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Summary 

  

Diluted magnetic semiconductor (DMS) has attracted considerable attention 

recently since its important applications in the field of spintronics. It is generally 

believed that free charge carriers in the semiconductor host mediate the interaction 

between magnetic ions, therefore to cause the ferromagnetism in DMS. In contrary to 

III–V and II-VI based DMS which have been popularly studied, the investigation of 

the IV-VI based DMS is relatively less so far. In this work, we focus on understanding 

of the origin of ferromagnetism in Ge1-xMnxTe material.  

We attempt to fabricate the Ge1−xMnxTe ferromagnetic semiconductor on BaF2 (111) 

substrate by solid-source molecular-beam epitaxy. The growth conditions are 

optimized by the the flux ratio of Te/Mn and Te/Ge and the growth temperature. The 

Ge1-xMnxTe films with composition range of 0.14<x<0.98 are successfully grown. 

The X-ray diffraction provides the clear evidence that the grown Ge1−xMnxTe films 

crystallize in the NaCl phase with (111) orientation preferred for all x. No secondary 

phases are observed from the XRD measurement. However, the HRTEM results show 

that the non-uniformity exists in the film, which indicate the samples are not 

homogeneous and may contain clusters or grains with different sizes and 

compositions. The optical absorption measurement shows that the band-gap of 

magnetic semiconductor Ge1-xMnxTe with 0.14<x<0.98 in a manner qualitatively 

similar to the nonmagnetic semiconductor counterpart GeTe and MnTe. 



Summary 

 v

We also investigate the magnetic and transport properties of the Ge1-xMnxTe. The 

dependence of Curie temperature TC on x tends to follow a quadratic behavior. This 

phenomenon can be attributed to the increase of antiferromagnetic interaction since 

MnTe is an antiferromagnet. The highest TC is achieved around 150 K at x=0.55. The 

carrier concentration of Ge1-xMnxTe films are in the range of 20101× cm-3 to 

22101× cm-3. The observed Anomalous Hall effect of Ge1-xMnxTe thin film is the 

combination of the carrier-induced ferromagnetism with the effect of the clusters, 

which is ascribed to extrinsic skew scattering. The temperature-dependent resistivity 

measurement exhibits an upturn at low temperature which can be related to the 

ferromagnetic transition. The resistivity and M-T behaviors can be attributed to weak 

localization effect of disordering. The magnetoresistance (MR) of Ge1-xMnxTe 

displays very clear hysterestic loop at low temperature which reseumbles that of 

giant-magnetoresistance (GMR) granular system in solids. The negative MR behaviors 

may be accounted for the bound magnetic polaron (BMPs) model. We correlate the 

observation of the isotropy of MR and M-H curves with the formation of Ge1-xMnxTe 

FM clusters embedded in GeTe matrix. 
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CHAPTER 1  INTRODUCTION 

 

1.1  Background 

In current semiconductor technology, the current conduction in a semiconductor 

occurs via free electrons and holes, is collectively known as charge carriers. The 

applications of the semiconductor materials such as Si and GaAs range from the 

integrated circuits (IC) [1], solar cell and light emitting diodes (LED) [2]. On the 

other hand, ferromagnetic devices have been developed utilizing the electron spin of 

the magnetic materials. The devices applications include read heads, hard drives, 

solenoid switches and sensors etc. However, only the spin of the electrons in metallic 

3d transition elements such as Fe, Co, Ni and compound magnets such as ferrite 

magnet (Fe3O4) [3] and rare earth magnet (Nd2Fe14B) [4] have been investigated. It is 

quite natural to ask whether the charge and spin of electrons can be used together to 

further enhance the performance of the devices. For this reason, the new field of 

spintronics has emerged with the discovery of Giant Magnetoresistance (GMR) in 

1988 [5]. In this technology, both the electron charges and the spins are utilized to 

carry information, and this offers an opportunity to initiate a new generation of 

devices which combine the standard microelectronics with the spin-dependent effects 

that arise from the interaction between spin of the carrier and magnetic properties of 

the materials. For instance, spin-FET (field effect transistor), spin-LED (light-emitting 

diode), spin-RTD (resonant tunneling device), optical switches operating at terahertz 

frequency, and quantum bits for quantum computation and communications have 
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stimulated tremendous interest in this rapidly growing field. Spintronics hold great 

promises, bring about the possibility of non-volatility, increased processing speed, 

decreased power consumption, and also increased transistor density compared to 

conventional semiconductor devices [6].  

Spintronics is a very broad field in which the GMR-based electronics or 

magnetoelectronics and semiconductor-based spintronics are two main research 

directions. Although the development of GMR-based spintronics devices have made 

great progress recently, the lack of the ability in charge control of the ferromagnetic 

material layers limits their further applications. Moreover, the spin injection efficiency 

can be affected by the conductivity mismatch at the metal/semiconductor interfaces 

and connections, not to mention problems that may arise from stray electromagnetic 

radiation or heat dissipation [7, 8]. This ultimately led to the research and 

development of a new type of material called ferromagnetic semiconductors which 

combine the magnetic and semiconducting properties in one material. 

The research on the ferromagnetic semiconductors started back in the 1960s and 

early 1970s. The initial stage of the ferromagnetic semiconductor research focuses on 

the materials which have both ferromagnetic and semiconducting properties, with a 

periodic array of magnetic elements. Examples are semiconducting spinels and 

europium chalcogenides [9]. However, these materials are not suitable for spintronics 

application since they have low Curie temperature and poor semiconducting transport 

properties.  

In 1996, Ohno and co-workers discovered that Mn doped GaAs was ferromagnetic 
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with a Curie temperature of 110K [10].  DMSs refer to the semiconductors, in which 

the cation sites of the host semiconductors are substituted by the transition magnetic 

ions. It was demonstrated that the material must have p-type conductivity to possess 

ferromagnetic behavior. This led authors to infer that the ferromagnetism was hole 

(carrier) induced, which make it possible to control the magnetism electrically or 

optically through the field-gating of transistor or optical excitation to alter the carrier 

density. Recently, several breakthroughs have been achieved based on (In, Mn)As and 

(Ga, Mn)As, including electrical-field controlled magnetization [11], spin injection 

[12], current-induced domain-wall switching [13] and optical control of magnetization 

[14].  

Although the applications based on the (In, Mn)As and (Ga, Mn)As DMS have 

been made lot of progress, the highest Curie temperature of GaMnAs and InMnAs are 

~170K [15] and ~50K [16] only, which make the device only be able to operate in the 

cryostate. The search for DMS with high Curie temperature is thus a very attractive 

area in spintronics research. A theoretical prediction by Dietl et al. [17] demonstrated 

that the Curie temperature can be realized above room temperature in some p-type 

DMS as shown in Fig. 1-1. Great efforts have been devoted to the synthesis and 

characterization of different types of DMS materials. Although room temperature 

ferromagnetism has been reported in many systems, such as GaN:Mn [18] GaN:Cr 

[19] TiO
2
:Co [20] ZnO:Co [21] CdGeP

2
:Mn [22] and ZnO:Mn [23] and the reported 

T
C 

can be as high as 940K [24]; those results are not well-verified because the 

existence of ferromagnetic precipitates cannot be possibly ignored. The research of 
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the DMSs material range from the III-V, II-VI, IV-VI, IV, oxides based and nitride 

based semicondutors etc. In most of the DMSs, transition metals (TM) that have 

partially filled d states (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) and rare earth elements 

that have partially filled f states (Eu, Gd and Er etc.) have been used as magnetic 

atoms. The partially filled d states or f states contain unpaired electrons, in terms of 

their spins, which are responsible for them to exhibit ferromagnetic behaviors. DMS 

holds great interests in the field of spintronic applications due to the fact that it offers 

a possibility of studying the magnetic phenomena in crystals with a simple band 

structure and excellent magneto-optical and transport properties. It is also possible to 

tune the magnetic properties of DMS not only by an external magnetic field but also 

by varying the band structure and/or carrier, impurity and magnetic ion 

concentrations.  

 

 
 
 
Figure 1-1 Compound values of the Curie temperature Tc for various p-type 
semiconductors containing 5% of Mn and 3.5×1020 holes per cm-3 [Ref. 17]. 
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1.2  Research motivation 

As mentioned above, DMS has attracted considerable attention recently because 

of its important applications in the field of spintronics. It is generally believed that 

free charge carriers in the semiconductor host mediate the interaction between 

magnetic ions [17,25,26], at least in II-VI and III–V based DMS doped with Mn 

[10,27,28]. In contrary to III–V semiconductors which have been popularly studied, 

the investigation of the IV-VI based DMS is relatively less so far. Only a few 

compounds are reported to have ferromagnetic ordering among the transition metal 

doped IV-VI semiconductors. For example, the highest TC reported so far for Mn 

doped SnTe [29] and PbSnTe [30] are 4 K and 6 K, respectively. Specifically, It has 

been reported that Ge1−xMnxTe (x~0.51) exhibits a relatively high TC ~ 150 K and 140 

K for bulk sample [31] and for thin film [32], respectively. Recently, there is also a 

report of TC > 200 K on MBE grown Ge0.66Mn0.34 single layer and superlattice 

consisting of 40 × [86 nm Ge0.68Mn0.32Te / 0.5 nm MnTe] [33]. Thus, Ge1-xMnxTe 

seems to be a good IV-VI DMS candidature to realize relatively high Curie 

temperature. This is our first motivation. 

In DMS system, the magnetic transition metal may not thermodynamically stable 

in the semiconductor host and tends to segregate [34]. For many semiconductor 

materials, the bulk solid solubility for magnetic or electronic dopants is not favorable 

for the coexistence of carriers and spins in high densities. Thus, a key aspect in the 

DMS work is to achieve soluble concentrations of the transition-metal ions well above 

the equilibrium solubility limit. In this sense, IV-VI ferromagnetic Ge1-xMnxTe can 
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serve as an interesting model to study ferromagnetism due to its high solubility limit of 

more than 95% Mn can be incorporated into the GeTe host lattice [35]. Generally, the 

preparation methods such as molecular beam epitaxy (MBE) are under the 

nonequilibrium condition. It is possible to enhance the solubility limit of magnetic 

ions in semiconductors under the nonequilibrium growth condition. MBE also has the 

unique advantage that the growth occurs under ultra high vaccum conditions. Thus the 

background concentration of gases such as O2, H2O, and CO is very low. Moreover, 

the very high degree control of the growth condition can also lead to very abrupt 

changes in composition. While ionized-cluster beam [32, 35] and rf sputtering 

techniques [36] have been widely used, there are only a few attempts to grow 

Ge1−xMnxTe using the molecular-beam epitaxy (MBE) technique [33, 37]. To fabricate 

the Ge1−xMnxTe thin films using MBE technique is our second motivation. 

IV–VI compounds also can offer a good opportunity to study ferromagnetic 

properties in DMS since magnetic ions and the carrier concentration can be 

introduced and controlled independently. It is well known that crystalline GeTe is a 

narrow band-gap (0.1 to 0.2 eV) degenerate semiconductor with a high carrier 

concentration ( )32120 cm1010 −−  resulting from the presence of both Ge vacancy and 

Ge-Te disorder type of defects [38, 39]. Consequently, it is possible to control the 

carrier concentrations by changing the stoichiometric composition. On this basis, 

Fukuma et al. [40] has shown that it is possible to control the carrier concentrations by 

changing the stoichiometric composition. 

So far, the correlation between the magnetic properties and carrier concentrations 
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in III-V DMS is not fully understood. For instance, Mn acts as an acceptor in 

Ga1-xMnxAs [41], so that in Ga1-xMnxAs Mn ions bring both the carriers and the 

localized spins. Therefore, this material appears to be difficult for systematic study of 

the dependence of the magnetic property on the carrier concentration experimentally. 

However, in IV-VI material such as Ge1-xMnxTe, since Mn ions are incorporated into 

GeTe host as electrically neutral Mn2+ [31], it offers a good opportunity to study the 

correlation between magnetic properties and carrier concentrations. This is our third 

motivation. 

 

1.3  Objectives 

The objectives of this project are summarized as follows: 

The first objective is to deposit the Ge1-xMnxTe thin films by MBE. MBE is a 

novel approach for the GeTe based ferromagnetic semiconductor growth. In MBE 

technique, the films can be grown under the nonequilibrium conditions. Thus it is 

possible to enhance the solubility limit of magnetic ions in semiconductor hosts. In 

addition, MBE allows the high degree control of the growth rate and composition. We 

will make use of MBE growth technique to investigate systematically the influence of 

the controllable growth parameters on the film properties.  

The second objective is to characterize the structural, magnetic and electrical 

properties of Ge1-xMnxTe thin films. A DMS system should possess both the 

semiconductor and magnetic behavior. To verify the crystal properties of the films, 

the reflection high-energy electron diffraction (RHEED), X-ray diffraction (XRD) and 
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high-resolution transmission electron microscopy (HRTEM) are employed. X-ray 

photoelectron spectroscopy (XPS) and optical absorption spectra are used to analyze 

the compostion and optical band-gap of the materials, respectively. To determine the 

magnetic properties, commercial super-conducting quantum interference device 

(SQUID) is used. Hall effect, temperature-dependent resistivity (R-T), anomalous hall 

effect (AHE) and magnetoresistance (MR) measurements are conducted to determine 

the transport properties of the films.  

The third objective is to investigate the ferromagnetism mechanism of 

Ge1-xMnxTe thin films. It is necessary to provide some understanding for the magnetic 

behaviours of Ge1-xMnxTe thin films since there is no consensus on the origin of 

ferromagnetism yet. Our studies aimed to answer some of the following unsettled 

questions in the Ge1-xMnxTe system: (i) How do the Mn compositions affect the 

magnetic properties of the films? (ii) Are there any precipitates or clusters can be 

observed from the structural analysis which indicates disordering and what are their 

roles of affecting the ferromagnetic properties? (iii) Are the films semiconducting, 

metallic or insulating, and what is the behavior of the transport properties?  

 

1.4  Organization of thesis 

The outline of the thesis is as follows: 

Chapter 1 gives a brief introduction to spintronics materials research area. Some 

theoretical background about the DMS is provided. The current issues of GeTe based 

DMS materials are discussed. The motivation and the objectives of the research are 

also highlighted in the chapter.  
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Chapter 2 provides the review of the theoretical background of the 

ferromagnetism mechanisms in DMS. The literature review of the DMS family is 

given. The research work done on GeMnTe DMS is also summarized. 

Chapter 3 describes the MBE experimental procedures used in this project, 

including the MBE system set-up, samples preparations and flux control of the cell 

sources.  

Chapter 4 gives an overview of the tools used for structural, magnetic and 

transport characterization of our samples. The experimental equipments and setup are 

also discussed. 

Chapter 5 presents the results and discussion on the structural and optical 

properties of Ge1-xMnxTe films. The growth conditions of the MBE growth of 

Ge1-xMnxTe films (0.14<x<0.98) are discussed and a suggestion of an optimum 

experimental condition for synthesizing the Ge1-xMnxTe thin films is provided.  

Chapter 6 presents the results and discussion of the magnetic and transport 

properties of Ge1-xMnxTe films. We investigate the ferromagnetic properties through 

the magnetic and transport measurement of the films. The ferromagnetic ordering can 

be realized for Ge1-xMnxTe deposited with 0.14<x<0.98. 

Last but not the last, chapter 7 gives the conclusions by summarizing the main 

results obtained in the work and recommendations for the future work is also given. 
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CHAPTER 2  LITERATURE REVIEW 

 

2.1 Theoretical Review of origin of the DMS properties 

2.1.1 s(p)–d(f) exchange interactions 

The understanding of the origin of the properties of DMS can be started with a 

model of their band structure [1], in which two electronic subsystems are 

distinguished: one containing delocalized, band electrons built primarily of outer s 

and p orbital of constituting atoms, and the other consisting of the magnetic impurity 

electrons with magnetic moments localized in the ionic open 3d (or 4f) shell. Both the 

localized magnetic moments (d-d) interaction and the strong spin dependent sp–d(f) 

exchange interactions between these two subsystems may account for the magnetic 

properties observed in DMS system.  

Two independent exchange mechanisms, namely the direct Coulomb exchange 

and the hybridization-mediated kinetic exchange, are responsible for the 

spin-dependent interactions between band carriers and localized impurity magnetic 

moments in DMS [2]. In general, spin-dependent Kondo Hamiltonian is used to 

describe the spin interactions, which represents the low energy dynamics of the 

quantum many-electron system. The original spin-dependent Kondo Hamiltonian is put 

in the form: kkI
Rkki

kk
kkex SSeJH I

′
−′

′
′

∧

⋅−= ∑
)r)rrrr

)(

,

2 ,                              (2-1) 

where kkJ ′  is the exchange constant, IS
)r

 is the spin operator of the state L of the 

impurities at position R and kkS ′

)r
 is the spin operator for the band electron.  
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The direct Coulomb exchange is a first-order perturbation effect. Liu reported that 

the direct Coulomb exchange leads to a ferromagnetic Kondo Hamiltonian with the 

total spin of magnetic impurity S for the s-like conduction bands and for transition 

metal ions with the open d shell [3]. The same models have been shown by Kossut et 

al. for the coupling between the localized magnetic moment and the electron in the 

p-like band of zinc-blende III-V and II-VI compounds [4, 5]. To account for the many 

magnetic ions in the DMS crystal, the molecular field approximation was introduced 

[6], which consists in configurational and thermodynamical averaging of the 

Hamiltonian, i.e. replacing the spin operators by their averages. Therefore, the 

carrier-ion direct exchange Hamiltonian is represented as: 

////0 sSxNH ex α−= ,                                                         (2-2) 

where s// and //S are the components along the magnetic field of the band electron 

spin and the thermodynamical average of the impurity spin, respectively; xN0 is the 

concentration of magnetic ions and α  is the exchange constant for s-like electrons. 

