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ABSTRACT 
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80 pages, 47 figures and 5 tables 
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oscillations. 

 

 

Transport properties of GaAs /   – Mn / GaAs / InxGa1-xAs / GaAs structure with Mn   – 

layer, which is separated from InxGa1-xAs quantum well (QW) by 3 nm thick GaAs spacer was 

investigated. This structure with high mobility was characterized by X-ray difractometry and 

reflectometry. Transport and electrical properties of the structure were measured by using 

Pulsed Magnetic Field System (PMFS). During investigation of the Shubnikov – de Haas and 

the Hall effects the main parameters of QW structure such as cyclotron mass, Fermi level, g – 

factor, Dingle temperature and concentration of holes were estimated. Obtained results show 

high quality of the prepared structure. However, anomalous Hall effect at temperatures 2.09 K, 

3 K, 4.2 K is not clearly observed. Attempts to identify magnetic moment were made. For this 

purpose the polarity of the filed was changed to the opposite at each shot. As a result 

hysteresis loop was not observed in the magnetic field dependences of the anomalous Hall 

resistivity.This can be attributed to the imperfection of the experimental setup.   
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Table of symbols 

 

Roman letters 

c light velocity  

d thickness of quantum well 

e electron charge 

g electron (or hole) g - factor 

  Plank constant 

k electron’s (or hole’s) wave vector 

kB Boltzman constant 

mc cyclotron mass 

m0 mass of free electron 

n concentration of charge carriers 

pSdH concentration of holes which take part in SdH oscillations  

rxx magnetoresistance 

w width of the sample 

A amplitude of oscillation 

B inductance of magnetic field  

E energy 

 ⃗  electric field 

EF Fermi level 

F ferromagnetic material 

G conductance 

H intensity of magnetic field 

I electric current 

   electric current density 

M magnetization 

N quantum number 

P polarization 

PSdH period of SdH oscillations 
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RHall the Hall coefficient 

Rxy the Hall resistance 

Sm extreme cross-sectonal area of the Fermi surface 

T temperature 

TC Curie temperature 

TD Dingle temperature 

U voltage 

 

Greek letters 

λ free path 

  hole mobility 

  specific resistance 

     charge carrier’s density of states 

  relaxation time 

   cyclotron frequency 

 

Acronyms 

AHE anomalous Hall effect 

DMS diluted magnetic semiconductors 

GMR giant magnetoresistance 

LL Landau level  

MTJ magnetic tunnel junction 

QHE quantum Hall effect 

QW quantum well 

SdH Shubnikov – de Haas 

TMR tunneling magnetoresistance 

HEMT high electron mobility transistors 

2DEG two-dimensional electron gas 
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1. Introduction    

 

The present work is dedicated to studies of the prospective materials and structures for 

spintronics. 

One of the most promising tendencies in spintronics is creation of materials, which 

demonstrate both ferromagnetic and semiconductor properties such as III-Mn-V materials 

(primarily GaMnAs) [1]. Diluted magnetic semiconductors (DMS) are materials, which 

contain up to 10% of magnetic impurities. The most common DMS are based on III-V 

semiconductors doped with Mn. In these materials ferromagnetism is mediated by holes in the 

valence band or in Mn impurity band [2]. There are large number of publications dedicated to 

GaAs based DMS, but publications about its two-dimensional structures (2D) are relatively 

rare [3 - 8]. 

Transport and structural properties of GaAs / Mn / GaAs / InxGa1-xAs / GaAs with InxGa1-xAs 

quantum well (QW) structures were studied in many works. The majority of earlier 

investigations present how ferromagnetic ordering affects the transport properties of 2D DMS 

structures [2 - 10]. Main method to observate magnetization in the 2D DMS structures is 

measurement of the anomalous Hall effect (AHE) [3 - 8], because it is very difficult to detect 

their magnetic moment by traditional magnetic measurements due to small contribution of 

ferromagnetism and strong paramagnetic signal from the substrate [9, 10]. Mostly, Mn layer 

was deposited directly onto the two-dimensional channel [3, 5 - 7]. Moreover, some amount of 

defects or Mn atoms had penetrated into the channel. This is indicated by low charge carrier 

mobility (2 - 5 cm
2
/Vs) even in case of spacer between Mn layer and QW [11]. Therefore, 

quality of QW and thickness of spacer layer are very important, or more precisely, important 

is the distance between the source of the localized magnetic moments and spins of carriers in 

QW. 
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2. Main physical and transport properties of GaMnAs 

 

2.1.  Ferromagnetic semiconductor GaMnAs 

 

Ferromagnetic semiconductors are prospective materials for spintronics due to simultaneous 

presence of magnetic ordering and semiconducting properties. Presently, one of the most 

intensively investigated ferromagnetic semiconductors is GaMnAs [12]. GaMnAs-based 

multilayer structures contain two technologically important properties – magnetic anisotropy 

and interlayer coupling. Moreover, it allows precise and contemporaneous control of both 

charge and the spin properties of charge carriers. This is the key challenge of spin-electronics 

(or “spintronics”) research.  

