga1-xCoxN  >320 K 020919 030415 50 
 

Ti1-xFexO2  ~300 K 020930 0302  51 
 

Sn1-xCoxO2     650 K 030116 030815 52 
 

Zn1-xMnxO  > 425 K 030219 030921 53 
 

Zn1-xNixO  > 350 K 030729 030910 54 
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5.   Mechanisms of ferromagnetism 

 
 
 It is an important challenge of materials science to understand the ferromagnetism in 

magnetic semiconductors and to develop functional semiconductor systems with the Curie 

temperatures TC exceeding comfortably the room temperature. 

 The fact that the DMS are ferromagnetic independent of their weakly metallic or 

strongly insulating nature implies a robust character for the underlying mechanism leading to 

the long range magnetic order in these systems. Clearly the ferromagnetic mechanism should 

not depend crucially on the carrier system being “free” valence band holes since the strongly 

insulating DMS systems do not have any free holes. The currently accepted picture for DMS 

ferromagnetism is that it is the local antiferromagnetic coupling between the carriers (i.e., 

holes in GaMnAs) and the Mn magnetic moments that leads to long range ferromagnetic 

ordering of Mn local moments. The carrier system also becomes spin-polarized in the process 

with the carrier magnetic moment directed against the Mn magnetic ordering by virtue of the 

antiferromagnetic hole-Mn coupling, but the total magnetic moment of the spin polarized 

carriers is extremely small since nc<<ni and |S| > |s| where S and s are respectively the Mn and 

the hole spin and nc and ni are carrier and local moment density respectively. The relevant 

DMS effective magnetic Hamiltonian can be written as [55] 

                                         )().()(3 rsrSrrJdH M ∫=                                               (1), 

 

where S(r) and s(r) are respectively the Mn and hole spin densities. The coupling J(r) between 

Mn local moments and hole spins can, in principle, be ferromagnetic (J < 0) or 

antiferromagnetic (J > 0), but the effective interaction between the Mn local moments 

mediated by the holes (through HM) is always ferromagnetic. The magnitude of J must come 

from a first principles band structure calculation or from experiments. Since the Mn moments 

are localized at specific lattice sites, a conventional form of equation 1 would be [55] 

                                                                            (2)  )(.)(3 rsSRrrdJH iiM −= ∑∫ δ

where the sum over i goes over the Mn sites in the GaAs lattice, and we have assumed the 

exchange coupling J to be a constant. The JSi·s local exchange coupling defined in Eq. 2) is 

sometimes referred to as the Zener model (or the s - d coupling although in the context of 

GaMnAs, where the carriers are holes, the coupling is more like an p - d exchange coupling 

between Mn d levels and the p valence band (p-d hybridization) 
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 The DMS systems provide an interesting novel regime for studying HM, namely the 

regime of low carrier density ni >> nc which is normally the case for DMS. The simplest way 

to understand DMS ferromagnetism on a qualitative level is to neglect all disorder effects, and 

assume that the system can be thought of as a collection of local moments of density, ni, 

interacting with itinerant holes of density nc.  

 In the case of Mn-based IV-VI, III-V and II-VI, diluted magnetic semiconductors 

(DMS) the ferromagnetism can be observed provided that the hole concentration is 

sufficiently high. According to experimental and theoretical results, the ferromagnetic order 

in Mn-based DMS is mediated by carriers residing in relatively wide valence bands. In the 

case of III-V and II-VI DMS, the holes are coupled to the localised spins via a strong, 

symmetry allowed, antiferromagnetic p-d interaction. However, the d levels of transition 

metals other than Mn, reside in the band gap of III-V and II-VI compounds. In such a 

situation the double exchange may constitute the dominant mechanism of spin-spin 

interactions [56]. 

Obviously, magnetic properties of a semiconductor containing magnetic ion will depend on 

energetic positions of states derived from magnetic shells as well as on their interactions with 

the host bands. Furthermore, the energy of the magnetic levels in respect to host bands 

together with the on-site correlation energy U determine whether the magnetic ion act as a 

dopant and how its charge and spin state depends on the presence of other impurities [56]. 

 Mn is divalent in II-VI compounds, and assumes the high spin d5 configuration 

characterized by S = 5/2 and g = 2 [56] .The Mn ions neither introduce nor bind carriers, but 

give rise to the presence of the localized spin in II-VI DMS. The spin dependent hybridization 

between anion p and Mn d states leads to the superexchange, a short-range antiferromagnetic 

coupling among the Mn moments. So for low carrier densities II-VI DMS are paramagnets 

but having all near neighbours Mn-Mn pairs antiferromagnetically blocked. However, the 

antiferromagnetic superexchange can be overcompensated by ferromagnetic interactions 

mediated by band holes. Since the electronic states in doped semiconductors undergo 

dramatic changes as a function of impurity concentration, hence the hole states, and possibly 

hole mediated exchange mechanisms, may undergo changes as a function of Mn 

concentration, x, and the concentration of acceptors NA and compensating donors ND. The 

evolution of electronic states in doped semiconductors is governed by the ratio of the average 

distance between the carriers rc, rc = (3/4πp)1/3, p = xNo-Nd, to the effective impurity Bohr 

radius aB  
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The large exchange energy, βNo and high density of states, in case of systems with hole 

mediated ferromagnetic ordering, the ferromagnetic transition temperature Tc can be high e.g 

βNo = -1.2eV [57] in GaMnAs gave a Tc of 110 K for Mn concentration of 3.5 at% 

containing 3.5 x 1020 holes per cm3. But in case of II-VI DMS it is essential to take into 

account the magnetically inert nearest Mn-Mn pairs. Such pairs not only lower the effective 

Mn concentration but also Tc and p. Hence presence of holes is essential to obtain 

ferromagnetic ordering in II-VI semiconductors. To accomplish this, additional acceptor 

dopant can be added [56]. 
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6. Review of some widely studied materials. 

 

6.1.1 (Ga,Mn)As 

The application of non-equilibrium methods to grow III-V-based DMS was rewarded by 

successful molecular beam epitaxy (MBE) of uniform (In, Mn)As films on GaAs substrates 

by Munekata et al. in 1989 [31]. Subsequent discovery of the hole-induced ferromagnetic 

ordering in p-type (In, Mn)As by Ohno et al. in 1992 [32] encouraged researchers to 

investigate GaAs-based system (De Boeck et al. 1996) [58]. A successful growth of 

ferromagnetic (Ga, Mn)As by (Ohno et al. in  1996 [33] opened up possibility of room 

temperature DMS using III-V semiconductors which were neglected because of difficulty of 

doping with transition metals. Currently, a number of groups are working on the MBE growth 

of (Ga, Mn)As and related heterostructures to advance the understanding of this new class of 

materials [59-64]. 

 GaAs is a well-understood and extensively studied III-IV compound, with a large 

band gap of 1.43 eV as compared to 0.36 eV for InAs. Hence GaAs along with its alloys is 

used in room temperature operation of electronic devices as well as optical radiation devices 

in the near infrared region, which is widely used in short-range optical communications.  

 Ohno et al. [33] grew Ga1-xMnxAs films by solid source MBE on semi-insulating 

(001) GaAs substrate  (x = 0.015 to 0.07). The lattice constant of the films was studied by X-

ray diffraction, and found to increase with the increase in Mn concentration. The XRD 

patterns did not show presence of any secondary phase like MnAs in the films. Fig. 8 shows 

the magnetic field dependence of the magnetization for sample with x = 0.035 at 5 K. A clear 

square hysteresis indicated well-ordered ferromagnetic structure in the film. 
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Fig. 8  Magnetic field dependence of magnetization at 5 K for for (Ga,Mn)As film with Mn  
           =0.035. The field was applied parallel to the surface. The inset shows the temperature  
           dependence of remanence of the sample [33] 
 

            The origin of increase in remanence below 30 K as seen in the temperature 

dependence of remanence (inset fig-8) is not understood. But disappearance of remanence 

above 75 K confirmed that MnAs was not the source of ferromagnetic ordering as its  Tc is 

310 K. The magnetotransport measurements revealed the occurrence of the anomalous hall 

effect in the (Ga, Mn)As layer and a carrier concentration was found to be of the order of Mn 

concentration. A p-type conductivity was observed. 

 In another paper Nojiri et al. [65]—reported results of studies of electronic states in 

Ga1-xMxAs by using submillimeter ESR. The g-value for these samples was calculated to be g 

= 2 from the frequency dependence. The estimated magnetization from the experiment using 

this g –value was half of the expected value when all Mn ions take s=5/2. The proposed 

reason was phase separation of Mn ions or could be that the ferromagnetism of Ga 1-xMnxAs 

is itinerant in character, which reduces the magnetization as expected for localized system. 

The sample with higher Mn concentration had a higher Tc. Still no clear idea for the reason 

for reduction in magnetisation could be formed. 

 Typical MBE growth of (Ga, Mn)As is carried out by using solid source MBE with 

elemental sources Ga, Mn, and As, usually without intentional doping. Mn provides both 

localized spins and holes due to its acceptor nature. Epitaxial films of (Ga, Mn)As are grown 

on semi-insulating GaAs (001) substrates at a typical growth rate of 0.6-0.8 µm/hour by De 

Boek et al. [58] under As-stabilized conditions. Normally, either a GaAs buffer layer or an 
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(Al,Ga)As buffer layer is grown before epitaxy of (Ga,Mn)As.  The Mn composition x in the 

Ga1- xMnxAs films could be determined from measurements of lattice constant, ao, by X-ray 

diffraction (XRD), once the dependence ao on x is calibrated by other means, such as electron 

probe micro-analysis (EPMA). 