Most optical, transport and magnetic properties of the band electrons in DMS were 

successfully interpreted within the virtual crystal and mean field approximations. 

 It was proved by Schrieffer and Wolf [7, 8] that the hybridization terms in the 

Anderson Hamiltonian also led to the Kondo Hamiltonian involving the total spin of the 

impurity, but with opposite sign of the exchange constant. It was suggested by Dietl [9] 

and Bhattacharjee et al [10] that the hybridization mediated p–d kinetic exchange is 

responsible for the observed sign and magnitude of the constant β in Mn-based II–VI 

DMS. The spin dependence of the hybridization-induced interactions results from the 
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Pauli principle, which allows only for virtual transitions decreasing the total spin of the 

ion by either removing the electron spin from the d orbital or adding one with opposite 

spin, which leads to an antiferromagnetic, Kondo-like interaction [11, 12]. 

 

2.1.2 Spin-spin (d-d) interactions between magnetic ions 

The interactions that couple the spins of magnetic ions are also responsible for 

DMS with magnetic properties. There are several microscopic mechanisms that lead 

to the spin–spin (d–d) interactions between two magnetic ions. In two main 

mechanisms, namely superexchange and the double exchange, the interaction can be 

considered as a virtual transition between the ions and neighbouring anions. 

The super-exchange is a mechanism in which the spins of two ions are correlated 

due to the spin-dependent kinetic exchange interaction between each of the two ions 

and the s, p band. Larson et al. [11] have shown that for group II–VI DMS the 

dominant spin–spin interaction responsible for the magnetic behavior comes from the 

super-exchange. The double exchange interaction occurs when the magnetic ions in 

DMS contains the same chemical but different charge state [13]. The double exchange 

implies the coupling of magnetic ions in different charge state by the virtual hopping 

of an ‘extra’ electron from one ion to the other through interactions with the p-orbitals. 

This mechanism was proposed by Zener [14] in the 1950s and was applied to interpret 

ferromagnetism caused by the coexistence of the Mn2+ and Mn3+ in ZnO [15] and 

CdGeP2 [16].  
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2.1.3 RKKY interaction 

RKKY interaction can be used to describe the ion-ion interaction in DMS only 

when a high concentration of free carriers is present. It can be understood as the 

interaction between a local magnetic impurity and the surrounding electron gas [17]. 

Carriers are polarizable medium that transmit spin polarization from one atomic site 

to another. In the vicinity of a spin-polarized impurity ion, spin-up and spin-down 

electrons feel a different potential which means that spin-up and spin-down electrons 

are scattered differently. Due to different phase shift, the oscillation of the spin-up 

electron density is shifted relative to the oscillation of the spin-down density. The 

superposition of these two charge densities yields an oscillatory magnetization which 

decays according to the dimensionality of impurity considered. RKKY-interaction 

explains that atoms at a given distance from the impurity feel either a positive or a 

negative polarization and consequently have magnetic moment of respective 

orientation. The RKKY interaction is carrier-induced, sufficiently long range to 

account for the magnetic interaction in dilute systems, and has been put forward to 

explain the carrier (hole)-induced ferromagnetism observed in Mn-based III-V [18] 

and IV-VI thin films [19, 20].  

 

2.1.4 Zener model 

It was shown by Dietl et al [21, 22] that when the mean ion–ion distance is small 

with respect to 1/kF, the Zener model has to be invoked to explain the observed 

properties of Mn-based III–V and II–VI thin films and heterostructures. This is due to 

the importance of the kp, spin–orbit and carrier–carrier interactions, which are 
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difficult to take into account within the RKKY model. When these interactions are 

neglected, the mean-field values of the ordering temperature deduced from the Zener 

equals to the RKKY model.  

In Zener model [23], the spin polarization of the localized spins results in a spin 

splitting of the bands and in this situation the exchange coupling between the carriers 

and the localized spins leads to ferromagnetism. The redistribution of the carriers 

between the spin sub-bands lowers the energy of the holes carriers, which at 

sufficiently low temperatures overcompensates an increase of the free energy 

associated with a decrease in Mn entropy. Dietl et al [21] suggested that the holes in 

the extended or weakly localized states mediate the long range interactions between 

the localized spins on both sides of the Anderson–Mott metal–insulator transition 

(MIT) in the Mn doped II-VI and III-V DMS. They also showed that the holes 

transmit magnetic information efficiently between the Mn spins due to the large 

density of states in the valence band and strong spin-dependent p–d hybridization. The 

p-d Zener model has been successful in explaining a number of properties observed in 

ferromagnetic DMS, particular (Ga,Mn)As and (In, Mn)As, including the 

ferromagnetic transition temperature TC [24], magnetocrystalline anisotropy [25], the 

anomalous Hall effect [26] and so on. 

 

2.1.5 Porlaron Percolation theory 

The porlaron percolation theory has been developed to understand the 

ferromagnetic ordering of the DMS with strongly localized carriers. The formation of 
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bound magnetic polarons (BMP) results from the exchange interaction of those 

strongly localized carriers with magnetic impurities. Since the carrier concentration is 

much less than the magnetic impurities density, a localized hole is surrounded by the 

impurity spins in a BMP as shown in Fig. 2-1 [27]. Even though the direct exchange 

interaction of the localized carriers may be antiferromagnetic, the interaction between 

bound magnetic polarons can be ferromagnetic [28] if the concentration of the 

magnetic impurities is large enough. The localized holes (large arrows) produce an 

effective field for the impurity spins (small arrows). The maximum of this effective 

magnetic field is achieved when the spins of the localized holes are parallel. When the 

direction of impurity spins is parallel to the effective field, the energy minimum and 

the field maximum are also achieved. Therefore at low temperatures the system 

should eventually reach the state where the spins of all holes point in the same 

direction, and all impurity spins point in the same or in the opposite direction, 

depending on the sign of the impurity-hole exchange interaction. 

Taking into account the high defect concentration in a typical magnetic 

semiconductor material, the localized charge carrier density in the systems is highly 

inhomogeneous too. Since the exchange interaction between magnetic impurities is 

transmitted through the charge carriers, this interaction must also be highly 

inhomogeneous [29]. When the temperature is lowered, in the regions with higher 

charge-carrier density, the ferromagnetic transition will first occur locally (align a 

spin in parallel or antiparallel with all the impurity spins in the vicinity), leading to the 

formation of a BMP. As temperature falls further, the polaron grows in size until its 
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radius overlaps that of neighbouring polarons, enabling long-range interactions 

between TM ions and ferromagnetic ordering in low carrier density systems. BMP 

begins to form at a certain temperature and their diameter will increase with 

decreasing temperature and eventually spreads over the whole system at the Curie 

temperature to produce ferromagnetism. 

 
Figure 2-1 Interaction of two bound magnetic polarons. The polarons are shown with 
gray circles. Small and large arrows show impurity and hole spins, respectively. [Ref. 
27] 
 

 

2.1.6 Secondary phases and spinodal decomposition 

If the mean density of the magnetic consitutent exceeds the solubility at given 

growth or thermal processing conditions, the film will decompose into nanoregions 

with low and high concentrations of magnetic ions constitutes, which occurs as a 

generic property of many DMS and diluted magnetic oxides (DMO) [30, 31]. This 

decomposition can either form the nonrandom precipitate of secondary phases which 

normally have different crystal properties from DMS or result in the spinodal 
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decomposition which does not usually involve any precipitation of other 

crystallographic phases. The spinodal decomposition is not easy to detect 

experimentally; nonetheless sometimes Transmission Electron Microscopy (TEM) 

can provide such information. It has been reported that both hexagonal and 

zinc-blende Mn-rich (Ga,Mn)As nanocrystals are clearly observed by TEM in 

annealed (Ga,As)Mn, which corresponds to precipitation of other phases and spinodal 

decomposition, respectively [32, 33].  

Owing to the high concentration of the magnetic constituent, the nanocrystals 

forming by spinodal decomposition usually have high spin ordering temperature, 

typically above the room temperature. Therefore, it is reasonable to suppose the high 

apparent Curie temperatures come from the coherent nanocrystals with a large 

concentration of magnetic constituent in some DMS systems. Especially, it is able to 

explain the origin of the ferromagnetic response in those DMS, in which the average 

magnetic ions is below the percolation limit for the nearest neighbour coupling and at 

the same time, the free carrier density is too low to mediate an efficient long-range 

exchange interactions. 

In general, the mechanism for the observed magnetic behaviour is complex and 

the exact origin of ferromagnetism in DMS remains incompletely understood so far. 

The main reason is that experimental results are strongly influenced by many factors, 

leading to controversial results even for the same type of DMS materials. These 

factors include growth or process conditions (temperature, source material of dopant 

and dopant concentrations) and also growth techniques difference (MBE, MOCVD, 
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pulsed laser deposition, rf sputtering) which may also result in different physical, 

electronic and magnetic properties. Sometimes, the experimental results may also 

contradict with the theoretical studies and predictions. Therefore, single mechanism 

may not be adequate to explain the mechanism of ferromagnetism behavior observed 

in DMS systems. When assigning the origin of ferromagnetism, decision needs to be 

taken on a case-by-case basis.   

 

2.2  Review of Different Groups of DMS 

2.2.1 Group II-VI 

  Extensive studies of DMSs started in the late 1970s, when appropriately purified 

Mn was employed to grow bulk II-VI Mn-based alloys by various modifications of 

the Bridgman method [4, 9]. Since the valence of the cations in II-VI semiconductors 

matches that of the common magnetic ions such as Mn, it makes these DMSs relatively 

easy to prepare in bulk form as well as in thin epitaxial layers. However, doping of 

II-VI compounds is often difficult and usually one conduction type is available, which 

made the material less attractive for applications. Moreover, the magnetic interaction in 

II-VI DMSs is dominated by the antiferromagnetic exchange among the Mn spins, 

which results in the paramagnetic, antiferromagnetic, or spin-glass behavior of the 

material. The breakthrough was made by the advances in technology for doping in II-VI 

semiconductor to achieve carrier density in excess of 1019 cm-3 [34]. Shortly after a 

theory of ferromagnetic transition based on p-d exchange interactions was put forward 

[35], ferromagnetism was observed below 1.8 K in modulation doped p type 
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Cd0.975Mn0.025Te quantum well [36]. Ferromangetism has also been found in p type 

Zn1-xMnxTe [37, 38] and Be1-xMnxTe [39], however, those Mn doped II-VI DMS have 

very low TC, normally less than 5K. Recently, the Cr-based II-VI DMS has attracted 

interests since the observation of ferromagnetism below 100K in (Zn, Cr)Se [40] 

although it is believed that the ferromagnetism may come from the precipitates, such as 

spinel semiconductor ZnCr2Se4. (Zn, Cr)Te with 20% of Zn have been reported to have 

above room temperature ferromagnetism [41].  

 

2.2.2 Group III-V 

III-V-based diluted magnetic semiconductors have attracted much attention as 

candidate materials for spintronic applications since III-V semiconductors such as 

GaAs are already in use in a wide variety of electronic and optoelectronic devices. 

The major obstacle in making III-V semiconductors magnetic has been the low 

solubility of magnetic elements (such as Mn) in the compounds compared with II-VI 

DMS. A breakthrough was made by using molecular beam epitaxy (MBE), a thin-film 

growth technique in vacuum that allows one to work far from equilibrium. Up to now, 

(In,Mn)As [42-45] and (Ga,Mn)As [46, 47] are the two well-studied semiconductors. 

The common feature of these two semiconductors is the existence of ferromagnetic 

order induced by holes supplied by the Mn acceptors [48, 49]. In 1989, Munekata et al. 

used low temperature MBE method and succeeded in epitaxial growth of (In,Mn)As 

[42]. For a given Mn composition, (Ga,Mn)As exhibits a higher Curie temperature than 

(In,Mn)As, whereas (In,Mn)As can accommodate a larger amount of Mn atoms into the 

host crystal lattice [42, 43, 48, 49, 50]. The growth of (Ga, Mn)As with highest 
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Tc~110K was reported in 1990s [51]. The mean-field Zener model predictes that Tc of 

(Ga, Mn)As is proportional to the Mn concentration [22, 49]. However, it is difficult to 

grow the substantial Mn due to the easy formation of MnAs clusters when the Mn 

doping concentration is above the solubility limit. Recently, by carefully controlling the 

growth conditions and the post-growth annealing, the highest TC~173K has been 

obtained [24]. 

 

2.2.3 Group IV and wide band gap Ferromagnetic Semiconductors 

 Group IV Si and Ge based diluted magnetic semiconductor have attracted lots of 

interests owing to their compatibility with current semiconductor technology. 

Observation of ferromagnetism has been reported in Ge single doped with Mn-[52-54], 

Cr-[55] and Fe-[56]. Co-doped (Mn, Co), (Mn, Fe) Ge increases the Curie 

temperature up to 270K [57] and 350K [58], respectively. Vacuum evaporated 

MnxSi1-x, has been reported to show the ferromagnetism [59]. A Curie temperature 

above room temperature is reported recently for Mn- implanted Si as well [60]. 

 Other groups of the diluted magnetic semiconductor; namely, wide band gap 

group III-nitrides, phosphides and semiconductor oxides have made remarkable 

progress since the appearance of the Dietl et al. paper [22], which predicts above 

room temperature Tc for materials, such as GaN and ZnO, containing 5% of Mn and a 

high hole concentration. Several systems have been investigated, such as Mn-doped 

GaN [61-63], Mn-doped GaP [64], Cr-doped GaN [65], transition metal-doped ZnO 

[66, 67] and Co-doped TiO2 [68, 69]. Although most of the system are found to have 
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above room temperature Tc, the origin of the ferromagnetism needs further 

investigation to confirm, as discussed in 2.1.6.  

 

2.2.4 Group IV-VI 

 Diluted magnetic cubic IV-VI compounds which crystallize in the rock salt 

structure have attracted considerable interest in recent years. In PbTe, PbSe, PbS and 

GeTe, the group IV element has been replaced by transition metal (such as Mn2+) or 

rare earth element (such as Eu2+ [70]). Back in the 1970s, the observation of 

ferromagnetic ordering has already been reported in Sn1-xMnxTe [71], Ge1-xMnxTe [72] 

and PbGeMnTe [73] systems with high carrier concentrations p=1020 to 1021 cm-3. In 

1986, T. Story first demonstrated the effect of carrier concentration on the magnetic 

properties of semimagnetic semiconductors in PbGeMnTe [74]. It shows that the 

magnetic properties are determined by both the magnetic-ion concentration and 

charge-carrier concentration. Moreover, the indirect exchange via carriers (RKKY 

interaction) seems to be sufficiently long range to account for the ferromagnetism of 

PbGeMnTe. The superexchange dominates in the IV-VI DMS like in the II-VI DMS 

despite the crystal structure difference [75, 76]. 

 The magnetic properties of GeTe based diluted mangetic semiconductors with 3d 

transition metals from Ti to Ni have been investigated by Fukuma [77]. But only Cr, 

Mn and Fe doped GeTe films are ferromagnetic, whereas the Ti, V, Co and Ni doped 

films are paramagnetic. The highest Curie temperature reported for Cr, Mn and Fe 

doped GeTe thin films are 180K [78], 200K [79], and 100K [77], respectively.  



CHAPTER2                                                               LITERATURE REVIEW 

 27

 

2.3  Review of GeMnTe Ferromagnetic Semiconductors 

 The first magnetic studies of (GeTe)1-x(MnTe)x alloy were carried out by Rodot et 

al. in 1960s who reported that the system orders ferromagnetically even though MnTe 

itself is antiferromagnetic [80]. In 1970s, R. W. Cochrane and his group presented the 

measurement and analysis of the magnetic and transport properties of 

(GeTe)1-x(MnTe)x for 0<x<0.5 [72, 81]. The samples were prepared by mixing GeTe 

and MnTe in the desired proportions in an evacuated sealed quartz ampoule. The 

measurement shows that for x<0.15, ferromagnetic ordering temperature varied 

linearly with concentration at the rate 4.4K per at.% MnTe, which corresponds to the 

RKKY theory with an exchange constant Jpd 0.8~0.9 eV between the free carriers and 

the manganese ions. For x>0.2, the experimental results suggests the inhomogeneities 

in Mn distributions. 