  Properties of (Ga,Mn)As films do depend on the growth parameters such as arsenic 

overpressure and substrate temperature, TS [66,67]. However, as long as the established 

growth procedure is followed, the properties of (Ga, Mn)As films are reproducible; for 

example, for a given Mn composition x, the ferromagnetic transition temperature TC can 

always be maintained in the range of 2000x ± 10 K [68]. 

 Reflection high-energy electron diffraction (RHEED) patterns are used to monitor the 

surface reconstruction during the growth of films. If the Mn flux or substrate temperature,TS, 

is too high, a secondary phase of MnAs is formed. A too low TS results in a polycrystalline 

material. The maximum value of x obtained so far is about 0.07 at 250oC, and increases up to 

~0.10 at TS = 200oC [69]. Attempts to increase x even further have so far been unsuccessful 

because of the surface segregation that occurs even at low growth temperatures. Shen et al. 

show that, at a fixed value of x = 0.035, epitaxial (Ga,Mn)As films can be grown at TS varying 

from 160 to 320oC [70]. 

 The homogeneity of as-grown (Ga, Mn)As and the precipitation of MnAs clusters 

after annealing at around 600oC are confirmed by transmission electron microscopy (TEM) 

[58].The disappearance of the (Ga, Mn)As phase by annealing at temperatures above 400oC is 

also confirmed by the disappearance of X-ray diffraction peaks of (Ga,Mn)As [70]. Low-

temperature annealing at ~300oC changes lattice constant, magnetic properties, and electrical 

properties of (Ga, Mn)As, which is thought to result from the evaporation of As atoms that 

form complexes with Mn acceptors [71]. 

 Ferromagnetism in MBE grown  (Ga, Mn)As on GaAs (411)A and Si (001) has also 

been reported by Zhao et al. and  Slupinski et al. [72,73] .   

6.1.2 (Ga,Mn)P 

 

 The use of GaP as a host semiconductor for magnetic dopants is advantageous as it 

has a large band gap of 2.2 eV. Also it is an important component of the AlGaInP materials 

system which are used for visible LEDs and high speed electronics, and is also nearly lattice 

matched to Si circuitry [74]. 

 Ferromagnetism above room temperature in (Ga, Mn)P has been reported for two 

different methods of Mn incorporation, namely, ion implantation [74,75] and doping during 
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MBE growth [76]. The implantation process is efficient for rapidly screening whether 

particular combinations of magnetic dopants and host semiconductors are promising in terms 

of ferromagnetic properties. 

 The temperature-dependent magnetization of a strongly p-type (p~1020), carbon-doped 

GaP sample implanted with ~6 at % of Mn and then annealed at 700 °C, is shown in Fig. 9(a) 

[74]. The diamagnetic contribution was subtracted from the background. A Curie temperature 

(TC) of 270 K is indicated by the dashed vertical line, while the inset shows a ferromagnetic 

Curie temperature of 236 K. Examples of hysteresis loops from the same samples are shown 

in Fig. 9(b). The hysteresis could be detected to 330 K. 

                                              

 

 

 

 

 

 

 

 

 

 

Fig.9 (a) Field cooled magnetization of (Ga, Mn) P as a function of the temperature. Solid  
          line shows the bloch law dependence while the dashed lines are 95% confidence bands.  
          The inset shows the temperature dependence of the difference in magnetization between  
          field cooled and zero filed cooled conditions. (b) Magnetization loops for (Ga, Mn) P at  
         300K top, and 250K (bottom) [74] 
             
 

When Mn was implanted under the same conditions into n-GaP, the TC was reduced to ~50 K. 

No secondary phases, such as MnGa or MnP or clusters were determined by transmission 

electron microscopy, X-ray diffraction or selected-area diffraction pattern analysis. Mn was 

incorporated during MBE growth of the (Ga, Mn)P. The p-type doping level was separately 

controlled by incorporating carbon from a CBr4 source, while P is obtained from thermal 

cracking of PH3, hence it was possible to tailor the magnetic properties of the n-type (Ga, 
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Mn)P. For samples grown at 600 °C with 9.4 at% Mn, hysteresis was still detectable at 300 K, 

with a coercive field of ~39 Oe as shown in Fig.10 [3]. 

 

                                    

 

 

 

 

 

 

 

 

 

Fig. 10   Magnetization vs field for MBE grown (Ga Mn)P:C with 9.4 at% Mn during growth  
             [3] 
 

MBE growth of GaP:C with a high concentration of Mn resulted in the formation of the 

ferromagnetic phase GaMnP:C. Negative magnetoresistance was observed up to 200 K, while 

the anomalous Hall effect was observed at 50, 100, and 200 K. No ferromagnetic MnP phase 

was detected within the film by XRD analysis and cross sectional TEM of the GaMnP:C 

material in combination with the observed 3D RHEED pattern [76].   

 

6.1.3 (Ga, Mn)N 

 

 The initial work on this material involved either microcrystals synthesized by 

nitridization of pure metallic Ga in supercritical ammonia or bulk crystals grown in reactions 

of Ga/Mn alloys on GaN/Mn mixtures with ammonia at 1200 °C [77].  These samples exhibit 

ferromagnetic properties over a broad range of Mn concentrations, as did some of the other 

early MBE-grown films. Ga1-x,MnxN bulk crystals with x up to 0.02  grown by [78] 

resublimation method and microcrystals with x up to 0.005 obtained using ammonthermal 

method by Zajac et al.[77], show extra peaks in the Raman spectra due to disorder coming 

from Mn incorporation. Magnetization measurements reveal that these compounds are 
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paramagnetic while from the temperature dependence antiferromagnetic nearest-neighbor 

interaction coupling (~ -2 K) is obtained [79] 

 Structural properties of (Ga, Mn)N with x up to 0.09 on AlN buffer onto Al2O3 

substrate grown at a substrate temperature, TS = 650-750oC by MBE using RF-nitrogen 

plasma source have been investigated by Kuwabara et al [80,81]. Both cross-sectional TEM 

and plane-view scanning electron microscopy (SEM) images show no visible second phase. 

Mn indeed is incorporated at Ga sites seen by Extended X-ray absorption fine structure 

(EXAFS) analysis. Both, ferromagnetic and paramagnetic contributions were present as 

revealed by magnetic measurements. The origin of ferromagnetism was attributed to 

ferromagnetic or ferrimagnetic second phases of Ga-Mn and/or Mn-N. The Curie weiss 

temperature θ for the paramagnetic part changed from negative to positive with the increase in 

Mn concentration. 

  In 2001 Overberg et al. [82] found ferromagnetic ordering in an n-type (Ga,Mn)N 

film with x = 0.07 on Al2O3 substrate grown by MBE at 865oC using a nitrogen plasma 

source. They observed negative magnetoresistance below 75 K and anomalous Hall effect at 

10 K. The anomalous component of the Hall resistance disappeared at 25 K, which indicated 

that the Tc for this GaMnN material was between 10 and 25 K. No indication of a secondary 

ferrimagnetic phase Mn4N was observed in the RHEED pattern of the epitaxial surface of the 

film. 

 Theoretically predicted, room temperature ferromagnetism in GaMnN was realized 

experimentally by Sonoda et al. [83]. They reported ferromagnetic ordering in MBE grown 

Ga1-xMnxN films with x = 0.06 and 0.09. The estimated Tc from temperature dependence of 

magnetization was 940 K (Fig. 7). No Mn-Ga phase, which has a Tc of 750 K was found in 

the films. However, the 940 K result is now considered to be most likely due to MnGa or 

Mn4N inclusions and not to single-phase (Ga, Mn)N. 

 24



  

 

 

                     

 

 

 

 

 

 

 

Fig.11 Temperature dependence at 1 KOe for GaMnN film grown by MBE with 9 at% Mn  
            [83] 
 

 The magnetic properties of p-GaN implanted with high doses (3~5%) of Mn  (annealed at 

700-1000oC after doses) have been investigated. The result shows that the sample is 

ferromagnetic with TC ~ 250 K (Theodoropoulou et al. 2001a). (Ga,Mn)N film prepared by 

post growth Mn doping using solid state diffusion shows ferromagnetic behavior at room 

temperature, which is confirmed by the observation of an anomalous Hall effect (Reed et al. 

2001). Hence indications of room temperature ferromagnetism have been reported by several 

groups. Work is under way to rule out the influence of precipitations as well as to establish 

how TC depends on the Mn and carrier concentration. 

 Besides Mn, Fe was another transition metal which was used for doping GaN. GaN 

films doped with Fe, with concentrations up to ~3×1019 cm-3 were grown by MBE at several 

substrate temperatures, TS from 380 to 520oC directly on sapphire (0001) substrates. 

Ferromagnetic behaviour with TC~100 K is observed only in the sample grown at ~400 oC, in 

spite of quite a low concentration of Fe [85]. GaN:Fe films (Fe up to 6×1021 cm-3) grown by 

MBE at substrate temperature of 500~800oC also showed a superparamagnetic behaviour 

[80,81]. 
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6.1.4 (Cd,Mn)GeP2 

 
 

  Medvedkin et al [26] reported room temperature ferromagnetism in II-VI-V2 

chalcopyrite DMS, (Cd 1-x Mn x)GeP2  prepared by the solid phase chemical reaction. Mn 

vacuum deposition (30 nm) on a single crystal of CdGeP2 and the reacting process (500oC, 30 

min) was carried out in an MBE Chamber. The average Mn/Cd ratio was determined as 20 % 

for an effective thickness 0.5 µm by energy dispersive X-ray analysis. The value TC ~ 320 K 

of (Cd1-xMnx)GeP2 was determined by magnetization measurements. Clear hysteresis in the 

field dependence of magnetization and the stripe magnetic domain pattern were observed by 

magnetic force microscopy (MFM) even at room temperature. 