 More recently, Y. Fukuma et al. published a few papers on the growth and 

characterization of the single crystal diluted magnetic semiconductor Ge1-xMnxTe 

[82-87]. They successfully used ionized-cluster beam and rf sputtering methods to 

grow the ferromagnetic Ge1-xMnxTe thin films up to x=0.96. The highest TC obtained 

is 140K with x=0.51. The temperature dependence of spontaneous magnetization 

suggests the existence of multiple mangnetic interactions. The authors also 

investigated the correlation between the magnetic properties and carrier 

concentrations and they suggested that at the low carrier concentration, cluster of 

spins aligned by short-range ferromagnetic interaction tends to be formed. With the 
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increase of the carrier concentration, the long-range ferromagnetic interaction (RKKY 

interaction) between Mn ions appears in magnetic behavior. The photoemission of 

XMCD spectroscopy analyses were carried out in terms of the study of electronic 

structure and suggested that Mn 3d states are nearly localized with the divalent 

character [88-90].  

 First-principle calculations have been done on the Ge1-xMnxTe diluted magnetic 

semiconductors with different composition by Z. Xie et al. [91]. They confirmed 

Fukuma et al.’s spectroscopy results and found that Ge atoms and Mn atoms play 

competitive role in the occurrence of ferromagnetism. Therefore Ge1-xMnxTe with a 

moderate composition (x=0.51) of Mn atoms is supposed to have highest Curie 

temperature, which is consistent with the experimental study. In Adrian Ciucivara et 

al.’s density functional study of Ge1-xMnxTe [92], it is found that each Mn creates two 

holes and magnetization increases monotonically with hole density and reach the 

highest about x=0.5. More recently, Zhao et al. reported a half-metallicity in 

Ge5Mn2Te8 ternary compound by the full-potential density-functional method [93].  

 Besides the theoretical and experimental study on the single crystal Ge1-xMnxTe 

thin films, Fukuma’s group also studied the ferromagnetic fine patterns in the 

Ge1-xMnxTe films by the phase change method [94]. The amorphous films which are 

paramangetic are crystallized into the ferromagnetic films by annealing. Recently, 

there is also a report of Ge0.66Mn0.34 single layer and superlattice consisting of 40 × [86 

nm Ge0.68Mn0.32Te / 0.5 nm MnTe] with TC > 200 K grown by MBE [79].  
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CHAPTER 3  EXPERIMENT PROCEDURES FOR 

EPITAXTIAL GROWTH 

 

3.1  Molecular-beam epitaxy (MBE) as a tool for epitaxial 

growth 

3.1.1 Introduction 

Molecular beam epitaxy (MBE) is a widely used method to deposite high quality 

thin epitaxial semiconductor structures via the atom-atom interaction, which occurs on 

the surface of a heated crystalline substrate. It was invented in the late 1960s at Bell 

Telephone Laboratories by J. R. Arthur and A. Y. Cho [1-3] to grow the crystalline 

GaAs epitaxial layers. Since then, MBE has become one of the most important 

epitaxial growth techniques both in research and in production. The advances in MBE 

have ushered in a new era of growth concepts and device technology, such as bandgap 

engineering, quantum structures, quantum phenomena, delta doping, suerlattice and 

strained layer structure [4]. The major advantages that make MBE a supreme tool for 

basic researches as well as device productions are summarized as follows. Firstly, 

MBE allows a very precise control of layer thickness and dopant concentration down 

to the atomic scale. Secondly, MBE is one of the physical vapor deposition techniques. 

Compared with chemical vapor deposition growth techniques such as MOCVD [5] 

and Aerosol assisted CVD (AACVD) [6], there is no complicated chemical reaction 

on the substrate surface in MBE, which facilitates the analysis of growth processes 

such as surface migration and dopant incorporation. Last but not the least, the ultra 
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high vacuum (UHV) environment in the growth chamber allows the application of 

various in-situ measurement techniques to study the crystal growth processes. At the 

same time, these measurements can be used to implement real-time feedback loops for 

growth control. 

 

3.1.2 Epitaxial growth mechanism 

Epitaxy is a process to grow oriented or single-crystalline thin film on a 

monocrystalline substrate. There are generally two kinds of epitaxial growth, namely 

homoepitaxy and heteroepitaxy. Homoepitaxy refers to the case when the deposited 

thin film and substrate are same kinds of material. On the other hand, heteroepitaxy 

refers to the case when the deposited thin film and substrate are different kinds of 

materials. In this project, heteroepitaxy is utilized to grow GeMnTe thin films on the 

BaF2 substrate. Figure 3-1 shows the three possible growth modes in heteroepitaxy [7]. 

As shown in Fig. 3-1 (a), Frank-van der Merwe mode refers to the successive addition 

of 2-D layers to the substrate crystal. The second mode, Volmer-Weber as shown in 

Fig. 3-1 (b), will occur when the added material can minimize its free energy by 

trading increased surface area for decreased interfacial area, forming an island 

structure like water droplets on glass. A third mode called Stranski-Krastanow as 

shown in Fig. 3-1 (c) will happen when the added material’s lattice spacing has a 

mismatch with that of the crystalline substrate. In this process, growth starts with a 

strained 2-D wetting layer, but islands form after the first few monolayers. The 

driving force for island formation is the incorporation of dislocations within the 
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islands to relieve stress. 

 

 
           (a)                      (b)                      (c) 
 
Figure 3-1 Diagram of three heteroepitaxy growth modes: (a) Frank-van der Merwe 
mode, (b) Volmer-Weber mode and (c) Stranski-Krastanow mode. 

 

The crystal lattice mismatch [8] is a very important parameter in the epitaxial film 

growth since the epitaxial growth will be affected by the mismatch ratio which can be 

expressed in the following form:  

Mismatch ratio
s

fs

a
aa

f
−

= ,                                  (3-1) 

where a
s
 and a

f
 are the lattice constant of the substrate and the film, respectively. The 

limit of lattice mismatch for epitaxial growth is about 7%. If the lattice constant of 

substrate and thin film are matched, the growth will be perfect without strain. If the 

mismatch is small, the film will be coherently strained. On the contrary, there will be 

mismatch dislocation if the mismatch is large. In this situation, a buffer layer is 
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normally required. The buffer layer should have better lattice match with both the 

targeting material and the substrate. If the buffer layer is thick enough, it will perform 

like a virtual substrate.  

 

3.2  MBE system  

3.2.1 Main system description 

In this work, ULVAC (model: MBC-1000-2C) solid-source molecular-beam 

epitaxy system is used in the growth process. Figure 3-2 shows the schematic diagram 

of this MBE system [9]. It consists of a preparation chamber and a UHV growth 

chamber, each of which is connected to a turbo-molecular pump and an oil rotary 

pump. Besides, the growth chamber is also connected to a titanium getter pump (TGP) 

and a sputter ion pump (IP) to achieve UHV. Normally, the pressure in pre-chamber 

can reach 10-5 Pa while the pressure in growth chamber can reach 10-9 Torr with liquid 

nitrogen cooling during the growth process. The system has seven Knudsen effusion 

cells (K-cells) and one valved-cracker effusion cell to hold the sources. Each of them 

has its own mechanical shutter to control the on/off state of the beam flux. The 

operation of the MBE system can be carried out through the touch-panel control board 

as well as computer automation.  
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Figure 3-2 Schematic diagram of the ULVAC MBE system [9]. 
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 Figure 3-3 shows the schematic diagram of a MBE growth chamber. In the 

growth chamber, the substrate is placed in a special holder, which faces the molecular 

effusion K-cells. There is a heater behind the holder, so that the substrate’s 

temperature (TS) can be fixed at an optimum value for the epitaxy growth. The TS is 

measured by a thermocouple located at the center of the substrate heater. In addition, 

the growth chamber also incorporates a Reflection High-Energy Diffraction (RHEED) 

system for in-situ film quality monitoring. The electron gun reaches the surface of the 

film at a grazing angle, and the diffraction pattern can be observed from the RHEED 

screen. 

 
 

Figure 3-3 Schematic diagram of the MBE growth chamber 
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3.2.2 Knudsen Effusion Source Cells 

The molecular beams are generated from thermally evaporated elemental sources, 

but other kinds sources are also widely used, including metal-organic group III 

precursors (MOMBE), gaseous group V hydride or organic precursors (gas-source 

MBE), or some combination (chemical beam epitaxy or CBE). To obtain high-purity 

layers, it is critical that the material sources are extremely pure and the entire process 

is carried our in an ultra-high vacuum environment. The solid source materials such as 

Cr, Mn, Co, Cd, Zn, and Ge, are held in an inert crucible heated by a resistance heater 

source and a thermocouple is used to provide the temperature feedback.  

 

3.2.3 Valved-Cracker Effusion Cell 

Unlike other sources such as Mn and Ge which use K-cells, the valved-cracker 

effusion cell is used for Te source. The valved-cracker used in our system is 

EPI-500V-Te as shown in Fig. 3-4. The reason for using valved cracker is that cracked 

tellurium molecules are likely to have higher sticking coefficients than the uncracked 

counterparts. More importantly, cracker cell provides better controllability and 

reproducibility of the flux in controlling the composition of compound tellurium [10]. 

The Te source in the EPI valved-cracker can be controlled manually via a micrometer 

valve actuator or automatically by a servo-motor controller (SMC). In normal 

situation, the idling temperature of the craker zone is maintained at 300oC, while the 

temperature of the bulk crucible is maintained at 150oC. During the growth, the 

temperature of the bulk zone and cracker zone are raised to the desired values. The 
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tellurium particles are split into tellurium molecules when they pass through the 

cracker zone to the growth chamber. The valved-cracker uses its own DC power 

supply and water-cooling system, which help the crucible to maintain a stable 

temperature. Because of the complicated structure of cracker zone, the valved-cracker 

has much larger surface area than conventional effusion cells. Therefore, the pumping 

down and outgassing process requires longer time. 

 

 
 

Figure 3-4 Overview of EPI-500V valved-cracker cell 
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3.2.4 Reflection-high Energy Electron Deffraction (RHEED) 

The most important advantage of MBE is that it allows the growth of crystalline 

layer combinations with accurate dimension control. This precise control would be 

impossible without those accurate characterization techniques like reflection 

high-energy electron diffraction (RHEED) [11]. RHEED is a powerful technique that 

can provide high resolution down to atomic scale while at the same time also fully 

compatible with the crystal growth process. It is used for the study of surface 

structures as well as surface phase transitions. RHEED is sensitive to surface changes, 

either due to structure changes or due to adsorption. Therefore, it is widely used as a 

real-time in-situ characterization tool to monitor the crystal growth. A typical RHEED 

measurement system consists of an electron gun, a phosphor screen with 

image-processing hardware and software. Figure 3-5 illustrates a simplified schematic 

diagram of a RHEED system. A high-energy beam (3-100keV) from the electron gun 

is incident on the sample surface at a grazing angle of 0.5
o
-2.5

o
. The electrons are 

diffracted by the crystal structure of the sample and then impinged on a phosphor 

screen mounted opposite to the electron gun. Compared with the low-energy electron 

diffraction (LEED), the higher-energy electrons used by RHEED will sharpen the 

picture. Furthermore, the lower angle makes the electrons just pass a few atomic 

layers into the crystal, which makes RHEED pictures only represent the structure of 

the surface, not the whole crystal.  

 



CHAPTER3                                 EXPERIMENT PROCEDURES FOR EPITAXIAL GROWTH 

 50

 

Figure 3-5 Schematic diagram of a RHEED system. 

 

 

3.3  Growth Preparation and Procedures 

3.3.1 Growth preparation 

A clean surface is an important prerequisite for epitaxial growth, since 

contaminants from the air or other sources can easily contaminate a clean wafer and 

cause crystal defects or degrade the optical and electrical characteristics of the 

epitaxial layer. Hence, substrates must be cleaned before any deposition is carried out. 

The substrates used in this project are commercially available polished single crystal 

of BaF2 (111) with one-inch in diameter. The substrates are cleaned in Acetone for 10 

minutes followed by Methanal for another 10 minutes and then blown dry in N2 gas 

before being placed on the Ta holder. The substrate is outgased in the preparation 

chamber at 300oC for 30 min to eliminate the water-molecules stuck onto the 

substrate’s surface during the cleaning and transferring process. Thereafter, the 

substrate is transferred into the growth chamber and annealed at a proper temperature 

until a sharp (1×1) RHEED pattern appeared. The thin film deposition on the substrate 

electron source sample 

screen 

0.5o-2.5o 
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begins after the substrate temperature (TS) is lowered to the desired growth 

temperature. Figure 3-6 showed the BaF2 (111) RHEED pattern along the [100] and 

[110] azimuths after annealed at 300oC in the growth chamber. 

 

     

                 (a)                              (b) 

Figure 3-6 RHEED patterns along the [100] and [110] azimuths of the BaF2 (111) 
substrate. 

 

 

3.3.2 Beam Equivalent Pressure control  

Usually, sources such as Ge, Mn, Cr and Co inside the K-cell crucibles are kept at 

their individual idling temperature at around 200°C. At the idling temperature, the 

beam Equivalent pressure (BEP) should be in the order of 10-10 torr, therefore the 

source will not lose much. Before the operation, the temperatures of the sources are 

increased to their operating temperatures. The flux of the K-cells can be controlled by 

varying their temperatures. Figure 3-7 (a)-(b) shows the relationship of the BEP of Ge 

and Mn sources versus their effusion cells’ temperatures, respectively.  

However, for valved-cracker Te source, the idling temperature of cracker zone is 

maintained at 300°C, and the temperature of the bulk crucible is maintained at 150°C. 
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Before growth, the temperature of the crucible is increased to 380°C, and the 

cracker’s temperature is increased to 650°C. The servo-motor of the cracker controls 

the cracker’s needle valve so that Te’s BEP can be changed. Figure 3-7 (c) shows the 

relationship of the Te’s BEP versus the needle opening-size of the cracker’s valve. 

Although the BEP of all sources have been calibrated after sources loading and 

system baking, the source’s BEP should be calibrated again each time before the 

growth. 
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Figure 3-7 (a) BEP versus Mn cell temperature (b) BEP versus Ge cell temperature (c) 
BEP versus opening-size of needle valve of Te valved-cracker. 
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Since the ion gauge used in MBE is in essence a density monitor, the relative 

average velocities of each species must be taken into account when comparing with 

BEP, i.e. the relative fluxes may be calculated from the relative BEP according to  
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,                          (3-2) 

where Jx is the flux of species X, Px is its beam equivalent pressure, Tx and Mx are the 

absolute temperature and molecular weight, respectively. For Ge, Mn and Te, M is 

72.59g, 54.94g and 127.6g, respectively. The ionization efficiency relative to nitrogen 

(η) is given by  

 
2Nη

η  = 
14
4.0 Z  + 0.6                           (3-3) 

where Z is the atomic number [12]. Given Z of Ge, Mn and Te are 32, 25 and 52, 

respectively, η of Ge, Mn and Te can be calculated using Eq.(3-3). By substituting the 

BEP of Ge, Mn and Te at the desired temperatures into Eq.(3-2), the Te/Ge flux ratio 

and the Te/Mn flux ratio can be calculated. In this way, the flux can be controlled 

effectively by varying the temperature of the K-cells. The flux ratio is one of the most 

important parameters to adjust the growth rate and control the film quality in MBE 

growth. 

 

3.4  Summary 

In summary, MBE provides a powerful tool for the epitaxial growth of the thin 

film due to its UHV environment and precise sources control. The working 

mechanisms of its main components have been illustrated in this chapter. It 
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incorporates an in-situ RHEED system which is used to monitor the surface 

reconstructions during the growth. In addition, the valved-cracker used for Te source 

makes the cracked Te molecules have a higher sticking coefficient and also provides 

good controllability of the flux.  

Before the film growth, BaF2 (111) substrate has been cleaned by the chemicals 

and outgasesd in the pre-chamber to eliminate the water-molecules. After transferred 

into the growth chamber, the substrate is annealed at a proper temperature until a 

sharp BaF2 (1×1) RHEED pattern appeared and then the TS is lowered to the desired 

temperature for the film deposition. The BEP of the Ge and Mn are controlled by the 

K-cell temperature. The Te source is controlled by the needle-valve opening size of 

the cracker cell. The relative flux ratio can be obtained from the relative BEP.   

 

References: 

[1] A. Y. Cho, “Morphology of Epitaxial Growth of GaAs by a Molecular Beam 

Method: The Observation of Surface Structures” J. Appl. Phys. 41, 2780 (1970);  

[2] A. Y. Cho, “GaAs Epitaxy by a Molecular Beam Method: Observations of Surface 

Structure on the (001) Face” J. Appl. Phys., 42, 2074 (1971); 

[3] A. Y. Cho, “Growth of Periodic Structures by the Molecular-Beam Method” Appl. 

Phys. Lett. 19, 467 (1971). 

[4] Alfred Cho., Molecular beam epitaxy N.Y. American Institute of Physics, (1994). 

[5] http://www.phys.ksu.edu/personal/mnakarmi/MOCVD/mocvd.html 

[6] Toivo T. Kodas and Mark J. Hampden-Smith, Aerosol processing of materials, 



CHAPTER3                                 EXPERIMENT PROCEDURES FOR EPITAXIAL GROWTH 

 55

New York : Wiley-VCH, (1999). 

[7] R. J. Nicholas, E. Bunge, H. Meyer and H. Baumgartl, “Classification of Growth 

Behaviour for Copper on Various Sbstrates with In-situ Scanning Probe Microscopy”, 

Surface Science, 335, 110 (1995). 

[8] M. Ohring, The materials science of thin films, Boston: Academic Press, (1992).  

[9] ULVAC MBC-1000-2C Molecular Beam Epitaxial Growth System manual. 

[10] F. J. Bartoli, Jr., H. F. Schaake and J. F. Schetzina, Properties of II-VI 

semiconductors: bulk crystals, epitaxial films, quantum well structures, and dilute 

magnetic systems, (1990). 

[11] Wolfgang Braun, Applied RHEED- Reflection High-Energy Electron Diffraction 

During Crystal Growth, New York : Springer, (1999). 

[12] M. A. Herman and H. Sitter, Molecular Beam Epitaxy: Fundamentals and 

Current Status, New York: Springer, (1996). 

 



CHAPTER4                                                   CHARACTERIZATION TECHNIQUES 

 56

CHAPTER 4  CHARACTERIZATION TECHNIQUES  

 

4.1  Introduction 

A good understanding of the magnetic and semiconductor behaviors of the 

ferromagnetic semiconductor (FMS) is very important. As a semiconductor, FMS 

should maintain the semiconductor crystal structure and has the proper band-gap 

behavior as well. In addition, as a magnetic material, FMS should also present the 

magnetic properties. Various characterization methods have been used in this project 

to determine the magnetic and semiconductor properties of the GeMnTe thin films. As 

shown in Fig. 4-1, Reflection high-energy electron diffraction (RHEED), X-ray 

diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) 

are employed to investigate the crystal structures. The X-ray photoelectron 

spectroscopy (XPS) is used to determine the chemical state of the thin film and the 

optical absorption spectra is used to analyze the optical band-gap of the materials. 

Superconducting quantum interference device (SQUID) is mainly used to characterize 

the magnetic properties such as the temperature-dependent magnetization and the 

field-dependent magnetization. Hall effect, temperature-dependent resistivity (R-T), 

Anomalous Hall effect (AHE), magnetoresistance (MR) measurements are conducted 

to determine the transport properties. In addition, the atomic force microscope (AFM) 

is used to investigate the surface morphology and the surface profiler is used to 

measure the film thickness. Details for some of the important characterization 
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methods will be presented in this chapter.  

                                           

 
 

 
Figure 4-1 Characterization techniques. 

 

 

4.2  Structural Characterization 

4.2.1 Reflection-high Energy Electron Diffraction (RHEED) 

The equipment setup and working principles of the RHEED system have been 

illustrated in Chapter 3. Moreover, a number of simplified kinematical approaches 

have been introduced to understand the basic idea of RHEED. The simplest theory to 

describe RHEED is the "geometric theory", which is widely used for experimental 

calculations. A more elaborated "dynamical theory," is used for more complicated 

problems [1]. The important information provided by RHEED patterns is regarding 

the flatness of a surface. If electrons interact only with the first atomic layer of a 

perfectly flat and ordered surface, the three-dimensional reciprocal lattice points 

degenerate into parallel infinite rods as shown in Fig. 4-2 (a), visualized as extending 

infinitely in the directions perpendicular to the surface. However, in reality, the 
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thermal vibrations, and lattice imperfections will affect the diffraction from a 

perfectly smooth crystal surface. A diffraction pattern consisting of a series of streaks 

with modulated intensity is observed as shown in Fig. 4-2 (b). If the growth undergoes 

the 3D mode, the electrons diffracted from different terraces interact with surface 

features and terraces. As a result of these interactions, the reciprocal lattice rods can 

be effectively broadened as shown in Fig. 4-2 (c). When the surface has more than 

one domain (i.e. randomly oriented crystals), the RHEED image will be the sum of 

diffraction from all the different regions. This gives rise to a system of concentric 

rings as shown in Fig. 4-2 (d). It is evident that diffraction from an amorphous surface 

(such as an oxide on top of a semiconductor) gives no diffraction pattern at all, and 

only a diffuse background exists. This is important, for example, for evaluating oxide 

desorption when a new substrate is initially heated up prior to growth in the MBE 

chamber.  

 
 
Figure 4-2 Different types of RHEED patterns (a) Ideal smooth surface, (b) Real 
smooth surface, (c) Diffraction from 3D cluster, (d) Diffraction from 
polycrystalline and textured surface [Ref 2]. 

(a) (b) 

(c) (d) 
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4.2.2 X-Ray Diffraction (XRD) 

X-ray is a kind of electromagnetic radiation that can interact with the electrons in 

atoms. The diffracted waves from different atoms will interfere with each other and 

generate an intensity distribution. If the atoms are arranged in a periodic fashion, as in 

crystals, the diffracted waves will consist of sharp interference maxima (peaks) which 

have the same distribution as atoms. Therefore, X-Ray Diffraction (Philips, 

X’PERTMRD) is used in this project to identify different crystal planes, possible 

phases and crystallographic orientation in the films. For a given set of lattice plane 

with an inter-plane distance of d, the condition for a diffraction (peak) to occur can be 

simply written as 2dsinθ = n λ,                                       (4-1) 

which is called the Bragg’s law after W.L. Bragg. 

 

 
 

Figure 4-3 Schematic diagram of an X-ray Diffraction system 

 

Figure 4-3 shows the schematic diagram of an XRD system [3]. Normally, a Cu 

target is used to generate the X-ray beams. The characteristic lines of Cu in our 

X-ray
source

Diffracted 
beams

Sample
(rotates)

Detector 
(moveable) 



CHAPTER4                                                   CHARACTERIZATION TECHNIQUES 

 60

system contain Kα (0.1541nm) and Kβ (0.1477nm) two wavelengths. In this work, the 

lattice constants could be deduced through θ-2θ scans and it could provide 

information about lattice mismatch between the thin film and substrate. 

 

4.2.3 Atomic Force Microscopy (AFM) 

The Atomic Force Microscopy (AFM) is a high-resolution technique for atomic 

level surface characterization [4, 5]. The AFM system (Digital Instruments, Digital 

Instruments Nanoscope III (DI-3100) multimode scanning force microscope) is 

utilized in this study to generate images and information regarding surface roughness 

(RMS) and surface topography for the samples. AFM utilizes a probe, controlled by 

piezoelectric elements, to scan across the sample surface. This probe is a tip on the 

end of a cantilever that bends in response to the force between the sample and the tip. 

This force is an inter-atomic force called the van der Waals force. The deflection of 

the cantilever is then detected by the optical detection method where a fine laser spot 

is reflected from the back of the reflective cantilever and onto a position-sensitive 

photodiode. As the cantilever bends and thus the height of the tip changes, the 

position of the reflected spot will change as well. A schematic diagram of the AFM 

system is shown in Fig. 4-4. Generally, there are 3 different operational modes for the 

AFM, namely contact mode, non-contact mode and tapping mode. In this work, the 

tapping mode is utilized [6]. 
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Figure 4-4 Schematic diagram of AFM operation. 
 

 

4.2.4 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (Physical Electronics Quantum 2000 Scanning 

Microprobe) is used to characterize the compositions and the electronic state of the 

thin films. The schematic diagram of the XPS system is shown in Fig. 4-5 [7]. The 

sample is placed in an UHV chamber and bombarded with monochromatic Al Kα 

(0.83386 nm, 1486.6 eV) source. XPS is a surface sensitive analytic tool that the 

X-rays penetrate only the top ~5nm of the sample surface. Electrons are excited by the 

X-Ray to higher energy levels and the photoelectrons are emitted as a result, and 

when detected, their kinetic energies can be measured by an electrostatic electron 

energy analyzer. The kinetic energy (Ek) of the photoelectrons is given by: 

Ek = hν – Eb - Ew,                                                   (4-2) 

where hν is the energy of the X-ray radiation, Eb is the electron binding energy and Ew 
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refers to workfunction of the spectrometer [8]. For each element, there is a 

characteristic binding energy associated with each core atomic orbital. Hence, each 

element will give rise to a set of characteristic peaks in the photoelectron spectrum. 

The presence of the energy peaks provides an indication of the existence of a specific 

element in the sample. In addition, the intensity of the peaks also provides information 

of the concentration level of each element within the sample.  

 

Figure 4-5 Schematic diagram for XPS system. 

 

4.2.5 High-Resolution Transmission Electron Microscopy (HRTEM) 

High-Resolution Transmission Electron Microscopy (HRTEM) is the ultimate 

imaging tool that displays the imaging of the crystallographic structure of the thin film 

at an atomic scale. It directly shows a two-dimensional projection of all the crystals 

including the defects. Figure 4-6 shows the schematic diagram of the HRTEM system 

[9]. HRTEM operates in the same principles as the light microscope but electron is 

utilized instead of light to get a resolution a thousand times higher than that of the 
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light microscope. A beam of electrons generated by the eletron gun is transmitted 

through a specimen to form an image. This image is then magnified to display either 

on a fluorescent screen or to be detected by a sensor such as a CCD camera.  

The HRTEM system (JEOL 2300) is equipped with energy dispersive X-ray 

spectroscopy (EDS) analysis. EDS is the measurement of X-rays emitted during 

electron bombardment to determine the chemical composition of materials on the 

micro- and nano- scale. By determining the energies of the X-rays emitted from the 

area excited by the electron beam, the elements in the sample can be determined. The 

detection rate of these characteristic X-rays is used to measure the amounts of 

elements. After the electron beam is rastered over the target area in the sample, EDS 

systems can acquire the X-ray maps showing elements spatial variation in the sample. 

It can detect the full range of elements from Boron (atomic no. 5) to Uranium (atomic 

no. 92).  

      

 

 

 

 

 

 

 

Figure 4-6 Schematic diagram for TEM system  
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4.3  Magnetic and Transport Characterization 

4.3.1 Superconducting Quantum Interference Device (SQUID)  

The SQUID magnetometer (Quantum Design MPMS XL-SQUID) is utilized to 

measure the magnetic properties of the thin films. This technique is highly sensitive to 

the magnetic field change and the temperature change. The probe contains a high 

precision temperature control system, allowing measurements from 4.2 K up to 400K. 

Beyond that temperature, an oven system has to be used with the magnetometer. The 

probe also contains a superconducting electromagnet to provide a magnetic field (up 

to 7 Tesla) which is maintained in superconducting state by liquid helium [10]. In 

addition, a superconducting detection coil is utilized as an extremely sensitive 

current-to-voltage converter. A schematic diagram is shown in Fig. 4-7 to illustrate the 

SQUID magnetometer system.  

  

   
Figure 4-7 Schematic diagram for SQUID magnetometer 
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The basic principle of SQUID magnetometer is the measurement of the magnetic 

flux change through the detection coil system [11]. The output signal is proportional 

to the magnetic moment of the thin film, which is magnetized by the magnetic field 

from the superconducting magnet. Magnetic fields can be applied parallel or 

perpendicular to the sample so as to investigate both magnetization-applied field 

dependence and magnetization-temperature dependence. 

 

4.3.2 Transport Measurement 

Hall effect system (Lakeshore 7500) with a maximum magnetic field up to 0.7 

Tesla is used to determine the carrier-concentrations of the film at the room 

temperature. The measurement of thin film’s temperature dependent transport property, 

including AHE, MR and resistivity are conducted in a vacuum cryostat system with 

magnetic field up to 1 Tesla. A temperature variation between 10K and 300K is 

controlled by a Lakeshore 340 temperature controller system via the helium 

compressor and the water chiller. The sample is connected to a Keithly 6221 DC/ AC 

current source and a Keithley 2182A Nanovoltmeter outside the chamber.  

The cryostat system allows the measurement of resistance of a sample across a 

range of temperature. The van der Pauw configuration is used in the R-T measurement 

as shown in Fig. 4-8. Gold contacts are deposited using an evaporator on the 4 corners 

of the sample. Indium wires are subsequently soldered onto the contacts to allow 

current to flow through the sample. The resistivity of the sample at a given 

temperature can be calculated via the van der Pauw geometry given by  
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ρ= πt/ ln2 * (V43/I12 + V14/I23)                                   (4-3)   

where t is the thickness of sample, I12 and I23 refers to the current across points 1 and 

2 and the current across points 2 and 3, respectively; while V43 and V14 refers to the 

corresponding voltage across points 3 and 4 and voltage across points 1 and 4,  

respectively [12].  

 

 
 

Figure 4-8 Schematic diagram for resistivity measurement 

 

The Anomalous Hall Effect (AHE) measurement also uses the van der Pauw 

configuration. As illustrated in Fig. 4-9, the external current/voltage sources are 

applied in perpendicular directions with a magnetic applied field applied in normal 

direction to the sample surface plane. For example, the current passes through contact 

1 and 3 and the voltage measured between contact 2 and 4, as shown in the Fig. 4-9. 

Therefore, the anomalous Hall resistance Rxy can be expressed as: Rxy=V24/I13.  
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Figure 4-9 Schematic diagram for Anomalous Hall Effect (AHE) measurement  

 

In order to measure the magnetoresistance (MR), linear four probe contacts are 

deposited in a new configuration as shown in Fig. 4-10, instead of the van der Pauw 

configuration. The current passes through contact 1 and 4 and the voltage is detected 

between contact 2 and 3. The magnetic field can be applied either perpendicular or 

parallel to the sample plane. 

 

 

 

 

 

Figure 4-10 Schematic diagram for Magnetoresistance (MR) measurement  
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4.4  Optical Characterization 

The Spectrophotometer (UV-3101PC Spectrophotometer) with wavelength λ 

from 300nm to 3200nm is used to measure the absorption spectra so as to obtain the 

absorption coefficient and the optical band-gap of the semiconductors. In a 

spectrophotometer, a light from the lamp is guided through a monochromator and this 

light reflected by or passes through the sample is measured with a photodiode or other 

light sensor. Figure 4-11 shows the schematic diagram of the absorption experiment.  

 

 

Figure 4-11 Schematic diagram of the absorption experiment. 

 

4.5  Summary 

In this chapter, various characterization methods used in determining the 

magnetic properties and the semiconductor properties of Ge1-xMnxTe thin films have 

been illustrated. The working principles of RHEED, XRD, AFM, HRTEM, XPS, 

SQUID, Hall Effect, the temperature dependent resistivity, AHE, MR and optical 

absorption measurement have been briefly described. 
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CHAPTER 5  RESULTS AND DISCUSSION: 

STRUCTURAL AND OPTICAL PROPERTIES OF 

Ge1-xMnxTe FILMS 

 

5.1  Growth conditions of Ge1-xMnxTe Thin Films 

5.1.1 Phase diagram of (GeTe)1-x(MnTe)x system  

Germanium monotelluride GeTe is an AIVBVI compound, crystallized in a 

rhombohedrally distorted rocksalt structure with a lattice constant of 979.5=a Å and 

a deviation angle of 88o [1]. In the rock-salt structure, two types of atoms occupy 

alternate positions on a face-centered-cubic (fcc) lattice. The crystal structure can be 

described as fcc lattice with a basis of two atoms of two types, i.e., Ge at (000), Te
 
at 

⎟
⎠
⎞

⎜
⎝
⎛

2
1,

2
1,

2
1  as presented in Fig. 5-1.  

 
Figure 5-1 GeTe unit cell structure. 
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Manganese telluride (MnTe), which belongs to the family of manganese 

chalcogenidses, crystallizes in a hexagonal NiAs structure (with the lattice parameter 

average values 15.4=a Å and 71.6=c Å) [2]. The stacking configuration of NiAs 

structure is ABACABAC, with Mn atoms on the A sites and Te on B and C, 

respectively. The environment of the Mn atoms is fcc-like and the environment of Te 

atoms is hcp-like as illustrated in Fig. 5-2 (a). However, MnTe can also be obtained in 

the metastable zinc blende (ZB) phase with lattice constant of a = 6.33Å, when grown 

in non-equilibrium conditions [3]. The ZB structure can be considered as a 

close-packed cubic structure with a basis of two atoms: Te at (000), Mn at ⎟
⎠
⎞

⎜
⎝
⎛

4
1,

4
1,

4
1  

as illustrated in Fig. 5-2 (b).  

 

     
 
Figure 5-2 MnTe unit cell structure (a) NiAs structure (b) Zinc blende structure. 

 
 

The phase diagram of the (GeTe)1-x(MnTe)x system exhibits three stable solid 

phases at room temperature which become one phase at high temperature, as shown in 

Fig. 5-3 [4]. The high temperature phase is a simple cubic NaCl structure similar to a 

large number of chalcogenide compounds. Below 450oC, however, the stable phase 
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for GeTe is a distorted cubic structure or known as rhombohedral structure with a 

corner angle of 88o. The rhombohedral distortion decreases rapidly with Mn and 

vanishes at x = 18%. From 18 to 60%, the phase is the high-temperature cubic NaCl. 

Beyond 90%, the alloys crystallize into the hexagonal NiAs structure of MnTe, while 

the region between 60 and 90% consists of two phases, i.e. NaCl+NiAs. 