 Results of a first principles calculation shows that the antiferromagnetic state is more 

stable than the ferromagnetic state, and that the energy gap decreases with the Mn 

composition [85]. The reason for the discrepancies between theoretical expectations and 

experimental results is not clear; More recent plane-wave pseudopotential and KKR-CPA 

calculations shows that the intrinsic defects are responsible for the stabilization of the 

ferromagnetic [86,87]. 
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6.2 Oxide semiconductors 

 

 Compared to non-oxide semiconductors, the oxide semiconductors have many 

advantages. Their wide band gap makes them transparent and also suitable for applications 

with short wavelength. They can be easily grown at low temperature even on a plastic 

substrate and are ecologically safe and durable beside being low in cost. In addition, strong 

electronegativity of oxygen is expected to produce strong p-d exchange coupling between 

band carriers and localized spins, a prerequisite for DMS [88]. Summarized below are some 

of the reports on oxide semiconductor based DMS. 

 
6.2.1 TiO2 based DMS 

 
 TiO2 has been extensively studied for its unique properties, both physical and chemical 

properties like high refractive index, excellent optical transmittance in the visible and near-

infrared region, and high dielectric constant and photocatalysis for water cleavage. TiO2 exists 

in three kinds of crystal structure, rutile, anatase, and brookite. They are wide band gap 

semiconductors. Anatase TiO2 has high mobility of n-type charge carriers [89,90]. 

 It has been shown by Matsumoto et al. [89] that anatase form of TiO2 doped with 

several percents of Co are ferromagnetic at room temperature. Films of Ti1-xCox O2 with 

different x values were made on LaAlO3 (001) and SrTiO3 (001) single crystal substrates. No 

phase segregation was indicated by TEM images. Ferromagnetic long range ordering was 

seen in anatase TiO2 doped with Co in the images taken by scanning superconducting 

quantum interference device (SQUID) microscope. An increase in spontaneous magnetisation 

with the increase in Co content is observed. Presence of hysteresis in the magnetisation curve 

indicated room temperature ferromagnetism, with magnetic moment of 0.32 Bohr magnetons 

per cobalt atom. The films were transparent in the visible and infrared region and had a band 

gap of 3.1 eV. Matsumoto et al. agree that a possibility of Co clusters cannot be completely 

ruled out though, XRD and TEM showed no sign of metal granules. In a later article 

Matsumoto et al. state that room temperature ferromagnetism exists in rutile phase of Ti 1-x 

Cox O2 with a moment of 1 µB/ Co atom for 3% Co substitution. 

 Chambers et al [91] have grown Ti1-xCoxO2 films by molecular beam epitaxy on 

SrTiO3 substrates. They report a magnetic moment per cobalt atom of 1.26 µB for films with 

x = 0.03, significantly higher than the moment reported by Matsumoto et al. [89]. Chambers 
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et al. also report that the cobalt distribution in their films depends strongly on growth 

conditions leading to some of their films being nonmagnetic. From X-ray absorption 

spectroscopy measurements, they determine that in the magnetic films the cobalt ions are in 

the 2+oxidation state, and substitute on the Ti site of TiO2. Thus a moment of 1 µB /Co is 

expected. In nonmagnetic films, they found that  cobalt had segregated to the surface of the 

film. In a later report Chambers et al. [92] report segregation of Co-enriched TiO2 anatase 

clusters nucleate on epitaxial TiO2 anatase grown on LaAlO3 (001) by oxygen plasma assisted 

MBE. In extreme case almost all the incident Co segregates to the clusters yielding a 

nanosclae ferromagnetic phase that is not ferromagnetic in homogeneous films of the same 

Co concentration. Room temperature ferromagnetism (moment ~1.7 uB) in TiO2:Co 

transparent films grown on both LaAlO3 (001) and SrTiO3 (001) substrates by Pulsed laser 

deposition (PLD) is reported by Stampe et al also [10]. Cobalt segregation was seen in TEM 

images. Ferromagnetism originating from Co nanoclusters has been reported by Kim et al. in 

epitaxial TiCoO2 films [93]. MCD studies done on Co doped anatase TiO2 films also revealed 

MCD spectral line shape identical to Co metal [94]. In a very recent report Han et al. [90] 

report ferromagnetism in crystalline Co-TiO2 grown by co-sputtering, Tc being higher than 

400 K. Despite all this work, the key question still remains to be answered is that if Co is 

indeed substitutional or forms clusters to form ferromagnetic regions within the films. 

 

6.2.2 SnO2 based DMS 

 
 SnO2 is a n-type semiconductor with a wide band gap of ~3.6 eV. It has been used has 

a transparent conducting electrode in solar cells [95] and gas sensors. This compound has a 

rutile structure with octrahedral coordibation similar to anatase TiO2. Large n-type carrier 

concentration upto 1021 cm-3 can be achieved by antimony doping. The effective electron 

mass is quite large ~0.3 me.  These characteristics are important for strong magnetic exchange 

interactions in terms of carrier induced magnetism. 

 Epitaxial films of Mn doped rutile-SnO2 were fabricated by PLD technique. 

Systematic changes in lattice constants, and in-gap absorption is found. However, magnetic 

measurements revealed almost paramagnetic behavior and no ferromagnetic ordering. Sb 

doping resulted in a giant positive magnetoresistance as large as 60% at 5 K in Sn0.95Mn 

0.05O2:Sb films [95]. There have been few reports on Mn doped SnO2 so far.   However, Ogale 

et al. [52] achieved high temperature ferromagnetism with a giant magnetic moment in Co-

doped SnO 2-δ. The Sn1-xCoxO2-δ films were grown by PLD. The Co content in the film was 
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higher than in the target used for ablation due to Sn evaporation. Co concentration was 

determined by Rutherford back scattering ( RBS). STEM image for a film even with Co 

content as high as 27% (x = 0.27) showed a uniform microstructure. EELS data showed 

uniform distribution of Co in the film. The magnetization measurement for Sn1-xCoxO2-δ films 

(x from 0.05 to 0.27) showed hysteresis at room temperature. A giant magnetic moment of 

~7.5 µB was found for the film with 5 at% Co and decreased with increase in Co 

concentration. A Tc of ~650 K was estimated from the temperature dependence of 

magnetization. Resistivity of films increases with the increase in dopant concentration. The 

occurrence of giant magnetic moment suggests appearance of moment on the neighbours of 

cobalt in the matrix, or that, cobalt orbital moment remained unquenched. The origin of giant 

magnetic moment is not understood properly though, but the results seem promising to 

explore wide band gap semiconductor SnO2 based DMS. 

 

6.2.3 Co doped ZnO 

 
 ZnO based DMS have high potential for functionalities utilizing wide band (3.3eV) 

gap, and the large exciton energy (60meV) [96,97].  It is a well-known piezoelectric and 

electro-optic material, and can be easily deposited in thin film form.  It has wide applications 

in electronic devices such as transparent conductor, thin film gas sensor, varistor, surface 

acoustic wave (SAW) devices, optical wave-guides, acousto-optic modulators/deflectors, 

ultraviolet LASER source, and ultraviolet detectors [13]. It is an n-type semiconductor with 

the room temperature hall mobility in ZnO single crystals of the order of 200 cm2V-1s-1. 

Eelectron doping via defects originates from Zn interstitials in the ZnO lattice. The intrinsic 

defect levels that lead to n-type doping lie approximately 0.05eV below the conduction band.  

 There is also interest in developing the use of ion implantation of ZnO for device 

doping, and isolation, as well as investigating the effectiveness of different transition metals 

for magnetic doping. Jin et al. [98] fabricated epitaxial thin films of ZnO doped with all the 

3d transition metals by using a Combinatorial laser MBE technique, and found that the 

solubility of TM ions in ZnO depend upon their ionic radius and valence sates. According to 

their findings M2+ and Co2+ ions had very high solubility limits among all the 3d ion species, 

and have a high spin electron configurations in the ZnO matrix.    

Zn1-xMxO, with (TM = Sc, Ti, V, Cr, Mn, Co, Ni and Cu), has been investigated 

following theoretical prediction of a possibility of ferromagnetic ordering in these compounds 

by [99]. Their ab initio calculations based on local density approximation suggested that FM 
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ordering of Mn is favored when mediated by hole doping. However, for V, Cr, Fe, Co, and Ni 

dopants, FM ordering in ZnO is predicted to occur without the need of additional charge 

carriers. However, Ando et al.  [100] found strong sp-d exchange interactions in Mn, Co, Ni 

and Cu doped ZnO, whereas in Sc, Ti, V and Cr doped samples these interactions were 

absent. Ueda et al. [36] also reported maximum solubility of Co in ZnO as compared to other 

transition metal dopants. Ferromagnetic behaviour with a Curie temperature above room 

temperature was observed only in Co doped ZnO films deposited by PLD. The mechanism of 

ferromagnetism was not clear, though. Another group in Korea, Yoon et al., [101] also 

studied magnetic properties of TM doped ZnO based DMS. They focused their studies on the 

powder and bulk samples and found antiferromagnetic interactions between transition metal 

ions. However there are reports of room temperature ferromagnetism in Zn 1-x TM x O (TM= 

V, Fe, Ni) besides Zn1-xCoxO and Zn1-xMnxO (table-1). Since most of the positive results were 

found with Co doped ZnO, therefore an intensive research is being carried out on Co doped 

ZnO DMS. 

 Ando et al. [102] observed strong magneto-optical effect of Zn1-xCoxO near the optical 

band gap. Magnetic circular dichorism (MCD) and Faraday rotation for (x = 0.012 and 0.016) 

at 5 K was two orders higher than for ZnO. These magnetooptical effects disappear at room 

temperature. Though Ueda et al. [36] had reported ferromagnetism in Co doped ZnO films but 

reproducibility was less than 10%. Jin et al. didn’t find any ferromagnetic ordering at all in 

their films grown by laser MBE [98]. Cho et al. reported ferromagnetism in CoFe doped ZnO 

films grown by reactive magnetron cosputtering [103]. The solubility limit of CoFe ions in 

ZnO was determined to be more than 15%. The origin of ferromagnetism is still to be 

clarified. Following this, Lee et al [104] reported a Tc above 350 K in Co doped ZnO films 

fabricated by sol-gel method grown on (0001) Al2O3 substrate. No additional doping was 

done and the films samples were insulating. Secondary phases were formed on increasing the 

Co concentration above 25%. Similar results were obtained by Prellier et al. [105]. Their 

Co:ZnO films deposited by laser ablation using Co and Zn metal targets in an oxidizing 

atmosphere exhibited near room temperature ferromagnetism when Co concentration was 5%. 

Whereas, Risbud et al. [106] found no ferromagnetism in Zn1-xCoxO with Co concentration of  

5, 10 and 15 %. 

 Hence different research groups reported different results. This controversy between 

research teams may result from difference in synthesis techniques or the growth conditions 

used for making films. A clear picture regarding mechanism of ferromagnetism in Co doped 

ZnO has not emerged yet. Co clusters or CoO grains might be the sources of ferromagnetism. 
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7.   Mn doped ZnO 
The wonder material! 

 
 

 According to the theoretical prediction, FM ordering in TM doped ZnO can be 

achieved without using any additional carriers with V, Cr, Fe, Co and Ni [99] whereas with 

Mn doping additional p-type doping is needed, [99,9]. Despite this Mn remains the primary 

dopant of interest because solubility of Mn in ZnO is larger than 10 mol% and the electron 

mass is as large as ~0.3me, where me is the free electron mass [107]. Infact, Fukumura et al. 

showed that Mn atoms could be doped into ZnO upto 35 % by PLD technique without phase 

segregation [96].  Therefore, the amount of injected spin in the host material can be very large 

with Mn doping. Moreover, Mn is known to be anitiferromagnetic, which makes this system 

more clean in terms of metal precipitate induced ferromagnetism, which is the subject of great 

controversies in DMS (eg in Co doped TiO2, Co doped ZnO) 

 The model by Dietl et al predicts that the transition temperature in dilute magnetic 

semiconductors (DMS) will scale with a reduction in the atomic mass of the constituent 

elements due to an increase in p – d hybridization and a reduction in spin–orbit coupling. The 

theory predicts a TC greater than 300 K for p-type ZnO doped with Mn mediated by heavy p-

type doping, with TC dependent on the concentration of magnetic ions and holes [9]. 

 This prediction by Dietl initiated persuit of a Mn doped ZnO based DMS. However, 

no reports for confirmation of the theoretical work appeared until 2003 [53]. Fukumura et al. 

found a spin-glass behaviour [96]. Tiwari et al.did not find any ferromagnetism [97] in their 

Zn1-xMnxO films deposited on sapphire substrate using PLD. Jung et al. [108] reported that 

ferromagnetism appears at low temperature in Zn 1-xMnxO films grown on Al2O3 (001) 

substrates using laser MBE. The transition temperature obtained from magnetization 

measurements was 30K for x = 0.1 film and 45 K for x = 0.3 one. Similar results were 

reported by Han et al. [109] in Mn doped bulk sampled prepared by solid state reaction at 

processing temperature of 1170K and 1370 K with Mn concentration of 5 at%. The former 

sample showed a ferromagnetic transition at 30 K, whereas the sample processed at higher 

temperature was paramagnetic down to 4 K. The TC of 30 K seen in 1170 K processed sample 

was attributed to a secondary phase (Mn, Zn)Mn2O4 which is known to have a ferrimagnetic 

transition at low temperatures. 

 In all of these studies the ZnO material was n-type. Little is known about 

ferromagnetism in p-type Zn 1-xMnxO films due to difficulty in synthesizing p-type ZnO 
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films. Joseph et al. have reported on successful preparation of p-type ZnO by doping with 

nitrogen as an acceptor element but there still exists some obstacles such as poor 

reproducibility [110]. 

 The confirmation to the theory by Dietl et al. came with the the report by Parmanand 

et al. [13] on the observation of room temperature ferromagnetism in Mn doped ZnO. Despite 

the uncertainty in the mechanism of ferromagnetism in the system and the fact that the 

obtained magnetisation is much lower than the theoretically predicted value of 5 µB per Mn 

ion, these results provide a pathway for exploring it further. Following this discovery, Lim et 

al. also report on hole mediated ferromagnetism in Zn1-xMnxO thin films (x= 0.03 and 0.20) 

prepared on GaAs substrate by the rf magnetron cosputtering method [111]. At a substrate 

temperature high enough, As from the substrate could diffuse into the film and p-type films 

were synthesized. Even though the origin of ferromagnetism in the films is not clear the 

magnetic measurements showed a clear room temperature ferromagnetism in p-type Zn1-

xMnxO films. 

 According to Dietl et al [9], Ferromagnetism in Mn based DMS can be achieved 

provided that the hole density is sufficiently high. According to this theory the Mn ions 

substituted at Zn site provide the local spin. The ferromagnetic correlations are mediated by 

holes from shallow acceptors in a matrix of these localized Mn spins. These holes mediate 

ferromagnetic interactions between nearest Mn-Mn sites which are otherwise 

antiferromagnetically coupled. The hole doping can be accomplished by adding an acceptor 

impurity. Jun et al. [112] showed that adding Cu to n-type ZnO increases resistivity to upto 

1% mixture which showed that Cu can be a p-type dopant. Following this, room temperature 

ferromagnetism with Tc as high as 500K, in Cu doped Zn 1-x Fe x O was achieved [113]. 

Computational studies using density functional theory (DFT) approach based on 

pseudopotentials with localised atomic-orbital basis sets, N. A. Spladin found that for pure 

Mn doped ZnO the energy difference between ferromagnetic, and antiferromagnetic 

alignment is small (of the order of meV) with the antiferromagnetic state is more favorable 

for separated Mn configuration, and ferromagnetic state being more favorable for close Mn 

configuration [114]. The energy difference in ferro and antiferromagnetic state, with 

ferromagnetic state stable was found to increase with the additional doping of Cu in Mn 

doped ZnO. The additional dopping of Cu in Mn dopped ZnO is used to provide holes to 

mediate the ferromagnetic coupling between Mn-Mn in Mn doped ZnO. 

 In case of electron doped Mn based DMS, ferromagnetism either doesn’t occur at all 

or occurs at very low temperature. However, Norton et al. observed ferromagnetic ordering in 
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n-type Mn-implanted, Sn-doped ZnO crystals, [115] where Sn is a doubly ionized donor 

impurity. The Curie temperature is quite high, approaching 250 K. The Sn may simply 

provide carriers, albeit electrons, which effectively mediate the spin interactions or which 

could alternatively form complexes with Mn, resulting in both Mn+2 and Mn+3 sites that could 

yield a ferrimagnetic ordering. However, codoping with Al resulted in n-type material with 

carrier concentration in excess of 1019 cm-3. Large magnetoresistance was observed in the 

films but no ferromagnetism was reported [115]. 

 In view of these findings one can say that carrier concentration is not the only 

parameter that influences the magnetic properties of Mn:ZnO. This is consistent with work by 

Theodoropoulou et al. who found that FM in ZnO films deposited by reactive magnetron 

sputtering was strongly dependent on parameters such as growth temperature, O2 partial 

pressure, and type of substrate (only films deposited on Al2O3 substrates were FM). Non-

optimized growth conditions produced weakly paramagnetic behaviour [116]. 
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8. Experimental Work, and Characterization Techniques:  

 

8.1 Sample preparation : Solid -Solid Reaction Method 

 

The samples were prepared by standard solid solid reaction. Appropriate amount of 

precursors ZnO (99.99%) and MnO2 (99.99%) were mixed and ground properly in order to 

obtain sub-micron size precursors. The mixture was then calcined at 400oC for 8 hrs in air or 

appropriate atmoshpere of Oxygen, Nitrogen, or hydrogen. The calcined powder thus 

obtained was pressed to form dense pellets and sintered for 12 hrs at temperatures ranging 

from 500oC to 900oC in suitable atmospheres mentioned above. In the case of Co doping with 

Cu, CuO was also ground thoroughly with MnO2 and ZnO before calcination.  