 
 

 
 
 

Figure 5-3 Phase diagram for MnTe-GeTe system [Ref. 4] 

 

5.1.2 Growth conditions of Ge1-xMnxTe Film  

The Ge1-xMnxTe thin film growth is performed on the BaF2(111) substrate, which 

belongs to the fluorite-type structure with a lattice constant 196.6=a Å [5]. The 

lattice mismatch between BaF2 and GeTe atom is around 3%. From our experimental 
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results, the growth of stoichriometric GeTe film itself is very difficult to achieve using 

elemental Ge and Te sources. Moreover, GeTe oxidizes spontaneously in the presence 

of atmospheric air [6]. In most of the IV-VI material MBE growth, IV-VI compound 

sources are used. For example, SnMnTe was grown using the effusion cells of SnTe, 

Mn and Te [7], PbMnTe was grown using PbTe and Mn sources [8] and GeCrTe was 

grown using GeTe and Cr sources [9]. Compared with GeTe material in which Ge and 

Te atoms are bonded by the chemical reaction, the ionic bonding between Mn and Te 

atoms is much stronger in MnTe compound. Therefore, MnTe compound should be 

more stable than GeTe compound. By taking the advantage of the non-equilibrium 

conditions in the MBE system, a few monolayers of cubic MnTe are grown as a 

buffer to compensate the substrate surface defects. In addition, since Zinc-blende (ZB) 

MnTe is an antiferromagnet material [10], the growth of GeMnTe film on the MnTe 

buffer layer has the potential for future exchange bias study which can be used in the 

spin-valve applications. 

Figure 5-4 shows a time sequence series of RHEED patterns observed during the 

deposition of MnTe on BaF2(111) substrate at a substrate temperature TS=200oC.  

The ( )11×  RHEED pattern of BaF2(111) substrate appeared after annealing for 10 

min at 300oC as shown in Fig.5-4 (a). Large spots can be observed in the RHEED 

pattern which indicates the surface is not perfectly smooth. Along with coverage of 

two minutes of MnTe (a few MLs) at TS~200oC, the RHEED pattern tends to become 

more streaky. Figure 5-4 (b) shows the RHEED pattern of MnTe follows the pattern 

of BaF2, indicating the same crystalline property of MnTe is achieved. However, as 
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shown in Fig. 5-4 (c), an increase in the number of the diffraction spots tends to 

appear in the RHEED pattern with the increase of the MnTe thickness. This means 

that the surface get rougher. Therefore, we limit the growth time of MnTe to 2 mins. 

 

    (a) 

    (b) 

     (c) 

 
Figure 5-4 RHEED patterns along the [100] and [110] azimuths recorded: (a) BaF2 
(111) substrate. (b) 2 minutes deposition of MnTe at Ts=200°C. (c) 5 minutes 
deposition of MnTe. The black bar was used as a reference for picture taking. 
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Two critical parameters; namely, the flux ratio and the growth temperature are 

optimized during the growth. Since GeTe compound has a relatively low melting 

temperature of 725°C at the atmospheric pressure so growth at a very high 

temperature is not appropriate. If the growth temperature is too high, Ts > 300 oC, the 

film contains very few Ge atoms. On the other hand, the substrate should be 

maintained at a certain temperature to provide the enough kinetic energy for the atoms. 

If Ts < 150oC, no matter how much the flux ratio changes, we can only obtain 

polycrystalline growth. Therefore, the most appropriate growth temperature is set to 

Ts ~200oC. 

 It is known that the bond between Ge and Te atoms is much weaker compared 

with that between Mn and Te atoms, so usually the Te/Mn ratio is more than 10 times 

of Te/Ge ratio to achieve 50% of Mn composition in the compound. Furthermore, 

with large Te/Ge flux ratio, the Te/Mn flux ratio must be increased accordingly. This 

is equivalent to decreasing the Mn’s BEP. On the other hand, the Mn’s BEP should be 

higher than the background pressure (around 10-9) to enhance the calibration accuracy 

and thin film growth controllability. Thus, there is an optimum range for the Mn’s 

BEP. From our experiment result, we found that the most appropriate flux ratio of 

Te/Ge~1.5 to 2. By varying the K-cell temperature of Mn from 625oC to 540oC (BEP 

5×10-9 ~2.7×10-8Torr or equivalently the flux ratio of Te/Mn from 13 to 70) at the 

constant Te/Ge flux ratio, the portion of Mn in the ternary material can be changed. 
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Figure 5-5 shows a typical time sequence series of RHEED patterns observed 

during the deposition of Ge1-xMnxTe films (x=0.98) on a BaF2 (111) substrate at 

200oC. A well defined RHEED pattern (1×1) of the BaF2 (111) substrate in [100] and 

[110] directions appeared after annealing for 10 min at 300oC as shown in Fig. 5-5 (a). 

The RHEED patterns become diffused when the temperature lowers to 200oC, as 

shown in Fig. 5-5 (b). However, with coverage of few ML of the MnTe, the RHEED 

pattern becomes streaky [Fig. 5-5 (c)]. With the deposition of Ge1-xMnxTe, very weak 

line and spots start to appear. The growth is subsequently resulted in an island 

growth-mode as shown in Fig. 5-5 (d). Diffraction spots become more intense with 

increasing thickness. The spot-like diffraction pattern is preserved throughout the 

entire growth process, indicating no apparent change in the surface structure of the 

film.  

 

    (a) 

    (b) 
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    (c) 

    (d) 

 

Figure 5-5 RHEED patterns along the [100] and [110] azimuths recorded: (a) BaF2 
(111) substrate annealing at 300oC. (b) BaF2 (111) substrate at 200oC. (c) after 2 
minutes deposition of MnTe at Ts=200oC. (d) after 2h deposition of Ge1-xMnxTe 
(x=0.98). The black bar is used as a reference for picture taking. 
 
 

Compostional characteristics of the deposited Ge1-xMnxTe films are 

determined by the XPS measurement. Figure 4-6 shows the XPS result of Ge1-xMnxTe 

film grown with the Mn cell temperature TMn=625°C. The measurement is obtained 

after pre-sputtering 10nm to 15 nm to eliminate the surface oxidation and 

contamination. The atomic percentage of Mn2p3, Ge2p3 and Te3d5 is 41.5%, 1% and 

50.4%, respectively. Therefore, Mn composition deduced from Mn%=Mn/(Mn+Ge) is 

x=0.98. 
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Figure 5-6 XPS result of Ge1-xMnxTe film with TMn=625°C after pre-sputtering for 
10nm~15nm. 

 

Figure 5-7 shows the XPS depth profile measurement of Ge1-xMnxTe thin 

film with a Mn cell temperature TMn=625°C. The contents of film and the 

substrate are clearly observed. The surface of the film contains lots of carbon and 

oxygen but they get much less after further sputtering of 10nm. The film thickness 

is around 100nm and the substrate elements Ba and F are diffused into the film. 

No obvious buffer layer starting and ending point can be observed because only 

few monolayers MnTe buffer have been deposited. The inset in Fig. 4-7 shows the 

relative Mn depth composition deduced from Mn%=Mn/(Mn+Ge). The dash line 

at around 97% is consistent along the whole film. 
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Figure 5-7 XPS depth profile of Ge1-xMnxTe film with TMn=625°C. The inset shows 
the relative Mn depth composition. 

 

The Mn composition is varied by the change of Mn cell temperature so as to 

change Mn’s BEP. Figure 5-8 shows the plot of the Mn composition versus Mn cell 

temperature. It can be observed that the Mn composition is linearly dependent on the 

temperature of the Mn cell.  
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Figure 5-8 Mn composition vs. Mn cell temperature 
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5. 2 Structural Properties 

5.2.1 XRD Crystalline Properties analysis 

Figure 5-9 shows the XRD θ-2θ scan taken from a 100nm thick Ge0.02Mn0.98Te 

film on a (111) BaF2 substrates via a MnTe buffer grown at C200°=ST . The BaF2 

(111) and (222) peaks are located at 25.06° and 51.43°, respectively [11]. The peaks 

of Ge0.02Mn0.98Te centered at 26.5° and 54° are indexed as (111) and (222) plane, 

respectively. Double peaks appeared around Ge0.02Mn0.98Te (222) is caused by the 

wavelength difference from Cu Kα (0.1541nm) and Kβ (0.1477nm) sources. No other 

phases are observed in the XRD measurement which indicates that film only 

crystallizes in cubic structure with (111) orientation preferred.  
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Figure 5-9 XRD θ-2θ scan of Ge0.02Mn0.98Te/MnTe film grown on BaF2(111) at 
200°C. 

 

Figure 5-10 shows the XRD pattern of Ge1−xMnxTe (x = 0.55) sample.  We 

observe that the signal of the Ge1−xMnxTe (111) peak tends to be overwhelmed by the 
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BaF2 (111) peak occurring at 25.28o. For x < 0.55, the Ge1−xMnxTe (111) peak will 

shift towards a smaller angle and overlapping with the BaF2 (111) peak. As such, it 

will be easier to determine the lattice constant by selecting the Ge1−xMnxTe (222) 

instead of Ge1−xMnxTe (111) peak. 

 
 

Figure 5-10 XRD patterns of Ge1−xMnxTe with x = 0.55. 

 

Figure 5-11 shows the XRD patterns of the Ge1−xMnxTe (222) peak position with 

different Mn compositions. The spectra for different x are displayed vertically for 

clarity. The peak of GeMnTe (222) shifts towards the larger angle with the increase of 

the Mn composition. Assuming GeMnTe crystallizes in NaCl structure, the lattice 

constant can be derived from the XRD peak using equation:  

2dsinθ = n λ.                                                     (5-1) 

For cubic structure, the spacing between the planes in the atomic lattice is given as  

222 lkh
ad

++
= ,                                                (5-2) 

where a is the lattice constant, λ is the wavelength of the incident X-ray-beam (λKα ~ 
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1.541Å in our XRD system), 2θ is the angle where peaks are detected and h, k and l 

are the Miller indices.  
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Figure 5-11 XRD patterns of Ge1-xMnxTe/MnTe films on BaF2(111) substrate with 
various Mn compositions. 

 

Figure 5-12 shows the dependence of the lattice constant a on the Mn 

composition of the Ge1-xMnxTe films. A least-squared fit is obtained and is in good 

agreement with those reported in the literature. Extrapolation of the line to x=0 gives 

the lattice parameter value 98.5=a Å for the rocksalt of GeTe, which is in good 

agreement with the lattice constant 979.5=a Å from the literature [1].   
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Figure 5-12 Mn composition dependence of lattice constant of Ge1-xMnxTe films. The 
solid line is the least-squared fit to the experiment data. 

 

5.2.2 HRTEM analysis of the crystalline properties 

The high-resolution TEM is utilized to investigate the crystal structure of the 

grown film. Figure 5-13 (a) and (b) show the high-resolution TEM images for 

Ge1-xMnxTe x=0.24 and x=0.55 samples, respectively. We observe a non-uniform 

spatial distribution of Mn contents exists in the x=0.24 sample as shown in Fig. 5-13 

(a) which indicates that the film is non-homogeneous. Although the defects and 

dislocations deteriorate the crystalline quality, only rock-salt (NaCl) structure can be 

observed. In contrast, for x=0.55 sample, clusters or grains of different sizes (5 to 20 

nm) are observed as shown in Fig. 5-13 (b). Among the clusters, two different kinds 

of structures; namely ZB (marked I) and NaCl (marked II) can be distinguished. Clear 

boundary was formed by the neighbouring grains with different crystal orientations. 

We note that similar distinct crystal structures have been observed in the TEM 
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imaging on the formation of PbTe quantum dots in a crystalline CdTe host matrix [11]. 

Due to high Mn composition, the films may subject to the phase segregation. As such, 

the ZB structure observed in Fig. 5-13 (b) is most likely arising from the formation of 

ZB MnTe. We note that XRD results shown in Fig. 5-9 do not reveal the ZB phase. 

This may be due to the XRD resolution limitation since clear diffraction peaks can 

only be observed when the sample possesses sufficient long-range crystallographic 

ordering. 

 

   
(a) 

 

Figure 5-13 (a) High-resolution TEM images of Ge1-xMnxTe films for x=0.24. 
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(b) 
 

Figure 5-13 (b) High-resolution TEM images of Ge1-xMnxTe films for x=0.55. 

 

Figure 5-14 shows the spot-selection of the energy dispersive X-ray spectroscopy 

(EDS) analysis for x=0.55 sample. We would like to emphasize that EDS offers only 

localized composition information and thus it does not accurately determine the 

elemental composition of the whole sample. Instead, we used the XPS measurement 

to determine the compound composition due to the good agreement between the XPS 

measurement and the result deduced from XRD peaks as shown in the previous 

section. However, EDS spot-analysis mode can be utilized to compare the bright and 

the dark area of Mn contents. It is found that the non-uniform Mn content is estimated 

to be 10.5% and 25.6% for spot 001 (brighter spot) and spot 002 (darker spot), 

respectively. The results indicate that the dark area has a higher Mn content as 

compared to the bright area. This strongly suggests the bright region consists mainly 

of GeTe matrix and thus it does not contribute significantly to the magnetic properties. 
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It is noted that the growth mode of the film is an island mode from the RHEED and 

AFM observation. The island configuration observed in TEM is randomly chosen.  
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Figure 5-14 EDS spot-analysis mode of Ge1-xMnxTe x=0.55 film. (a) Cross-section 
image of the sample. (b) EDS analysis of spot 001, Mn content is estimated to be 10.5 
%. 

Element (keV) Mass% Atom%
Mn 5.894 8.5 6.39
Ge 1.188 42.14 54.11
Te 3.769 54.09 39.51

Total 100 100
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Figure 5-14  (c) EDS analysis of spot 002, Mn content is estimated to be 25.6%. 

 

Figure 5-15 shows the line-analysis curves of the elemental intensities detected 

from the BaF2 substrate to Ge1-xMnxTe film along the line for x=0.24 (a) and x=0.55 

(b) samples. The contents of each layer are clearly observed and the cross-point of the 

elements symbolizes the starting or ending of their corresponding layers. The film 

thickness deduced by the EDS line-analysis is around 50nm and 120nm for x=0.24 

and x=0.55 sample, respectively, which is in agreement with the result measured by 

XPS and prolifometry.  

  

Element (keV) Mass% Atom%
Mn 5.894 8.5 14.53
Ge 1.188 32.6 42.15
Te 3.769 58.89 43.32

Total 100 100
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(a)                                 (b) 

 
Figure 5-15 EDS line-analysis mode of Ge1-xMnxTe x=0.24 (a) and x=0.55 (b) films. 

 
 

Figure 5-16 shows the scan of the mapping result of the element distribution in 

the Ge1-xMnxTe (x = 0.55) sample. We observe that the Ge, Mn and Te elements are 

mainly concentrated within the GeMnTe layer in which a small percentage of atoms 

are diffused outside the layer. For substrate elements, Ba is mainly concentrated in the 

BaF2 layer, but large amount of F atoms are diffused into the Ge1-xMnxTe layer. This 

result is in good agreement with the EDS line-analysis as shown in Fig. 5-15 (b). 
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Figure 5-16 Elements mapping of Ge1-xMnxTe x = 0.55 sample. 

 

The scan of the mapping result of the elements distribution in the Ge1-xMnxTe 

x=0.24 sample is shown in Fig. 5-17. Compared with the mapping result of x=0.55 

sample, Mn element is much less within the Ge1-xMnxTe layer. The extra Ge at the 

surface was also observed which corresponds to the line-analysis as shown in the Fig. 

5-15 (a). This may be due to the TEM sample preparation process since it occurs 

above the coating layer. 
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Figure 5-17 Elements mapping of Ge1-xMnxTe x = 0.24 sample. 

 

5. 3 Optical Properties 

The Spectrophotometer (UV-3101PC Spectrophotometer) is employed for the 

measurement of sample’s reflection and transmission optical properties to obtain the 

absorption spectra and optical band-gap of a Ge1-xMnxTe sample.  

The absorption coefficient is defined as the attenuation caused by energy 

absorption when the light passes through a medium. The mechanism of this absorption 

is a process in which the energy of a photon is taken when the electron is excited from 

the valence band to the conduction band. The absorption coefficient of direct bandgap 

semiconductor can be written as: 

2/1)()( gEhAh −×= ννα ,                                                       (5-3) 

where A is a constant, νh  is the photon energy of the light and Eg is the band-gap of 

the semiconductor. However, for the indirect bandgap material, the above-mentioned 
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transition requires changes in both energy and momentum. A double or two-step 

process is required because the photon from the light cannot provide a change in 

momentum. Instead, a phonon is absorbed or emitted to conserve the momentum. The 

absorption coefficient of indirect bandgap semiconductor with phonon absorption and 

emission is:  

1
)(

)( /

2

−

+−
= kTEp

pg
a e

EEhA
h

ν
να  and kTEp

pg
e e

EEhA
h /

2

1
)(

)( −−

−−ν
=να                 (5-4) 

respectively, where Ep is the phonon energy.  

 

 

Figure 5-18 Illustration of an incident light on a slab of the semiconductor. 

 

To obtain the absorption coefficient, let us consider an incident light on a slab of 

semiconductor shown in Fig 4-18. The absorption of light in a thin layer of thickness 

∆ x at a distance x from the surface can be written as  

xII ∆−∝∆ 0 ,                                                                 (5-5) 

xII ∆−=∆ 0α ,                                                                (5-6)           

therefore, xeIxI α−= 0)(                                                        (5-7)        

W 

I0 
x 

I(x) I(x+  x) 
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where α is the absorption coefficient, I0 is the incident light intensity. To obtain α 

value, the ratio of the transmitted to incident power 
o

T
I

I is required. 