The pellets thus obtained were characterized for physical as well as magnetic 

properties and ablated by  Pulsed laser ablation to make thin films 

8.2 Techniques 

 

In the experiments carried out in this thesis we have used the following 

Characterization techniques: 

1) Pulsed Laser Ablation 

2) X-ray Diffraction 

3) Soft X-ray  spectroscopies: (at the Advanced Light Source Division, Berkeley    

    National Laboratories in collaboration with Dr. Jinghua Guo) 

 

 X-ray absorption, XAS, 

 X-ray emission , XES, and 

 Resonant inelastic X-ray scattering , RIXS  spectroscopies 

4) Scanning electron microscopy and Energy dispersive spectroscopy  

5) Transmission electron microscopy 

6) Selected area electron diffraction 

7) Electron energy loss spectroscopy 

8) SQUID magnetometry 

9) Ferromagnetic resonance spectroscopy 
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8.2.1 Pulsed Laser Ablation (PLA) 

 

The pulsed laser Ablation (PLA) technique is the most suitable one for deposting thin 

films in a laboratory [117]. In laser ablation, high-power laser pulses are used to evaporate 

matter from a target surface such that the stoichiometry of the material is preserved in the 

interaction. As a result, a supersonic jet of particles (plume) is ejected normal to the target 

surface. The plume, expands away from the target with a strong forward-directed velocity 

distribution of the different particles. The ablated species condense on the substrate placed 

opposite to the target. The ablation process takes place in a vacuum chamber - either in 

vacuum or in the presence of some background gas.  

PLA has shown its unique advantage of depositing complex oxide compounds. It is 

relatively easier to replicate the stoichiometry of the target composition in the deposited films, 

convenient to oxygenate films in-situ by reactive deposition in relatively high oxygen 

pressure, flexible to deposit multilayers, and above all simple operation procedures and so on. 

The targets for PLA are relatively small, usually not greater than 25 mm in diameter and 

therefore relatively inexpensive and allows studies on composition variation to be readily 

performed . An additional advantage of PLA in the deposition of thin films is that the films 

are relatively pinhole free. The kinds of films deposited by PLA expand from high Tc 

superconductors to piezoelectric, ferroelectric films, and semiconducting oxides. 

A typical PLA system, consists of a pulsed laser, a vacuum chamber, a rotating target 

holder and a substrate heating block. There are several kinds of lasers, which are 

commercially available, and the choice of laser is on Excimer lasers (XeCl, KrF, ArF) are 

widely used to deposit high Tc superconducting films, and other complex oxide films because 

of the larger absorption coefficient and small reflectivity of materials at their operating 

wavelengths. Frequency tripled Nd:YAG lasers are also effective from the same point of 

view. 

Continuum (model NY81-C) Nd:YAG laser operating ( λ=355nm) with a pulse repetition rate 

of 10 Hz and an energy density of 1.0 J cm–2 was used for the  present work. 

 

8.2.2 X-ray diffraction  

 
 It is a versatile, non-destructive analytical technique for identification and quantitative 

determination of the various crystalline forms known as phases of compounds present in the 

powdered and solid samples [118]. Indentification is achieved by comparing the X-ray 
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diffraction pattern obtained from unknown sample with an internationally recognized 

database containing reference patterns for more than 70,000 phases.  

 A crystal lattice is a regular array of atoms in space. These are arranged in space to 

form a series of parallel planes separated from each other by distance d, which varies 

according to the nature of materials. For any crystal planes oriented in different direction has 

different d spacing. 

 When a monochromatic X-ray beam with wavelength λ is incident on the lattice 

planes in the crystal at an angle, θ, diffraction occurs only when the distance travelled by rays 

reflected from successive phases differs by a complete number ‘n’ of λs. That is, the Bragg’s 

condition given by [118]         

n λ = 2dsin θ 

By varying θ, the Bragg’s law can be satisfied by different ‘d’ spacing in a polycrystalline 

material. Plotting angle position and intensity of the resultant diffraction peaks produces a 

pattern, which is characteristic of the sample. For a sample containing a mixture of phases the 

XRD pattern is formed by addition of individual patterns. 

 The three basic components of an X-ray diffractometer are: x- ray source, specimen, 

and x- ray detector. They all lie on the circumference of a circle, which is known as the 

focusing circle. The angle between the plane of the specimen and the X-ray source is θ, the 

Bragg angle. The angle between the projection of the X-ray source and the detector is 2θ. For 

this reason the X-ray diffraction patterns produced with such a geometry are often known as 

θ-2θ scan.  

 A Philips PW 1830 X-ray diffractometer (XRD) was used in the present work to 

verify the single phase character of our samples. The shift in peak angles with the addition of 

dopant in the host and also with the change in dopant concentration gives valuable 

information about dopant atoms being substitutional in the lattice. Philips X’Pert software 

was used to obtain precise value of parameters such as peak position, peak counts, d spacing 

etc. 
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8.2.3 Soft Xray spectroscopies. 

 

Spectroscopic measurements are powerful tools in modern physics, and the interaction 

between light and matter is one of the primary experimental areas for probing the properties 

of solids. Especially important for studying electronic properties is light in the range of soft x 

rays and the vacuum ultraviolet, which interacts with electrons in solids, with strength that 

varies with the photon energy. Such techniques as X-ray absorption spectroscopy, are now 

standard tools for studying the electronic structure of materials.The application of these 

techniques and the interpretation of the results are especially important in the studies of 

exciting new materials, including strongly correlated electron systems, new superconductors, 

organic materials, and complex systems. 

Synchrotron radiation is the light emitted by electrons as they circulate around a high- energy 

accelerator. The emitted photons in the energy range at or below 1 keV fall in the soft X-ray 

region [119]. Soft X-ray spectroscopies answer the question-what do the electrons do when 

migrating between the atoms? Xray originates from an electronic transition between a 

localized core state and a valence state. As a core state is involved, elemental selectivity is 

obtained because the core levels of different elements are well separated  in  energy,  meaning  

that  the  involvement  of  the  inner  level makes  this  probe localized to one specific atomic 

site around which the electronic structure is reflected as a partial  density-of-states  

contribution. The participation of valence electrons gives the method chemical state 

sensitivity  and  further,  the  dipole  nature  of  the  transitions  gives particular symmetry 

information. Also, the substantial penetration of soft-X-rays offers true bulk probing [119]. 

Performance of synchrotron radiation improved a great deal since last decade. The new 

generation synchrotron radiation sources producing intensive tunable monochromatized X-ray 

beams have opened up a new possibility of soft X-ray emission spectroscopy (SXES). Also, 

now it is possible to select energy of excitation which makes it possible to perform resonant 

excitation, i.e., exciting to particular empty states. The introduction of selectively excited soft-

X-ray emission has opened a new field of study by disclosing many new possibilities of 

resonant inelastic soft-X-ray scattering (RIXS). 
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8.2.3.1 X-ray absorption and emission spectroscopy 

 

Soft-X-ray absorption spectrum provides information about the unoccupied states. In 

an XAS experiment monochromated photons of certain energy impinge on a sample and are 

absorbed. If the photon energy is high enough, there exists the possibility of the excitation of 

core level electrons into unoccupied states of the solid. This is measured indirectly via the 

decay of the corresponding excitation giving rise to fluorescence light or Auger electrons, 

whose intensity is proportional to the absorption cross-section hence the intensity of these 

secondary electrons can be measured as a function of incoming photon energy. 

X-ray absorption spectroscopy is a powerful technique to investigate the electronic structure 

of TM compounds using the local process of 2p to 3d absorption. One of the advantages of 

TM 2p XAS is that the CI analysis of the multiplet structures can give local electronic 

structure parameters, such as the multiplet and crystal field strengths, more accurately. 

The core vacancy left by the excited electron is filled by an electron from the valence orbital. 

Hence soft-X-ray emission also gives direct information about the chemical bonding. 

Whereas, X-ray absorption provides information about the unoccupied electronic states, the 

emission gives information about the occupied ones. 

 

 

 

 

 

 

 

Emission 
Absorption 

Fig-12 A schematic showing  X-ray absorption and emission [119] 
 

8.2.3.2 Resonant inelastic soft-X-ray scattering (RIXS) 

 

If the core electron is resonantly excited to the absorption threshold by the incident photon (as 

in the process of X-ray absorption spectroscopy), the resulting emission spectrum depends 
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strongly on the incident-photon energy Ω, and this type of XES is denoted as resonant X-ray 

emission spectroscopy (RXES). On the other hand, if the core electron is excited to the high-

energy continuum, well above the absorption threshold (as in the process of X-ray 

photoemission spectroscopy), this type of XES is denoted as normal X-ray emission 

spectroscopy (NXES), where the spectral shape does not depend on Ω [120]. 

Resonant X-ray emission spectra are classified into two categories: when the emitted-photon 

energy ω is the same as that of the incident-photon energy Ώ, the spectrum is called 

‘‘Rayleigh scattering’’ or ‘‘resonant elastic X-ray scattering,’’ while for ώ not equal to Ώ it is 

called ‘‘resonant inelastic X-ray scattering (RIXS)’’[120]. 

RIXS provides us with bulk-sensitive and site-selective information. Furthermore, it is a 

photon-in and photon-out process, so that this technique is equally applicable to metals and 

insulators and can be performed in applied electric or magnetic fields, as well as in applied 

high pressure. 

The characteristic features of RIXS depend on materials. For the transition-metal compounds 

it is interesting to study the interplay between the local and itinerant character of 3d electrons. 

RIXS for f and d electron systems gives us important information on the electronic states, 

such as the intraatomic multiplet coupling, electron correlation, and interatomic hybridization  

[120]. 
 

8.2.4 Scanning Electron microscope (SEM) 

Scanning Electron Microscope (SEM) is becoming a valuable new tool for the non-

destructive inspection, examination and evaluation of materials, both metallic and non-

metallic, as well as assemblies and surfaces [121]. The item to be examined and evaluated is 

placed on a specimen stage inside a vacuum enclosure of the SEM station and is irradiated 

with a finely focused beam of electrons, with energies typically in the range from a few 

hundred eV to about 30 KeV, that can be static or swept in a cyclic fashion over the 

specimen's surface. The resulting signals that are produced when the scanning electron beam 

impinges on the surface of the specimen include both secondary emission electrons as well as 

backscattered electrons. These signals vary as the result of differences in the surface 

topography as the scanning electron beam is swept across the specimen surface.  

 The secondary emission of electrons from the specimen surface is usually confined to 

an area near the beam impact zone that permits images to be obtained at a relatively high 

resolution. These images as seen on a Cathode Ray Tube provide a three dimensional 
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appearance due to the large depth of field of the Scanning Electron Microscope (SEM) as well 

as the shadow relief effect of the secondary electrons contrast. In a typical SEM, a resolution 

of 100 Angstroms can be attainable, and a depth of field (focus) 300 times that of an optical 

microscope and having good working distances. The large depth of field available with a 

SEM makes it possible to observe three-dimensional objects in stereo. The three-dimensional 

images produced, allow different morphological features to be correctly interrelated and 

correctly analyzed.  

 One of the unique advantages of Scanning Electron Microscopy is the fact that many 

specimens can be examined with minimal specimen preparation activity. The thickness of the 

specimen is not a consideration. Therefore bulk specimens can be examined in a SEM with a 

size limited only by the dimensions of the test specimen compared to the dimensions of the 

SEM's specimen stage within the vacuum enclosure. For the examination and evaluation of a 

metallic material surface, the only usual amount of specimen preparation is to be sure that the 

specimen surface to be examined is clean.  

 A SEM is usually provided with analytical facility. Secondary and backscattered 

electron images are collected to visualize the surface topography and average chemistry of a 

specimen respectively. The primary beam electrons displace the inner shell electrons of atoms 

in a specimen. As a result, those atoms undergo a "relaxation" which results in X-ray radiation 

being emitted. Because every atom in the periodic table has a unique electronic configuration, 

the X-rays produced carry a unique atomic signature in the form of a characteristic energy. 

The EDS method employs a solid state Si(Li) detector to measure the distribution of X-ray 

energies, thereby allowing one to identify (and quantify) elemental species. Rastering of the 

beam across the surface permits one to track the locations of sample X-rays, and hence, 2 

dimensional chemical maps can be constructed.  

 We did elemental analyses for our samples using energy dispersive spectroscopy 

(EDS: on detector LINK Gem Oxford in a JEOL JSM-840 SEM). The chemical composition 

and homegeniety of the samples was checked by elemental mapping. 

 

8.2.5 Transmission electron microscope 

 A TEM is a versatile and efficient technique for characterization of materials [121, 

122]. The spatial resolution of a microscope depends upon the wavelength of the radiation 

used. The resolving power of an optical microscope is limited by the wavelength of the light 

employed: (λ> 3000Å). In the electron microscope, much shorter de Broglie wavelengths are 

 40



possible by using highly energetic electrons, thereby pushing the resolution limit down to the 

Å level. Since they are charged, electron beams can be deflected by electrostatic or magnetic 

fields. In virtually all commercial electron microscopes nowadays, magnetic lenses are used 

to focus the electron beam carrying out the functions that glass lenses serve in a conventional 

optical microscope.  

 The principle of operation is entirely analogous to the optical microscope. A 

collimated beam of electrons, emitted from a hot LaB6 filament, is accelerated to ~120 keV. 

After passing through a condenser lens the beam is incident on the sample. The size of the 

beam can be varied, but is typically ~ 1 micron in diameter. Thus small selected areas of the 

sample can be probed. The beam passes through the sample (which is thinned to ~ 200 Å to 

permit transmission of electrons in the 100 KeV range) An objective lens, situated 

immediately below the sample, then produces a magnified image of the sample. Finally, this 

image is projected onto a fluorescent screen at the base of the column, which is an electron 

absorption contrast map in a bright field image  

 One of the powerful features of electron microscopes is their ability to display 

diffraction patterns of the sample. In this case the wave-like nature of the electrons is utilized 

to diffract the incident beam from the atomic structure within the sample. This can provide 

information on the crystal structure of the sample and is particularly useful when the atomic 

arrangement is regular and periodic, as in a crystal. It is very straightforward to switch from a 

real image to the diffraction pattern. 

 A High Resolution Transmission Electron Microscope can resolve distances smaller 

than 1 nm and is used for imaging atomic arrangements in crystals (and quasi-crystals), 

structural defects interfaces (grain boundaries, interphase interfaces) stacking faults, anti-

phase boundaries, inversion domain boundaries, crystal dislocations. It is thus a powerful tool 

for looking at a specimen at atomic scale. It is covenient as the samples don’t need to be 

conductive as in case of STEM or SEM. In case of transition metal doped semiconductor 

samples it is good technique to verify homogeneous distribution of TM ions in the host matrix 

without formation of clusters or precipitates which is essential to understand the mechanism 

of ferromagnetic ordering obtained in these systems. 

8.2.5.1 Selected Area Electron Diffraction (SAED) 

 The charge of an electron makes it to react with both nuclei and electrons in a 

specimen. In SAED, a selected area is chosen using an aperture. The SAED aperture is placed 

in an image plane below the specimen and electrons only from a selected area are allowed to 

contribute to the diffraction pattern. By projecting the back focal plane onto the screen of the 
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microscope, an image of the diffraction pattern is obtained. The pattern reveals 

crystallographic information such as, crystal orientation, interplanar distances, symmetries, 

and are widely used for crystal structure determination and phase identification. 
 

8.2.5.2 Electron energy loss spectroscopy (EELS) 

 

 When electron beam is incident into specimen, a part of the electrons is inelastically 

scattered and loses a part of the energy. Elemental composition and atomic bonding state can 

be determined by analyzing the energy with the spectroscope attached under the electron 

microscope (Electron Energy Loss Spectroscopy). Because the analyzed region can be 

selected from a part of the enlarged electron microscopic image, one can analyze very small 

region. Moreover, by selecting electrons with a specific loss energy by a slit so as to image 

them, element distribution in specimen can be visualized (Elemental Mapping). From the 

intensity and the cross-section of inelastic scattering, the elemental ratio in the specimen is 

determined. From the fine structure of the absorption peak obtained in an EELS spectrum, the 

difference in bonding state and local electronic state can be detected. The distribution of 

elements in a specimen is clarified by selecting and imaging the electrons with a specific 

energy loss. 

 For our studies we used a Technai F-20 TEM operated at 200 KV with a point 

resolution of 0.24nm at the Center for Solid State Sciences, Arizona State University, 

Tampe,Arizona 85287-1704,USA.The EELS data was collected with 0.8 eV energy resolution 

and 1 to 0.2 eV dispersions. 

 

8.2.6 SQUID 

 

 We used the Quantum Design MPMS2 SQUID (Superconducting Quantum 

Interference Device) magnetometer for magnetic measurements of our samples. The SQUID 

is the most sensitive device available for measuring magnetic fields. The SQUID in the 

MPMS system does not detect the magnetic field from the sample directly. The measurement 

is performed in the MPMS instrument by moving the sample through the superconducting 

detection coils, which are located at the center of the superconducting magnet outside the 

sample chamber [123]. The detection coils are connected to the SQUID with superconducting 

wires, allowing the current from the detection coils to inductively couple to the SQUID 

sensor.  As the sample moves through the detection coils, the magnetic moment of the sample 

 42



induces an electric current in the detection coils. The detection coils, the connecting wires and 

the SQUID input coil form a closed superconducting loop. Any change in the magnetic flux in 

the detection coils produces a change in the persistent current in the detection circuit, 

proportional to the change in magnetic flux. Since the SQUID functions as highly linear 

current-to-voltage convertor, the variations in the current in the detection coils produce 

corresponding variations in the SQUID output voltage which are proportional to the magnetic 

moment of the sample. In a fully caliberated system, measurements of the voltage variation as 

the sample is moved through the detection coils provide a highly accurate measurement of the 

sample’s magnetic moment. The system can be accurately caliberated using a small piece of 

material having a known mass and magnetic susceptibility. 

 The Quantum Design MPMS2 instrument with a superconducting magnet can be 

operated using fields upto 1 Tesla and measurements can be performed at temperatures 

ranging from 1.7 to 350 K. The system makes use of a second order derivative coil 

configuration to eliminate effects of stray fields. The sample chamber is at low pressure of 

helium gas, which provides thermal contact with a flow of gas outside the sample chamber 

pipe that is used to change and stabilize the temperature. Over 4.5 K flow impedance and a 

gas heater take care of the temperature control. The temperature is homogenised around the 

sample space by copper wires. 

 For temperature dependence of magnetisation, M (T), two kinds of measurements 

were made. In the zero field cooled measurement (ZFC) the sample was cooled down to 5K in 

the absence of a magnetic field and a constant magnetic field was applied during the warm up 

scan. In the field-cooled, (FC), measurements the sample was cooled from 310K down to 5K 

in the presence of the same constant magnetic field and then a warm up scan was performed 

in the same magnetic field. For the hysteretic loop, M (H), measurements the samples were 

subjected to a magnetic field cycling between +1 Tesla and -1 Tesla and magnetisation was 

measured at a particular temperature. 

  

8.2.7 Ferromagnetic resonance spectroscopy (FMR)  

 

Ferromagnetic resonance provides experimental scientists with one of the most precise tools 

for investigation of ferromagnetic materials [124]. It is probably the most sensitive method for 

detecting ferromagnetic order as well as the possible existence of other magnetic species. 