If we consider a more complex situation when the sample is a system with multiple 

internal reflections (We assume that the reflectance R is constant throughout the whole 

film) as shown in Fig. 5-19, the transmission coefficient T (the ratio of transmitted to 

incident power IT/Io) is given as  

x

x

xxx

eR
eRI

eReReRII

α

α

ααα

22

2
0

44222
0

1
)1(

)1()1(

−

−

−−−

−
−

=

⋅⋅⋅⋅⋅⋅+++−=
                              (5-8) 

The transmission coefficient of the film is then expressed as 

x
T

eR
xeR

I
IT α

α

22

2

0 1
)1(

−

−

−
−

== ,                                                     (5-9)                  

For 1>>xα , T can be simplified as 
xeRT α−−≈ 2)1(                                                              (5-10) 

 

 

Figure 5-19 Accounting energy flow in a system allowing multiple internal 
reflections. 
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Since BaF2 is a wide bandgap material with 1.9=gE eV [5], there will be no 

electron transition process from the valence band to the conduction band when the light 

with photon energy in the range of  0.58eV to 6.2eV ( nmnm 3200300 << λ ) is 

incident on it. Therefore, we can separate the total transmission coefficient T as  

sf TTT ×=                                                                   (5-11) 

where Tf is the transmission coefficient of the film and Ts is the transmission 

coefficient of the BaF2 substrate. The formula used to calculate the absorption 

coefficient of the film is given in (4-10) as  

x
f eRT α−−= 2)1(                                                              (5-10a) 

By substituting (4-10a) into eq.(4-11), x
f

s

eRT
T
T α−−== 2)1(                   (5-12) 

Therefore, 
T

RT
xRT

T
x

S

S

2

2

)1(
ln1

)1(
ln1 −×

=
−×

−=α                         (5-13) 

 

Figure 5-20 (a), (b) and (c) shows the spectra of the total transmission coefficient 

(T), the substrate transmission coefficient (Ts) and reflection coerfficient (R), 

respectively for the Ge1-xMnxTe (x=0.98) sample. The total transmission coefficient T 

drops from around 30% to near zero when the photon energy increases to greater than 

1.5 eV. Instead, the substrate transmission coefficient Ts does not show abrupt droping 

to zero, which proves the substrate is a wide bandgap semiconductor. Moreover, two 

peaks in the reflection coerfficient (R) of the film are observed which may be caused 

by the Ge1-xMnxTe film and the buffer layer.  
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Figure 5-20 The spectra of the total transmission coefficient T of Ge0.02Mn0.98Te (a), 
the substrate transmission coefficient Ts (b) and reflection coerfficient R (c). 
 

The deduced absorption coefficient spectrum using formula (5-13) is shown in Fig. 

5-21 (a) assuming the film is homogeneous. A minimum value of 3103× cm-1 is 

obtained at 0.785 eV. It is well known that the GeTe is a p-type degenerate 

semiconductor with Eg ~ 0.1 to 0.2 eV but usually a direct optical absorption edge is 

observed at 0.7-1.0 eV, which is due to Burstein-Moss shift [12]. Besides, MnTe is also 

a p-type direct bandgap semiconductor with Eg ~1.3eV and 3.1eV for NiAs [13] and 

ZB structure [14], respectively. Since both GeTe and MnTe are direct bandgap 

semiconductors, the compound Ge1-xMnxTe is a direct bandgap material and Eg is 
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proportional to the square of the absorption coefficient α2 when the incident photon 

energy νh  is higher than the Eg. The absorption curve of Ge0.02Mn0.98Te is plotted in 

the form of 2)( υαh versus ( υh ) according to Tauc relation [15] as shown in Fig. 5-21 

(b). The Eg value obtained for Ge1-xMnxTe (x=0.98) sample is gE ~1.02 eV.  
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Figure 5-21 The absorption coefficient spectrum (a) and the deduced bandgap 
spectrum (b) of Ge1-xMnxTe (x=0.98) film. 



CHAPTER 5                         RESULT AND DISCUSSTION: 
STRUCTURAL AND OPTICAL PROPERTIES OF Ge1-xMnxTe FILMS                 

 96

The same method is used for bandgap Eg deduction of Ge1-xMnxTe samples with 

0.14<x<0.98 Mn composition. Figure 5-22 (a) specifically shows the 2)( υαh versus 

( υh ) plotting of x=0.14, 0.24, 0.55, 0.75 and 0.98 samples with film thickness of 

50nm, 120nm, 110nm, 90nm and 100nm, respectively. The deduced band-gap for 

these five samples are 0.87, 0.92, 0.96, 1.0 and 1.02eV, respectively. The dependence 

of the band-gap value on the Mn composition is shown in Figure 5-22 (b). The results 

show that the band-gap of magnetic semiconductor Ge1-xMnxTe with 0.14<x<0.98 in a 

manner qualitatively similar to the nonmagnetic semiconductor counterpart. Our 

measurement values all fall in the range of 0.7 eV to 1.3 eV. The straight line is the 

linear fitting to the experimental data. 
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Figure 5-22 (a) the 2)( υαh versus the ( υh ) plotting of Ge1-xMnxTe samples with 

x=0.14, 0.24, 0.55, 0.67 and 0.98. 
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Figure 5-22 (b) Mn composition dependence of bandgap Eg of Ge1-xMnxTe films. The 
straight line is the linear fitting to the experiment values. 
 

Two competing mechanisms; namely, Burstein-Moss shift and band-gap 

narrowing will cause the bandgap shift when the doping concentrations are high. The 

Burstein-Moss shift is also called band filling or phase-space filling, so that the 

conduction band becomes significantly filled at high doping concentrations due to the 

finite density of states. Hence, absorption transition edges will shift to a value higher 

than the undoped semiconductor bandgap. Quantitatively, the Burstein-Moss shift can 

be calculated from the filling of the conduction or valence band in n-type and p-type 

semiconductors, respectively. The shift in the band-gap is given by [16] 

322
*

2

)3(
2

n
m

E πh
=∆                                               (5-14) 

where n is the free carrier concentration and m* is the effective carrier mass. Since it 

is inversely proportional to the effective mass, the effect of Burstein-Moss shift is 
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more effective in n-type material than in p-type material. On the other hand, the main 

reason of band-gap narrowing is many-body effects of free carriers through 

long-range Coulomb potential or spins interactions, which lower the electron energies 

as compared to a non-interacting carrier system [17]. In our high p-type Ge1-xMnxTe, 

the band-gap shift is likely to be due to the combined effect of band gap narrowing 

effect and the Burstein-Moss shift.    

 
 

5. 4 Summary 

In summary, the growth condition of Ge1-x MnxTe in the MBE system has been 

discussed in this chapter. A few monolayers of cubic MnTe are grown as a buffer to 

compensate the substrate surface defects. The optimum growth condition with flux 

ratio of Te/Ge~1.5 to 2, Te/Mn~13 to 70 and the growth temperature ~200oC are 

chosen for the growth.  

The composition of the Ge1-x MnxTe film, which is in the range of 0.14<x<0.98, is 

determined from XPS measurement. XRD result shows that the films crystallize in 

rocksalt structure and the lattice constant deduced from the peak has a linear 

relationship with the Mn composition. The HRTEM results show that the 

non-uniformity exists in the film. The samples are not homogeneous and may contain 

clusters or grains with different sizes and compositions. Moreover, ZB and NaCl 

structures are distinguished in the high Mn composition sample, which may be subject 

to the phase segregation. The direct band-gap (Eg) values of the Ge1-xMnxTe films are 

deduced from the optical absorption measurement. All the Eg values all fall in the 



CHAPTER 5                         RESULT AND DISCUSSTION: 
STRUCTURAL AND OPTICAL PROPERTIES OF Ge1-xMnxTe FILMS                 

 99

range of 0.7 eV to 1.3 eV, which is the bandgap of rocksalt GeTe and NiAs MnTe, 

respectively.  
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CHAPTER 6  RESULTS AND DISCUSSION: 

MAGNETIC AND TRANSPORT PROPERTIES OF 

Ge1-xMnxTe FILMS 

 

In this chapter, the magnetic and transport properties of Ge1-xMnxTe thin films are 

extensively investigated. The magnetization measurement is carried out in a SQUID 

system while the transport properties characterization is performed with a Hall system 

and a cryostat electromagnet system. Since the Ge1-xMnxTe thin-films with 

0.14<x<0.98 have the similar magnetic and transport behaviours, the report mainly 

focused on 4 characteristic samples with Mn composition of x=0.14, 0.24, 0.55 and 

0.98.  

 

6.1  Magnetic Properties of Ge1-xMnxTe thin films 

6.1.1 Field dependent magnetic properties of Ge1-xMnxTe thin films 

Figure 6-1 shows the field-dependent magnetization (M-H) curves of Ge1-xMnxTe 

thin films with Mn composition x=0.14 (a), x=0.24 (b), x=0.55 (c), and x=0.98 (d) 

under an in-plane applied-field up to 2 Tesla at 5K. The hysteresis curves of x=0.14 

(a), x=0.24 (b), x=0.55 (c), and x=0.98 (d) clearly demonstrate ferromagnetism with a 

coercive field HC of 475 Oe, 530 Oe, 370 Oe and 445 Oe, respectively and the 

corresponding spontaneous magnetization Ms of 16.5 emu/cc, 30 emu/cc, 12 emu/cc, 

and 18 emu/cc, respectively. 
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Figure 6-1 M-H curves of GexMn1-xTe film with (a) x = 0.14, (b) x = 0.24, (c) x = 0.55 
and (d) x=0.98. 
 

The effective magnetic moment per Mn ion effµ  is defined as 

Mn
eff N

M
=µ ,                                                     (6-1) 

where M is the total magnetic moment (emu) and NMn is the number of Mn atoms. We 

rewrite eq. (6-1) as 

V
N

M

V
N

V
M

Mn

s

Mn
eff ==µ                                                 (6-2) 

where V is the total volume. For the cubic lattice, 
3

4
a

x
V

N Mn = ,            (6-3) 

where x  is the Mn composition and a  is the lattice constant, effµ  is simplified as 
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34 ax
M s

eff =µ .                                                  (6-4) 

Since the lattice constant a  for x=0.14, 0.24, 0.55 and 0.98 samples are 0.5958nm, 

5939.0 nm, 0.5895 nm and 0.5823 nm respectively, the deduced effective magnetic 

moment per Mn ion at 5K for x=0.14, 0.24, 0.55 and 0.98 samples are 0.68 Bµ , 

0.72 Bµ , 0.13 Bµ  and 0.11 Bµ , respectively. 

Figure 6-2 (a) shows the field-dependent magnetization (M-H) measurement for 

Ge0.02Mn0.98Te sample at different temperatures. Clear hysteresis curves are obtained 

at various temperatures below 100K. No hysteresis loop is observed when T>100K, 

indicating FM ordering ceases to exist at T =100K. Figure 6-2 (b) shows coercive field 

HC and remnant magnetization Mr of Ge0.02Mn0.98Te sample at different temperatures. 

It is observed that both HC and Mr decreases with the increase of the temperature and 

drops to near zero at approximately 80K.  
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Figure 6-2 (a) Field-dependent magnetization (M-H) measurement for Ge0.02Mn0.98Te 
films at different temperatures 
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Figure 6-2 (b) Temperature-dependent HC (round) and Mr (square) of Ge0.02Mn0.98Te 
sample. 

 

6.1.2 Temperature dependent magnetization of Ge1-xMnxTe thin 

films 

Field-cooling (FC) curve is obtained in a manner that the sample is cooled with 

the presence of a magnetic field of 100 Oe from room temperature to 5 K and then the 

magnetic moment is measured while warming up the sample. Figure 6-3 shows the FC 

curves of Ge1-xMnxTe films with different Mn compositions x=0.14 (a), x=0.24 (b), 

x=0.55 (c), and x=0.98 (d). We note that no secondary magnetic phases such as 

Mn5Ge3 [1-3] and Mn11Ge8 [4] are detected, because these two phases are highly 

insulating with Curie temperature TC>270K. The obtained temperature when the 

magnetization decreases to zero for x=0.14 (a) x=0.24 (b), x=0.55 (c), and x=0.98 (d) 

at 90K, 120 K, 190 K and 130K, respectively. The shape of the FC curve is more of 

concave type for x = 0.14 and 0.24 as compare to x = 0.55 and 0.98 sample, which 



CHAPTER 6                        RESULTS AND DISCUSSTION 
                                  MAGNETIC AND TRANSPORT PROPERTIES OF Ge1-xMnxTe FILMS                      

 106

deviates from the Weiss mean-field theory. Current theories suggest that the shape of 

M-T curves is controlled by disorder in the sample and any shape such as concave, 

linear or convex is possible [5-7]. We attempt to fit 1/ χ –T curve to the Curie-Weiss 

law from the M-T curve according to the relationship χ = M/H. The intercept on the 

temperature axis at the positive side gives a paramagnetic (PM) transition temperature 

θp of 100K, 135 K, 180 K and 120 K for x=0.14, 0.24, x=0.55 and x=0.98, 

respectively.  
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Figure 6-3 M-T curves (FC) for GexMn1-xTe film (a) x = 0.14, (b) x=0.24, (c) x = 0.55 
and (d) x=0.98 with 100 Oe field. The solid diamond shows the inverse magnetic 
susceptibility and the Curie-Weiss fit is depicted by the solid straight line. 
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Figure 6-4 presents the zero-field cooling (ZFC) and FC curves of Ge1-xMnxTe 

thin films with Mn composition x=0.24 (a), x=0.55 (b), and x=0.98 (c) at different 

applied magnetic fields. The ZFC curve is obtained in a similar procedure as FC except 

that the sample is cooled in a zero magnetic field, whereas measured with a field during 

the warm up. The deviation of the ZFC and FC curves at a lower magnetic field 

demonstrates superparamagnetic behavior, which may indicate the existence of 

ferromagnetic clusters inside the film. The blocking temperature (TB) obtained from 

the peak of the ZFC curves at 100 Oe is approximately 90 K, 130 K and 70 K for 

x=0.24 (a), x=0.55 (b), and x=0.98 (c), respectively. The fact that TB has a larger value 

for x = 0.55 sample is consistent with our TEM measurement which shows a larger 

cluster size as compared to x = 0.24 sample. With the increase of the applied field to 

200 Oe, TB peak shifts towards the lower temperature and finally merges with FC 

curve at 1000 Oe. This behavior is due to the increased magnetic field, which reduces 

the disorder in the crystal [8]. 
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Figure 6-4 (a) FC (solid) and ZFC (open) M-T curves of the Ge1-xMnxTe film with 
x=0.24 at 100 Oe (square), 200 Oe (circle) and 1000 Oe (triangle). 
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Figure 6-4 FC (solid) and ZFC (open) M-T curves of the Ge1-xMnxTe film with 
x=0.55 (b) and x=0.98 (c) at 100 Oe (square), 200 Oe (circle) and 1000 Oe (triangle). 
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6.1.3 Curie Temperature of Ge1-xMnxTe thin films 

6.1.3.1 Methods to define the Curie temperature value 

By definition, a material is ferromagnetic if there can exist regions within the 

material in which a spontaneous magnetization occurs. The temperature, below which 

the ferromagnetism occurs, is called the Curie temperature TC. Curie temperature is a 

measure of the interaction energy associated with the ferromagnetism.  

Since TC refers to the temperature above which a ferromagnetic material loses its 

spontaneous magnetism, the value can be derived from FC M-T measurement when 

the magnetization disappears. Using this method, the critical temperature for 

Ge1-xMnxTe (x=0.98) sample is 130K. Another method is from the Curie-Weiss law 

that describes the magnetic susceptibility of a ferromagnet in the paramagnetic region 

above the Curie point which is [9] 

cTT
C
−

=χ ,                                                   (6-5) 

where χ is the magnetic susceptibility which is given as χ = M/H, C is a 

material-specific Curie constant, T is absolute temperature and TC is the Critical point 

where the magnetic susceptibility is theoretically infinite. The intercept of 1/ χ –T 

curve on the temperature axis gives 120K for x=0.98 sample, which is close to the 

value obtained from the first method. 

However, as discussed in the previous section that our sample may contain 

clusters that may induce disordering effect, hence the shape of the M-T curve can be 

deviated from the standard Curie-Weiss theory. Instead, the ordering temperatures TC 
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can be determined independently of the paramagnetic Curie-Weiss temperature using 

the data in the ordered region [10, 11]. In the molecular-field approximation, the 

magnetization M at 0≈H and T~TC is expressed as 

 ⎟
⎠
⎞

⎜
⎝
⎛ −

=
T

TTAMTM C2
0

2 )( ,                                        (6-6) 

where M0 is the spontaneous magnetization at 0 K and A is a constant related to the 

spin quantum number. Thus, TC is obtained by extrapolating the steep linear part of 

M2 vs. T plot to its temperature intercept as illustrated in Fig. 6-5 for Ge1-xMnxTe 

(x=0.98) sample. The value of the intercept to T axis gives 78 K as the Curie 

temperature. 
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Figure 6-5 M2 vs. T plotting for Ge1-xMnxTe (x=0.98) sample.  
 
 

In addition, M can be measured as a function of H at various temperatures. The 

method known as Arrott plot is based on a power series expansion of the Brillouin 

function, whose argument is small in the vicinity of the Curie temperature [12]. The 

simplified equation of Arrott plot is given as 
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M
HbMTTa C =+− 2)( ,                                            (6-7)    

The equation indicates that if experimental data for M at different fields and 

temperature are plotted as M2 versus H/M, at constant temperatures, they should be 

straight lines in the “critical region”, namely when temperatures are not very far from 

the Curie point. The intercept of these lines with the H/M axis is positive if T>TC, and 

negative if T<TC. It is noted that the data for too low fields, that do not fit these 

straight lines, must be discarded. This is because that the M in the equation represents 

the measured magnetization of the bulk materials only if the domain alignment is 

complete. The M2 versus H/M plotting for Ge1-xMnxTe (x=0.98) sample is shown in 

Fig. 6-6. The isotherm, which yields a slope closest to zero corresponds to T = TC, 

which is around 95K. Although molecular-field approximation and Arrott plot gives 

slightly different value, the ordering temperature for x=0.98 is approximately 

Tc=85 ± 10K, taking into consideration of the experimental error bar in both methods. 
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Figure 6-6 Arrot plot of Ge1-xMnxTe (x=0.98) sample. 
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6.1.3.2 Exchange Integral 

From the spin-density functional theory for a homogenous system with randomly 

distributed localized spin, the TC can be expressed as: [13]  

2

2

)(3
)1(

B

fpd
CB g

JSNSTk
µ

χ+
=  ,              (6-8) 

where 3

4
a

xN =  is the Mn density in Ge1-xMnxTe rocksalt semiconductor with a 

lattice constant a , S  is the spin of the Mn ions, pdJ  is the 

localized-spin-itinerant-spin exchange coupling constant, and fχ  is the itinerant-hole 

magnetic susceptibility.  The kinetic energy of the band holes gives a contribution to 

the susceptibility with a relation 22

*

2 4)( hπµ
χ Fhh

B

kin
f km

g
= ,                      (6-9) 

where 0
* 2.1 mmhh =  is the hole effective mass of GeTe [14] and kF is the Fermi wave 

vector. For weak interactions, the exchange energy of the spin-polarized 

parabolic-band model adds a contribution:  

44

22*

2 16
)(

)( hεπµ
χ em

g
hh

B

ex
f = ,                                              (6-10) 

where ε is the dielectric constant of the host semiconductor. In our case, 2/5=S  and 

N is Mn density in Ge0.02Mn0.98Te. The Fermi wave vector is 3/12 )4/3( pkF π= , 

assuming the Fermi surface of GeTe is roughly spherical and p is the carrier 

concentration. Substituting the experimental data of KTC 85=  and -321 cm 101×=p  

which is obtained from transport measurement to be discussed in 6.2 into Eq. (5-8), 

we obtained the exchange coupling integral of 3eVA 13.22=pdJ  for x=0.98 sample. 

The same method is used to calculate the x=0.14, x=0.24 and x=0.55 sample, the pdJ  

value are 232.4 eVA3, 207.2 eVA3 and 162.79 eVA3, respectively. 
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6.1.3.3 Mn composition dependence of Curie temperature  

GeTe itself is a paramagnetic material and MnTe is an antiferromagnetic material. 

Figure 6-7 shows the reciprocals of the susceptibility χ versus temperature for MnTe 

grown at 200oC on BaF2(111) substrate obtained from the M-T measurement at 100Oe 

field. The obtained antiferromagnetic Neel temperature at around 60K is due to the 

metastable ZB MnTe phase achieved in our non-equilibrium MBE system [15]. It is 

noted that the pure MnTe obtained in equilibrium-growth conditions is an 

antiferromagnetic semiconductor with a NiAs phase and a Neel temperature in a 

temperature range 305K-311K [16]. 
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Figure 6-7 Reciprocals of the susceptibility versus temperature for MnTe 
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Curie Temperature TC, determined by extrapolating the steep linear part of M2 vs. 

T plot to the temperature intercept from M-T FC curve, as a function of Mn 

composition for Ge1-xMnxTe films is shown in Fig. 6-8. The TC value increases with 

the increase of Mn composition and shows a maximum value around 150 K at x=0.55 

and beyond this point it decreases. The dependence of TC on x tends to follow a 

quadratic behaviour, which ascribes to the increase of the antiferromagnetic 

interaction between the Mn ions. It is known that the magnetic properties of 

Mn-doped IV-VI DMSs are caused by antiferromagnetic exchange interaction 

between Mn ions at low carrier concentration ~1017 cm-3 to 1019 cm-3. On the other 

hand, the ferromagnetic order attributed to the Ruderman-Kittel-Kasuya-Yoshida 

(RKKY) interaction with the high hole concentration ~1021 cm-3 [17]. In this study, 

the carrier concentration of all the samples is around 20103×  to 1021 cm-3 measured 

by a Hall system at room temperature using a 0.7 T electromagnet. The ferromagnetic 

order of the GeMnTe films with 0.14<x<0.98 is probably caused by the RKKY 

interaction. However, the antiferromagnetic interaction mechanism also exists 

between the Mn ions and ZB MnTe phases as Mn composition increases, the 

antiferromagnetic interaction increases drastically causing the Curie temperature to 

decrease. 
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Figure 6-8 Mn composition dependence of Curie temperature  

 
 
 

6.1.4 Magnetic Anisotropy 

Figure 6-9 shows the M-H curves of Ge1-xMnxTe films (a) x=0.14, (b) x = 0.24, (c) 

x = 0.55 and (d) x=0.98 measured at 5K with magnetic field applied parallel (H || 

plane) and perpendicular (H ⊥ plane) to the sample plane. We do not observe distinct 

magnetic anisotropy for out of plane and in plane applied-field directions since the 

difference in coercivity cH∆ is very small (around 20 Oe to 40 Oe) for these four 

samples. The results indicate that the magnetic moments are not all in-plane but part 

of them are out of plane. The existence of the out-plane magnetic moments could be 

due to the surface roughness which may induce spin disordering in the film surface. 

On the other hand, nanoscale grains or clusters with different orientations, as seen in 

the TEM images, have an effect on the domains formation under the crystal field. The 

crystal asymmetry hinders the displacement of the domain wall that might reduce the 
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cH∆ . As a consequence, the magnetic anisotropy is weakened due to different 

orientation of the clusters.  
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Figure 6-9 M-H curves of of Ge1-xMnxTe films (a) x=0.14 and (b) x=0.24 at 5 K with 
magnetic field applied in plane (H || plane) and out of plane (H ⊥ plane). 
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Figure 6-9 M-H curves of of Ge1-xMnxTe films (c) x = 0.55 and (d) x=0.98 at 5 K 
magnetic field applied in plane (H || plane) and out of plane (H ⊥ plane). 

 

Figure 6-10 shows the temperature-dependent magnetization (M-T) of 

Ge1-xMnxTe films (a) x = 0.24, (b) x = 0.55 and (c) x=0.98 from 5 to 300 K with 100 

Oe applied in plane (H || plane) and out of plane (H ⊥ plane). For x = 0.24 sample, 

there is not much difference in the strength of magnetization signals while for x = 

0.55 and 0.98 samples, the magnetization is weaker in the H ⊥ plane as compared to 

H || plane configurations. The M-T results are consistent with the M-H loops shown in 
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Fig. 6-9 that the remnant magnetization Mr of out of plane is smaller than that of 

in-plane although the HC remains the same for x=0.55 and 0.98 samples.  
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Figure 6-10 (a) M-T curves of of Ge1-xMnxTe films (a) x = 0.24 and (b) x=0.55 at 5 K 
with 100 Oe magnetic field applied in plane (H || plane) and out of plane (H ⊥ plane). 
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Figure 6-10 (c) M-T curves of of Ge1-xMnxTe films with x=0.98 at 5 K with 100 Oe 
magnetic field applied in plane (H || plane) and out of plane (H ⊥ plane). 

 

Figure 6-11 shows the M-H loops of the Ge1-xMnxTe (x=0.98) films measured at 

5K (a), 20K (b), 50K (c) and 80K (d) with H || plane and H ⊥ plane. The ratio of 

in-plane remnant magnetization Mr (||) to that of perpendicular remnant magnetization 

Mr (⊥) increases from 1.44 at 5K to 2.58 at 80K with the increase of the temperature. 

This result indicates that the magnetic moments are not all in the film plane but part of 

them are out of the film plane. The existence of the out-plane magnetic moments 

could be due to the surface roughness which may induce the spin disordering in the 

film surface. As the temperature decreases, the disordered spins are randomized, 

therefore the out-plane magnetic moments are enhanced at low temperature [18]. 
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Figure 6-11 M-H loops of the Ge1-xMnxTe films x=0.98 measured at 5K (a), 20K (b), 
50K (c) and 80K (d) with H || plane and H ⊥ plane. 

 

 

6.2  Transport Properties of Ge1-xMnxTe thin films 

6.2.1 Carrier concentration 

 Ge1-xMnxTe is a magnetic semiconductor, in which an amount of the nonmagnetic 

cation Ge2+ is replaced by the magnetic ion Mn2+. It is well known that single crystal 

GeTe is a p-type material with the holes acting as the free carriers. Therefore, the free 

carriers in Ge1-xMnxTe films are also p-type. The hole concentration is measured by 

the Hall effect method using the Van der pawer configuration. In the Hall 
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measurement, a Hall voltage is generated perpendicular to the applied current and the 

magnetic flux, hence the Hall coefficient of the material RH is obtained. The 

relationship between the Hall coefficient and the type density of charge carriers can be 

expressed as [19] 

)( npe
rRH −

= ,                                                  (6-11) 

where r is the Hall scattering factor which is normally set to 1, e is the fundamental 

electric charge, p is the density of positive charge and n is the density of negative 

charge carriers in the material. For the case of Ge1-xMnxTe film with the hole as the 

dominant carrier, (6-11) can be simplified as  

pe
rRH ×

= ,                                                    (6-12). 

Therefore, the carrier density p is inversely proportional to the Hall coefficient. The 

carrier mobility is defined as 
ρ

µ H
H

R
= ,                            (6-13) 

Where µH is the Hall mobility and ρ is the electrical resistivity at zero magnetic flux 

density. The carrier concentration of Ge1-xMnxTe films (0.14<x<0.98) are in the range 

of 20101×  cm-3 to 22101×  cm-3. Specifically, the hole concentration for x=0.14, 

x=0.24, x=0.55 and x=0.98 samples are 320103 −× cm , 321102.1 −× cm , 321101.2 −× cm  

and 321101 −× cm , respectively. The corresponding hall mobility are 2.1 cm2/Vs, 3.02 

cm2/Vs, 5.38 cm2/Vs and 1.67 cm2/Vs, respectively. 
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6.2.2 Temperature dependent resistivity   

According to the Mott’s criterion [20], the critical concentration nc at the 

transition from non-conducting to metallic state satisfies the following criterion: 

27.031 ≈Hc an ,                                                  (6-13) 

where Ha  is the first Bohr radius which is defined as: 

2*

2

em
aH

εh
= .                                                    (6-14) 

and ε is the dielectric constant of the host material, m* is the effective mass of a free 

carrier in the host conduction band. Using the dielectric constant 36=ε  [21] and hole 

effective mass 0
* 2.1 mm =  [14] for GeTe, we estimate the Bohr radius to be ~ 15.8 Å 

and the corresponding critical concentration is ~ 18105× cm-3. Since our measured 

carrier concentration of Ge1-xMnxTe is in the range of 20101×  to -322 cm101× , which 

is much greater than 18105× cm-3, we expect the Ge1-xMnxTe films to be on the 

metallic side of the metal-insulator transition.  

The resistivity (ρ) as a function of temperature (T) for Ge1-xMnxTe films (a) 

x=0.14, (b) x=0.24, (c) x=0.55 and (d) x=0.98 have been measured as shown in Fig. 

6-12. All the samples exhibit an insulating-like trend at lower temperatures with a 

broad minimum (TR is definded as the minimum of the R-T curve) at K 1025 ±=RT  

K 10120 ±=RT , K 10170 ±=RT and TR = 95±10K for x=0.14, x=0.24, x=0.55 and 

x=0.98 respectively. In addition, they also show a more metallic-like behavior as 

temperature increases. Obviously, the change of the slope in ρ is not abrupt and there 

is an uncertainty in accurately determining the transition temperature at TR. The 

change of the slope may correspond to FM-PM phase transition due to changes in 
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spin-related scattering. It is noted that GeTe is a p-type degenerate semiconductor with 

the Fermi-level ~0.3-0.5 eV lying inside the valence band [22] and show a metallic 

conduction, i.e. the resistivity increases with increasing temperature [23]. This metallic 

conduction may well describe our electrical transport in Ge1-xMnxTe for RTT >  as it is 

evident from the positive temperature coefficient. The small change in the magnitude 

of ρ  as a function of temperature indicates that the samples may be disordered.  
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Figure 6-12 Resitivity as functions of temperatures for Ge1-xMnxTe films (a) x=0.14, 
(b) x=0.24 (c) x=0.55 and (d) x=0.98. 
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The low temperature range in the fitting curve can be fitted using the function  

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
=

−
n

o T
1

exp αρρ , with n = 2, 3 or 4            (6-16). 

Our experimental data can be fitted with n=3 or n=4 with the experiment error bar. 

Figure 6-13 is an example of the fit of ρ  for Ge1-xMnxTe films x=0.98 sample with 

n=3 (a) and n=4 (b). It shows that both n=3 and n=4 give very good fitting in the 

temperature range from 10-100K. n = 3 is the characteristic of variable range hopping 

(VRH) formula, which is valid when phonon-assisted hopping is dominated [24].  

Whereas n=4 indicates that the hopping conduction within an impurity band might 

dominate at low temperatures [25].  
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Figure 6-13 The fit of ρ  for Ge1-xMnxTe films x=0.98 sample with n=3 (a) and n=4 

(b). 

 

 Figure 6-14 shows the temperature dependent resisitivity of Ge0.02Mn0.98Te 

sample with different in-plane applied field: zero field, 10K Oe and 30K Oe. It shows 

that the minima of the R-T curve decreases with the increase of the magnetic field, 
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indicating a negative in-plane magnetoresistance (MR). This negative MR is caused 

by the formation of the bound magnetic polarons. More detailed discussion of this 

negative MR will be presented in the section 6.2.3. 
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Figure 6-14 Temperature dependent resisitivity of the Ge0.02Mn0.98Te film at applied 
field 0 Oe (square), 10 KOe (round) and 30 KOe (triangle). 

 

6.2.2 Anomalous Hall Effect  

Anomalous Hall effect (AHE) is measured in a Van der Pawer configuration 

illustrated in section 4.3.2. The Hall resistance HR  can be written as a sum of 

ordinary and anomalous Hall terms [26], 

⊥+= M
d
RB

d
RR so

H                               (6-17) 

where Ro and RS are the ordinary and anomalous Hall coefficients, respectively; d is 

the film thickness; ⊥M is the component of magnetization perpendicular to the 

sample surface. The first term in Eq. (6-17) denotes the ordinary Hall effect (OHE) that 

is inversely proportional to the carrier density, and the second term denotes the 

anomalous Hall effect (AHE) that is proportional to the magnetization. 
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Figure 6-15 presents the Hall resistance HR  curves of Ge1-xMnxTe (a) x=0.14, 

(b) x = 0.24, (c) x=0.55 and (d) x=0.98 samples at various temperatures. The 

magnitude of the AHE decreases with the increase of the temperature. All four 

samples show the slow increase of RH with the increase of magnetic field in the high 

field region which corresponds to the OHE in p-type GeTe. The AHE curves of x=0.24 

and x=0.55 samples at low temperatures show the similar hysteresis loops as MH 

loops.  
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Figure 6-15 Temperature dependence of Hall Resistance ( HR ) for GexMn1-xTe (a) 

x=0.14, (b) x=0.24, (c) x=0.55 and (d) x=0.98 films. 
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Figure 6-16 shows the AHE curves of Ge1-xMnxTe (a) x = 0.24 and (b) x=0.55 at 

20 K with respect to the M-H SQUID measurement, sharing the same horizontal 

field-axis. The field-dependencies of the RH curves are in good agreement with the 

measured M-H curves. The Hc obtained from the two measurements are almost the 

same for both of the samples. 
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Figure 6-16 The M-H curves and HR -H curves at 20K for (a) x = 0.24 and x = 0.55. 
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The observation of the AHE is usually recognized as a confirmation on the 

existence of intrinsic carrier induced ferromagnetism of the FM semiconductors since 

AHE represents ferromagnetic spin polarization of the charge carriers [27]. However, 

the AHE has also been observed for nonmagnetic material embedded with magnetic 

clusters such as TiO2-δ films containing cobalt clusters [8]. From the HRTEM 

investigation, the non-uniformity is found to exist in the Ge1-xMnxTe film. The high 

Mn composition samples contain clusters and grains due to the phase segregation. 