FMR and electron paramagnetic resonance (EPR) are very sensitive and capable of detecting 
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a total of 1013 spins. Valuable information regarding anisotropy and saturation magnetization 

can be also obtained.  

 Ferromagnetic resonance, or more precisely, resonance absorption of external 

electromagnetic radiation in ferromagnetics, belong to the category of phenomena dealt with 

RF spectroscopy. RF spectroscopy in wide sense, connects a large variety of interaction 

processes between the electromagnetic field and matter, both in the form of individual 

isolated atoms and molecules and in condensed phases viz., liquids and crystals. A 

characterstic feature of these processes, that they all occur with in the definite interval of 

wavelengths (~1 mm –10 cm) or frequencies (~109 –1011 Hz). The nearest predecessor of RF 

spectroscopy is the Zeeman effect. This effect is caused by the splitting of the energy levels of 

an isolated atom (Zeeman multiplets) by an external magnetic field Ho. The study of this 

splitting yields much information on the nature of the atoms and the electrons (spin, 

determination of g – factor, determination of selection rules, etc.). To every Zeeman multiplet 

there corresponds an admissible energy difference, one for each pair of levels (I and k) of 

given multiplet. The frequency νik of the coresponding quanta which are absorbed or emitted 

in these transitions are determined by the well known expression for Bohr frequencies 

Hνik = hωik = Ei – Ek = ∆Eik      (1) 

Where h = 6.625 x 10-27 erg.sec is plank’s constant; ωik are the angular Bohr frequencies; the 

energy difference ∆Eik are calculated from the expression 

∆Eik = gµB∆mikHo       (2) 

where g is the Lande factor linked to the ratio of the magnetic moment to the mechanical 

moment ; ∆mik is the difference between the magnetic quantum numbers of states i and k of 

the given multiplet; µB is Bohr magneton. If we restrict ourselves to the region of not too 

weak magnetic fields, than we can easily find from eq. (1) and (2) that the Bohr frequency 

(ωik) for transition in question are 109 – 1011 Hz, ie. high frequency range. Taking into 

consideration the selection rules and proceeding from eqn (1), (2), and the expression for µB 

(= eh/4πmc; m mass of electron, e charge of electron and c is velocity of light), we readily 

obtain a universal relationship between the resonance frequency  and the external field Ho: 

          ωres = γ Ho                     (3) 

where,  γ  =  4πγµB/ h  =  ge/2mc         (4) 

we observe from (3) and (4) that, to determine g-factor of the atomic system, it is sufficient, 

for instance, to fix the Ho and to adjust the frequency to the resonance value ωres. Generally, 
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however, the procedure is different: given a certain frequency ωo of HF field, we find the 

resonance magnetic field Hres corresponding to the given frequency 

         Hres = ωo/γ           (5) 

Experimental procedure: In ferromagnetic resonance experiments, a mono – or 

polycrystalline, conducting or non-conducting ferromagnetic sample of some regular shape is 

placed in a resonance cavity or waveguide, where a weak alternating magnetic field of a fixed 

frequency (νo) is maintained (νo ~5x102 – 105 megacycles). Perpendicular to this HF field 

h(t), a strong, homogeneous magnetizing  field Ho is applied, generally bringing the sample 

close to saturation. If the condition hνο = gµBHeff is satisfied, than the oscillating field will 

induce transition between neighbouring Zeeman sublevels of the ferromagnetic system 

separated from each other by gµBHeff (Heff is the effective internal field in the ferromagnetic 

material, µB is the Bohr magneton, and g the spectroscopic splitting factor, analogous to the 

Lande` g-factor in optical spectroscopy). In experimental studies of ferromagnetic resonance, 

the frequency of the high frequency radiation is kept constant for purely technical reasons, 

while the intensity of the external field is varied over certain limits about Ho, thus changing 

the effective field Heff. At certain point resonance absorption of HF field energy by the sample 

occurs leading to a change in Q (the Q of a resonance cavity is the ration of the maximum 

power of the oscillations in the cavity to the average power loss per cycle) of the cavity, 

which can be determined experimentally. 
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9 Results and discussion 

Mn doped ZnO: Despite theoretical prediction of a possibility of room temperature 

ferromagnetism in p-type Mn doped ZnO [9], no report of the confirmation of the same was 

reported until long. Attempts to make Mn doped ZnO based DMS resulted in paramagnetic or 

spin glass behaviour or a low temperature ferromagnetic ordering.  

 We reported the first observations of ferromagnetism above room temperature for 

dilute (<4 at.%) Mn-doped ZnO [53]. The Mn is found to carry an average magnetic moment 

of 0.16 µB per ion. Our ab initio calculations find a valance state of Mn2+ and that the 

magnetic moments are ordered ferromagnetically, consistent with the experimental findings. 

We have obtained room-temperature ferromagnetic ordering in powder form,bulk pellets, and  

in transparent films 2–3 µm thick, of the same material. The unique feature of our sample 

preparation was the low-temperature processing. This capability to fabricate ferromagnetic 

Mn-doped ZnO semiconductors promises new spintronic devices as well as magneto-optic 

components. 

 Following our work several other groups have reported similar phenomena in Mn 

doped ZnO system. 

 

9.1 An overview of the papers included in the thesis 

 
 Initially, we too followed the conventional high temperature processing of Mn doped 

ZnO samples and found absence of ferromagnetic ordering at room temperature. However, a 

ferromagnetic phase was formed with transition temperature below 45 K as shown in the 

Fig.13. The Magnetisation curve at 5 K showed a superposition of two phases (Inset Fig.13). 
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Fig-13 M (T) at 50 Oe for Zn1-x MnxO (x 0.02) ceramic pellet sintered at temperature of 
900oC. Inset (a) shows the M (H) at 5 K  
 
Thereafter, we tried sintering our samples at various temperatures ranging from 500oC to 

900oC, and found ferromagnetic ordering with a Tc > 425K in samples sintered below 700oC. 

Sintering above 700oC resulted in the suppression of ferromagnetic ordering and enhanced 

paramagnetic contribution. Similar effect was also observed on increasing the concentration 

of Mn. We tried low temperature sintering following the fact that ZnO doped with a TM will 

go magnetic only if it is p-type. High temperature processing might lead to increased n-type 

carriers in the system. 

 Once we obtained ferromagnetic ordering at room temperature in Mn doped ZnO, as 

measured from SQUID magnetometer, we made EDS analyses, and elemental mapping on 

our samples to verify the actual Mn concentration incorporated into the ZnO lattice without 

distorting its wurtzite structure. We found that though Mn was distributed uniformly in our 

low temperature sintered samples but its concentration was much less (~0.3 at%) than the 

nominal concentration (2 at %) used for doping ZnO. Using this value for Mn concentration 

we estimated the average magnetic moment of ~0.16 µB per ion. This number was found to 

vary from one sample batch to another depending upon the precursor source and the 

environment. This is so because the carrier concentration (either p-or n-type) in the sample 

seems to be sensitive to these factors, which might affect the magnetization, if the carrier 

induced ferromagnetic ordering exist in Mn doped ZnO. For high temperature sintered 
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samples (< 700oC), Mn was found to form clusters, which pointed towards the loss of room 

temperature ferromagnetic ordering in these samples as Mn-Mn direct interactions are 

antiferromagnetic. The X-ray diffraction pattern for Mn doped ZnO bulk sintered below 

700oC matched with that of pure ZnO without any indication of a secondary phase. For 900oC 

sintered pellet, other oxides of Mn along with a MnZn compound showed up in the XRD 

spectra. Such secondary phases were also observed in the bulk samples with a higher 

concentration of manganese. 

 After initial characterisation of the bulks we made MnZnO films using PLA. The 

nominal composition of the target used for ablation was kept 10% following the results from 

composition analyses that actual Mn concentration in the bulk to be ablated would be less.  

The films were grown on fused quartz (pure SiO2) substrate at a substrate temperature of 

400oC and 600oC. Elemental analyses of the films showed homogeneous distribution of Mn, 

and its concentration was found to be 2.21% and 4.56% respectively. The XRD confirmed 

their c-axis orientation. And the magnetic characterization showed hysteresis at room 

temperature for both the film samples. 

 Our preliminary results were confirmed further by FMR spectroscopy. The obtained 

FMR signal showed the ferromagnetic transition temperature to be well above 425 K for the 

low temperature processed bulks and thin films [53, 125]. 

 Selected area electron diffraction (SAED) patterns and High resolution images taken 

on our thin film samples revealed an ordered hexagonal structure of ZnO and absence of any 

clusters in the sample. The presence of Mn in the lattice, in Mn2+ valence state, was confirmed 

by the EELS measurements from the same area. 

 

Further investigations 

 All these results proved to be guidelines for studying the mechanism of observed 

magnetic properties in our samples. In order to find an explaination as to what happens on 

heating the same calcined samples to temperatures higher than 700oC, we processed our 

precursors ZnO and MnO2 used in the present study in a similar way as we did our Mn doped 

ZnO samples.  

 It was found that MnO2 is sensitive to processing temperatures and decomposes to its lower 

oxides when heated above 500oC. Our results showed that the MnO2 pellet sintered at 500oC 

was still antiferromagnetic.  But the MnO2 pellet sintered at 900oC showed a low temperature 

ferro/ferri-magnetic ordering. The temperature dependence of magnetisation at 50 Oe for the 

MnO2 pellet sintered at 900 oC showed a sharp fall in magnetization at 42 K.  Hysteresis, 
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which was present at 5 K in the M (H) curve disappeared above 42 K. Thus a ferri-

ferromagnetic phase with Tc<45 K was formed. The temperature dependence of 

magnetisation for MnO2 sintered at 900oC is shown below. 