Therefore, the observed AHE of Ge1-xMnxTe thin film is the combination of the 

carrier-induced ferromagnetism with the effect of the clusters. We note that the 

magnitude of the RH is the highest for x=0.24 among four samples, indicating the 

better the sample uniformity, the stronger the AHE signal can be achieved. 

In Eq. (6-17), RS is related to the strength of spin-orbit coupling, which is 

proportional to n
xxρ  with temperature-independent proportionality constant. Usually, 

n is either 1 or 2 depending on the origin of the effect; n = 1 reprents the  

skew-scattering mechanism, whereas n=2 represents the side-jump mechanism. The 

important role of AHE in carrier mediated ferromagnetism in DMS has been 

extensively discussed by Jungwirth et. al [28], and also demonstrated experimentally 

in the case of Ga1-xMnxAs [29]. To ascertain the origins of AHE, we examine the 

scaling relationship n
xxxy ρρ ∝  at 20 K, for Ge1-xMnxTe with x ranging from 0.14 to 

0.98. The four points shown in Figure 6-17 are x=0.14, 0.24, 0.55 and 0.98 samples, 

the least-square fit gives a value of n = 1.06±0.16. The behavior of AHE could be due 

to hopping transport or extrinsic skew scattering [30] as both models predict linear 



CHAPTER 6                        RESULTS AND DISCUSSTION 
                                  MAGNETIC AND TRANSPORT PROPERTIES OF Ge1-xMnxTe FILMS                      

 129

scaling behavior. 

 
 

Figure 6-17 The scaling behavior between xyρ  and n
xxρ , with n = 1.06 gives the 

least-squared fit. 

 

6.2.3 Magnetoesistance 

In Magnetoresistance (MR) measurement, a magnetic field is used to amplify or 

induce the magnetic interaction effects in the material. Therefore, by MR 

measurement, one can obtain information about the magnitude of the spin interactions 

in the materials and their effects on the transport properties. (MR) is defined as 

( )[ ]
)0(

)0(
ρ

ρρ −
=

HMR ,                                              (6-18) 

where )(Hρ is the resisitivity when the magnetic field is applied and )0(ρ  is the 

resisitivity at zero magnetic field. The resistivity is measured by the four probe 

configuration as shown in section 4.3.2. The magnetic field is applied in-plane (H || 

plane) and perpendicular to sample plane (H ⊥ plane). We find that MR is isotropic 
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and its magnitude is not affected in both configurations.  

Figure 6-18 shows the MR curves of Ge1-xMnxTe (x=0.24) measured in the case 

of H in-plane at temperature 20 K and 50 K with respect to the M-H measurement. 

The MR results show good correlation with the measured M-H curves, sharing the 

same horizontal field-axis. At T = 20 K, the MR shows a clear hysteresis loop. A 

magnetic field corresponding to the maximum in MR at 445 Oe, is almost equal to the 

coercivity (HC) determined by magnetization measurements. With the increase of the 

temperature, the magnitude in MR decreases and at T = 50 K, the maximum in MR 

occurs at field which corresponds to a smaller HC ~290 Oe in the M-H curve. Although 

the MR % in Ge1-xMnxTe is quite small, these MR features resemble those of GMR in 

granular solids [31].  
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Figure 6-18 MR curves of Ge1-xMnxTe (x = 0.24) in the case of H || plane at 
temperature 20 K and 50 K with respect to the M-H results. 
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 Figure 6-19 shows the temperature dependence of the MR effect for x = 0.14 (a) 

and x=0.24 (b) samples at various temperature with applied field up to 7 T. It is found 

that in the whole temperature range, the MR ratio is small. At 4 K, the MR effect 

decreases with increasing field and reaches a plateau at high field due to weak 

localization effect induced by disorder for both samples. With increasing temperature, 

the negative MR decreases and finally changes to a very small positive MR effect at 

20 K and 50K for x = 0.14 and 0.24 samples, respectively. One expects 

proportionality to H2 for diamagnetic semiconductors. This prediction is clearly 

observed at higher temperature (T ≥ 50 K). Similar MR behavior are observed for x = 

0.55 and x = 0.98 samples. The negative MR can be explained by the formation of 

bound magnetic polarons (BMP) by the exchange interaction between localized 

carriers and magnetic ions [6, 32]. With applied magnetic field, the impurities are 

polarized all over the sample and all Mn spins are progressively aligned, which makes 

the holes increasingly mobile and hence cause the resistance to decrease. 
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Figure 6-19 The MR curve as a function of temperature for x = 01.4 (a) and (b) 0.24 
samples. 
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6.3  Origin of ferromagnetism in Ge1-xMnxTe 

Table 6-1 summarizes the experimental results obtained for Ge1-xMnxTe x=0.14, 

x=0.24, x=0.55 and x=0.98 samples. All the samples have relatively high hole 

concentrations in the range of 20103×  to 21102× cm-3. It has been proposed that in 

Ge1-xMnxTe, the long-range RKKY interaction, which proceeds via a coupling between 

the magnetic ion and the mobile charge carriers, dominates the magnetic behavior at 

high carrier concentration. On the other hand, the HRTEM results suggest that the 

existence of inhomogeneity and nano-clusters in the Mn distributions at high doping 

concentration. We observe the occurrence of the superparamagnetic behavior that is 

exhibited in the M-T curves as well as the deviation of the FC curves from the Weiss 

mean-field theory. These strongly indicate the presence of the disorder localization 

and suggest the exchange interactions inside the samples may not be homogeneous. 

Additionally, we have determined that the paramagnetic Curie-Weiss temperature θp is 

larger than the Curie temperature TC, which signifies that magnetic short range order 

remains even above TC. The origin of short-range ordering could possibly come from 

FM clusters. Moreover, the isotropy of MR and M-H curves suggest the magnetic 

moments are not all in-plane but part of them are out of plane. The existence of the 

out-plane magnetic moments could be due to surface roughness which may induce 

spin disordering in the film surface.   

Despite the fact that the magnetization measurements indicate the presence of 

superparamagnetism in the film, we clearly observed the AHE behavior. Our result is 

consistent with the recent report by S. R. Shinde et. al. on the co-occurrence of 
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superparamagnetism and AHE in Co doped rutile TiO2-δ films due to the presence of 

cobalt clusters [8]. This raises the question regarding the use of the AHE as a test of 

the intrinsic nature of ferromagnetism in DMS. n
xxxy ρρ ∝  gives the least-square fit 

value of n = 1.06±0.16, which could be due to extrinsic skew scattering. No magnetic 

secondary phases such as Mn5Ge3 and Mn11Ge8 are found from both the structural and 

conductivity characterizations. It is possible that the spinodal decomposition in the 

form of coherent-phase FM nanoclusters may exist. Since spinodal decomposition does 

not involve the precipitation of another crystallographic phase, it is not easily 

detectable experimentally [33].  

Last but not least, our resistivity behavior appears to be dirty metallic-like, which 

is likely due to the weak localization effect of disordering. This is similar to the case 

of Ga1-xMnxAs in the metallic phase for certain value of x [34]. It is noteworthy that 

antiferromagnetic interaction between the Mn ions and ZB MnTe phases could lower 

the TC value when the Mn composition is high. 
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Table 6-1 Mn composition x; lattice constant a, hole carrier-concentration p; 

resistivity at room temperature ρ ; blocking temperature BT ; Curie temperature cT ; 

RT at minρ ; paramagnetic Curie-temperature pθ ; exchange integral pdJ  and  

bandgap energy Eg. 
 

x 0.14 0.24 0.55 0.98 

a  (nm)  0.5958 0.5939 0.5895 0.5823 

p (cm-3) 20103×  21102.1 ×  21101.2 ×  21100.1 ×  

ρ (Ωcm)  4105.8 −×  4102.6 −×  4108.5 −×  3107.2 −×  

TB (K) 50 90 130 70 

cT  (K) 56 95 160 85 

RT  (K) 1025 ±  10120 ±  10170 ±  1095 ±  

pθ  (K) 100 135 180 120 

pdJ  [eV Å3] 232.4 207.2 162.79 13.22 

Eg (eV) 0.87 0.92 0.96 1.02 

 

 

6.4  Summary 

In summary, the magnetic and transport properties of Ge1-xMnxTe thin films are 

discussed in this chapter. The report mainly focused on 4 characteristic samples with 

Mn composition of x=0.14, 0.24, 0.55 and 0.98. The clear hysteresis loops are 

observed for these samples with the concurrence of the superparamagnetism. We 

determine the Curie temperature TC using the data in the ordered region. The 
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dependence of TC on the Mn composition follows a quadratic behavior, which 

ascribes to the increase of the antiferromagnetic interaction. We do not observe 

distinct magnetic anisotropy, indicating the magnetic moments are not all in-plane but 

part of them are out of plane. 

The samples show high carrier concentration and tend to be on the metallic side 

of the metal-insulator transition. The temperature-dependent resistivity ρ(T) 

measurement exhibits an upturn at low temperature, which could relate to the 

ferromagnetic-paramagnetic (FM-PM) transition. At low temperature range, the 

hopping conduction tends to dominate the resistivity behavior. Anomalous hall effect 

(AHE) is clearly observed in the sample which indicates the extrinsic skew scattering 

may be involved. Our magnetoresistance (MR) displays a clear hysterestic loop at low 

temperature which reseumbles that of giant-magnetoresistance (GMR) granular 

system in solids. The temperature dependent MR behavior may be accounted for the 

BMPs model. We correlate the observation of the isotropy of MR and M-H curves 

with the formation of Ge1-xMnxTe FM clusters embedded in GeTe matrix.  
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CHAPTER 7  SUMMARIES AND 

RECOMMENDATIONS 

7.1  Summaries 

The work reported in this thesis focus on the fabrication and characterization of 

Ge1-xMnxTe ferromagnetic semiconductors. Structural, magnetic, and transport 

properties are investigated in details. The important findings and conclusions are 

summarized as follows. 

(1) MBE method is used to synthesize Ge1-xMnxTe thin films. A few monolayers 

of MnTe are grown as a buffer to compensate the substrate surface defects. 

Two critical parameters namely the flux ratio and the growth temperature are 

optimized during the growth. The optimum growth condition is found to be 

with flux ratio of Te/Ge~1.5 to 2, Te/Mn~13 to 70 and the growth 

temperature ~200oC. We observe the spot-like RHEED pattern at the end of 

the growth indicating the island growth mode. The Mn composition is varied 

by the change of Mn cell temperature. The Ge1-xMnxTe films with 

composition range of 0.14<x<0.98 are successfully grown. 

(2) Ge1-xMnxTe films crystallize in rocksalt structure with (111) orientation 

preferred. No secondary phases such as Mn5Ge3 and Mn11Ge8 are observed 

from the XRD measurement. The peak of GeMnTe (222) shifts towards the 

larger angle with the increase of the Mn composition. The lattice constant 

deduced from the GeMnTe (222) peak has a linear relationship with the Mn 

composition.  
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(3) The HRTEM results show that the non-uniformity exists in the film. The 

samples are not homogeneous and may contain clusters or grains with 

different sizes and compositions. Moreover, ZB and NaCl structures are 

distinguished in the high Mn composition sample, which may be subject to 

the phase segregation. We observe the bright and the dark area in the 

HRTEM picture. The dark area has a higher Mn content as compared to the 

bright area. This strongly suggests the bright region consists mainly of GeTe 

matrix and thus it does not contribute significantly to the magnetic properties. 

(4) The direct band-gap (Eg) values of the Ge1-xMnxTe films are deduced from 

the optical absorption measurement. The results show that the band-gap of 

magnetic semiconductor Ge1-xMnxTe with 0.14<x<0.98 in a manner 

qualitatively similar to the nonmagnetic semiconductor counterpart GeTe and 

MnTe. All the Eg values all fall in the range of 0.7 eV to 1.3 eV, which is the 

bandgap of rocksalt GeTe and NiAs MnTe, respectively. 

(5) The field-dependent magnetization (M-H) measurements of Ge1-xMnxTe thin 

films show the clear hysteresis loop. The temperature dependent 

magnetization measurements reveal that the FC curves of some samples 

deviate from the Weiss mean-field theory, which suggest that the shape of 

M-T curves is controlled by disorder in the sample. Moreover, the deviation 

of the ZFC and FC curves at a lower magnetic field demonstrates 

superparamagnetic behavior, which may indicate the existence of 

ferromagnetic clusters inside the film. 
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(6) The ferromagnetism can be realized for Ge1-xMnxTe 0.14<x<0.98 thin films. 

We determine the Curie temperature TC using the data in the ordered region. 

The TC value increases with the increase of Mn composition and shows a 

maximum value around 150 K at x=0.55 and beyond this point it decreases. 

The dependence of TC on x tends to follow a quadratic behaviour, which 

ascribes to the increase of the antiferromagnetic interaction between the Mn 

ions and ZB MnTe phases. 

(7) Both the M-H and M-T curves have been measured with magnetic field 

applied parallel and perpendicular (H ⊥ plane) to the sample plane. We do not 

observe distinct magnetic anisotropy, which indicate that the magnetic 

moments are not all in-plane but part of them are out of plane. The existence 

of the out-plane magnetic moments could be due to the surface roughness 

which may induce spin disordering in the film surface. 

(8) The carrier concentration of Ge1-xMnxTe films (0.14<x<0.98) are in the range 

of 20101×  cm-3 to 22101×  cm-3 and tend to be on the metallic side of the 

metal-insulator transition according to Mott’s criterion. The 

temperature-dependent resistivity ρ(T) measurement exhibits an upturn at low 

temperature, which could relate to the ferromagnetic-paramagnetic (FM-PM) 

transition. At low temperature range, the hopping conduction tends to 

dominate the resistivity behavior. 

(9) The observed AHE of Ge1-xMnxTe thin film is the combination of the 

carrier-induced ferromagnetism with the effect of the clusters. To ascertain 
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the origins of AHE, we examine the scaling relationship n
xxxy ρρ ∝  at 20 K, 

for Ge1-xMnxTe with x ranging from 0.14 to 0.98. The behavior of AHE could 

be due to hopping transport or extrinsic skew scattering. 

(10) Our magnetoresistance (MR) measurement displays very clear hysterestic 

loop at low temperature which reseumbles that of giant-magnetoresistance 

(GMR) granular system in solids. The negative MR behaviors may be 

accounted for the BMPs model. We correlate the observation of the isotropy 

of MR and M-H curves with the formation of Ge1-xMnxTe FM clusters 

embedded in GeTe matrix. 

(11) Compared with the previous work, we successfully grow Ge1-xMnxTe with 

Mn solubility up to 98% by MBE growth method for the first time. The 

lattice constant deduced from XRD experiment is consistent with Fukuma’s 

fitting line, revealing the similar crystalline properties of the films. The 

HRTEM pictures of the Ge1-xMnxTe are reported for the first time and show 

the crystalline but nonuniformity in the film so that the magnetic properties of 

our samples can be linked with the structural properties of the film. The 

dependence of Curie temperature on the Mn composition for our samples 

show the similar trend as Fukuma’s result that it reaches the highest value 

when x~0.5. Moreover, in the thesis, the disorder and clustering effects are 

first discussed with the evidence of structural, magnetic and transport 

measurement, which are rarely reported in the previous work. 
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7.2  Recommendations 

Recommendations for future work are as follows:  

(1) To study magnetic and transport properties of MBE grown Ge1-xMnxTe thin 

films with low Mn concentrations (x<0.1). Although some preliminary 

results have been published by other groups, detailed studies of magnetic and 

transport properties have not been done yet. This would require the further 

decrease of the Mn cell temperature.  

(2) To improve the structural quality of the film so that to avoid the cluster 

effects in the films. Current ferromagnetic properties of Ge1-xMnxTe thin 

films in this thesis are observed coming from the combination of the 

carrier-induced ferromagnetism with the effect of the clusters. It would be 

good to analyze these two effects separately. The structural uniformity can be 

improved by optimizing the growth conditions. It requires more accuracy 

control of the flux and growth temperature during the film growth. 

(3) To study the effects of the carrier concentrations on the ferromagnetism of 

the Ge1-xMnxTe thin films. It is known that the carrier concentrations of a 

film can be changed through annealing. It would be interesting to study the 

properties of same sample with different carrier concentration before and 

after annealing. 

(4) To investigate the phase change properties of the Ge1-xMnxTe thin films. It is 

well known that GeTe has a fast phase change feature and different optical 

and electrical properties between amorphous and crystalline states. Thus, it 
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has been widely used in rewritable optical data storage such as DVD and 

phase change random access memory (PCRAM). If adding a new degree of 

freedom associated with the spin of carriers in this phase change material, it 

may have magnetic property leading to a new application in data storage and 

multi-functional spintronic devices. We can investigate different optical and 

electrical properties between amorphous and crystalline states of the 

Ge1-xMnxTe ferromagnetic thin films.  

(5) To further fabricate spin valves structure using the Ge1-xMnxTe and MnTe 

layers since one is ferromagnetic material and the other is an 

antiferromagnetic material. It requires the very smooth interface between 

these two layers. Therefore, the surface roughness of the grown films needs 

to be improved.
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