The trend was similar to the temperature dependence of magnetization obtained for our Mn 

doped ZnO pellets sintered at high temperatures. From various studies done on MnO2 we 

understand that heating of MnO2 between 500 and 1100oC in air results in its decomposition 

to number of lower oxides out of which Mn3O4 is ferro/ferri-magnetic with a Tc of < 45 K. 

Hence the possible source of low temperature magnetic phase could be Mn3O4. Another 

candidate responsible for this ferromagnetic ordering could be phases of (Zn Mn)Mn2O3 

which are known to exhibit low temperature ferromagnetic ordering [126]. 
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Fig-14 M (T) at 50 Oe in the zero field cooled (ZFC) and field cooled (FC) state for MnO2 
pellet sintered at 900oC 
 
  The disappearance of room temperature ferromagnetic ordering can also be explained by the 

fact that ZnO tends to lose oxygen when heated to high temperatures and thus becomes n-

type. The lattice shrinkage seen in the XRD pattern for the pure ZnO powder sintered at 

various temperatures confirmed the loss of oxygen. It can be pointed at this point that the 

colour of our pellets processed at low temperature is whitish and more like stoichiometric 

ZnO, but changes to yellow on processing at higher temperatures further suggesting an 

increase in the n-type carriers.  
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Hence the  low temperature ferromagnetic ordering obtained in high temperature sintered 

samples is attributed to the ferrimagnetic oxide of Mn and the secondary ferromagnetic phase 

of Mn and Zn while the disappearance of the same to formation of Mn clusters and increased 

n-type conductivity of ZnO. 

Thus we established that low temperature processing is indeed the key to obtain room 

temperature ferromagnetic ordering in Mn doped ZnO samples, both because it prevents, 

formation of secondary phases and the samples from becoming n-type. 

 We further investigated the problem of low magnetic moment of 0.16uB/Mn obtained 

for our samples as compared to 5 µ B per Mn for the fully polarized state. Clearly in our 

samples all the Mn spins don’t contribute to magnetization and are blocked. This can be well 

understood from the fact that the spin dependent hybridization between host p and Mn d 

orbitals leads to antiferromagnetic interactions between the Mn moments, which can only be 

overcompensated by hole mediated long range ferromagnetic interactions. Hence lack of 

sufficient carriers (holes) to mediate long range ferromagnetic ordering leads to decrease in 

effective Mn concentration, hence the magnetic moment. 

 To verify the above, we prepared Zn1-xMnxO samples with different concentration of 

Mn and studied the Mn concentration dependence of ferromagnetic and paramagnetic phase. 

We found that whereas the paramagnetic term increases almost linearly with the increase in 

Mn concentration, the ferromagnetic phase remained more or less the same for all Mn 

concentrations.  

 This shows lack of sufficient carriers to mediate ferromagnetic exchange between 

localized Mn spins. Since no additional carriers are provided, their concentration is supposed 

to be fixed in the samples because processing conditions and precursors were kept same for 

all the samples. Addition of more and more Mn atoms merely adds antiferromagnetically 

interacting spins, thus increasing the paramagnetic contribution at room temperature.  

This is hence crucial to have sufficient carrier density in the samples. We therefore, doped our 

Zn1-xMnxO samples with different concentration of Cu, which has been shown by researchers 

as a possible codopant [114]. Comparing the magnetization of Zn1-xMnxO and Zn1-x-

yMnxCuyO samples from the same initial batch, we found a considerable enhancement in 

magnetization after codoping with Cu. The XRD spectra of these Zn1-x-yMnxCuyO powders 

calcined at 400oC for 8 hrs matched with that of host ZnO. The slight shift in peaks was 

observed which is indicative of the fact that Cu is incorporated into the lattice. No peak for 

manganese oxides or any other secondary phase was detected. However, we found peaks for 

CuO in the sample. Thus the CuO used for doping Zn1-xMnxO was not dissolved completely. 
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This is not critical since CuO is antiferromagnetic below 230 K thus can not be a source of 

increased ferromagnetic ordering in the Cu doped samples. It is however important to be able 

to achieve higher solubility of Cu into Zn1-xMnxO as it might enhance magnetization further. 

The EDS analyses done on the Zn1-x-yMnxCuyO calcined powder also showed absence of 

MnO2 precursor as it is but CuO could be seen undissolved in some areas. Therefore, the 

actual concentration of Cu incorporated into the host lattice was much less than that used for 

doping. We also deposited thin films of Zn1-x-yMnxCuyO by rf magnetron sputtering 

technique. Again considering the fact that the actual concentration of dopant (Mn and Cu) in 

the sample is less, we made a sputtering target of Zn(Mn,Cu)O with nominal concentration of 

Mn and Cu to be 10%. A dense sputtering target was made by spark plasma sintering (SPS) 

technique.  As obtained target was sputtered at a rf power of 100W, to obtain the Zn(MnCu)O 

thin films. The XRD measurement showed a single phase film with preferred c-axis 

orientation, and clearly indicate the high solubility of Cu and Mn in thin films as compared to 

bulk samples. The magnetic measurement by SQUID clearly showed the existence of above 

room temperature ferromagnetic ordering in Zn(MnCu)O thin films.  

 We also studied the electronic structure of Mn doped ZnO thin film using X-ray 

absorption spectroscopy (XAS), X-ray emission spectroscopy (XES) and resonant inelastic 

scattering. The O 2p absorption and K-emission spectra revealed a strong hybridization 

between Mn 3d and O 2p states. The Mn doping enhances upper valence band, thus reducing 

the band gap size. The same results were also obtained theoretically using LDA calculations. 

 

Other promising magnetic semiconductors 

While the above investigations were being carried out, we explored other candidate materials 

for DMS and found ferromagnetic ordering in 

a) ZnO doped with Cu 

b) GaP doped with Cu 

c) ZnS doped with Mn 

d) CdS doped with Mn 

In the present thesis only ZnO doped with Cu and GaP doped with Cu are included. 

 

ZnO doped with Copper 

We doped ZnO with Cu instead of manganese and studied it magnetic properties and found 

that Zn1-xCuxO is ferromagnetic above room temperature. Initial characterization using XRD 

and electron diffraction and EDS showed incorporation of Cu in the lattice, but undissolved 
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CuO was also present. As stated earlier, presence of unreacted CuO does not affect the 

ferromagnetic ordering as it is antiferromagnetic. The presence of ferromagnetic ordering was 

detected by magnetic measurements performed using SQUID magnetometer and 

ferromagnetic resonance spectroscopy. 

We also investigated the electronic structure of Cu doped ZnO by XAS and XES.  
 

GaP doped with copper 

 

We discovered another unusual room temperature ferromagnetic semiconductor that is 

Gallium phosphide doped with copper. The ferromagnetic ordering in bulk GaP doped with 

copper is detected by SQUID magnetometry and ferromagnetic resonance. The Tc was 

estimated to be above 700 K. The important features of this observation is relatively simple 

sintering process for making the material and significantly higher Curie temperature. 

Further extensive investigation like neutron scattering experiments are in progress. 

 

9.2 Conclusions 

 

Ferromagnetism in Mn doped ZnO, powders, bulks as well as thin films could be obtained at 

and above room temperature by tailoring the process parameters. The key to observed 

phenomenon in this system is the low temperature processing, which prevents formation of 

clusters, secondary phases and the host ZnO from becoming n-type. The ferromagnetism is 

indeed carrier mediated and can be enhanced by additional doping with holes, thus co-doping 

by an acceptor impurity like Cu. Ferromagnetic transition temperature was found to be well 

above 425 K by Ferromagnetic Resonance spectroscopy. X-ray diffraction confirmed the 

absence of secondary phases in the low temperature sintered samples. High Resolution 

Transmission Electron microscopy along with Selected Area Electron Diffraction and 

Electron Energy Loss Spectroscopy  showed uniform distribution of magnetic dopant atoms 

into the hexagonal structure of the host ZnO without distorting it. The electronic structure 

studies done by Soft X-ray spectroscopies indicated p-d exchange interactions, which is 

characteristic of DMS. It also showed that Mn doping enhanced the upper valence band, thus 

reducing the band gap size. Cu doping increased the magnetisation in Mn doped samples. 

Surprisingly Cu doping alone in ZnO resulted in room temperature ferromagnetic ordering. 
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Suggestions for  Future studies 
The journey continues! 

 

The studies presented in the thesis were mainly focussed on powders and bulk material, 

though the phemomena has been demonstrated for thin films also. In future we would 

concentrate on fabrication and characterisation of thin films. Apart from structural 

characterization, there are three routes to obtain information whether the doping material is an 

intrinsic part of the material. One is through Hall measurements, by identifying Ordinary Hall 

effect and Anomalous Hall effect, another is through ferromagnetic resonance (FMR) and the 

third is through magnetic circular dichorism (MCD), which is directly due to the sp-d 

interaction identifying it as a DMS. Besides that we would focus on developing new materials 

for making dilute magnetic semiconductors. 

Towards applications, our efforts will be for the fabrication of Spin-FET with ZnO based 

DMS. As the carrier concentration in ZnO can be controlled optically [13, 127, 128, 129], so 

this system can allows us to fabricate “Photon controlled devices such as photo-magnets and 

sensors”, in which the magnetic property of ZnO will be controlled by the application of UV 

light.  

Search for new materials with higher saturation magnetization, and controllable via carrier 

induced ordering process will always be a part of the on going studies. 
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