The idea of spintronics is to combine microelectronics and magnetic storage technique and to 

understand the interaction between the particle spin and its solid-state environments and 

therefore making useful devices using this knowledge. Sometimes it is called 

magnetoelectronics. More precisely, spintronics helps to study spin phenomena in solids, in 

particular metals and semiconductor heterostructures. Such investigations allow to get 

information about spin interactions, about microscopic processes leading to spin relaxation 

and spin dephasing, microscopic mechanisms of magnetic long-range order in semiconductor 

systems, topological aspects of mesoscopic spin-polarized current flow in low-dimensional 

semiconductor semiconductor systems, or about the important role of the electronic band 

structure in spin-polarized tunneling and others [13].  

Most frequently spin-based electronics is used in computer hard disks, in which memory 

storage is based on the effect called giant magnetoresistance (GMR) [14]. This effect is the 

relative change in conductivity between parallel and anti-parallel spin configurations of the 

ferromagnetic layers. The electrical resistance of the multilayer structure can be significantly 

decreased by applying magnetic field [15]. When the ferromagnetic layer has anti-parallel 

orientation the total resistance of the structure is higher in comparison with parallel case and it 

will consist of spin-up and spin-down contributions. Such description is based on Mott’s two-

current model [16]. Figure 2.1 shows the GMR phenomenon in a spin-valve system. 

 



9 

 

 

 

Fig. 2.1. Mott’s model and equivalent resistor scheme demonstrating GMR effect [16]. 

 

According to this model, the parallel and anti-parallel resistance is defined by equation 

 

    
    

     
     

     

 
  (2.1) 

 

Thus, GMR is equal to 

 

     
      

  
 

       
 

     
  (2.2) 

   

 

The GMR effect can be observed in spin valve configurations with perpendicular anisotropy. 

At room temperature electrical resistance of these devices can increase by 10 % [17]. GMR 
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had already found wide application in magnetic sensors and in the computer components as a 

read head. 

Second very important spintronic phenomenon is a tunneling magnetoresistance (TMR) due to 

spin-dependent electron tunneling through the barrier. This effect contains the influence of the 

relative orientation of the magnetization on a magnetic tunnel junction (MTJ) in the 

ferromagnetic materials. TMR was observed in a Fe/Ge/Co junction, i.e., a junction made of a 

semiconducting slab, sandwiched between two ferromagnetic leads [18]. Figure 2.2 

demonstrates a schematic diagram of parallel and antiparallel configurations for a MTJ that 

contains two ferromagnetic layers FM1 and FM2 separated by an isolating barrier I.  

The total current can be devided into spin-up (↑) and spin-down (↓) contributions, which 

values are indicated by thickness of their corresponding arrows in (c) and (d). Moreover, the 

total current in the parallel configuration is larger in comparison with antiparallel 

configuration that leads to the smaller tunneling resistance. 

Taking into account influence of tunneling to the resistance, the transmission from one 

electrode to another in the parallel configuration is finite. While due to the fact that incident 

spins in the counter electrode do not have available states, in the antiparallel configuration the 

transmission is absent and the resistance of the junctions becomes infinite [13]. Such simple 

observations give an infinite TMR. 
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Fig. 2.2. Definition of electron tunneling in ferromagnet / insulator / ferromagnet (F/I/F) 

tunnel junctions. Parallel (a, c) and antiparallel (b, d) orientation of magnetizations.    and    

are the density of states corresponding to a spin -   particles in the left and right layers, 

correspondingly [13]. 

 

According to model [18] the TMR in an F/I/F magnetic tunnel junction (MTJ) is defined as 

 

     
  

   
 

       

   
 

       

   
  (2.3) 

 

where    (   ) and          are the resistances (conductances) for parallel and antiparallel 

configurations. Let the    and    denote spin-polarization of the ferromagnetic electrodes. The 

calculation of spin polarization is 

 

   
     

     
  (2.4) 
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where    and     are density of states at the Fermi level whose spins are parallel and 

antiparallel correspondingly.   

Therefore, in terms of the spin polarization 

 

     
     

      
  (2.5) 

 

Numerous investigations were dedicated to development of TMR [19 - 28] and Table 2.1 

demonstrates obtained results in different structures. 

 

Table  2.1.  Results of recent MJT studies using ferromagnetic electrodes with perpendicular 

anisotropy [20]. 
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2.2.   Origin of ferromagnetism 

 

A significant advance in our understanding of the interaction between charges and spins has 

been made by investigation of III-V-based DMSs in which Mn
2+

 ions replace group III 

cations. The elements in the GaMnAs compound have nominal electron shell structures 

[Ar]3d
10

4s
2
p

1
 for Ga, [Ar]3d

5
4s

2
 for Mn, and [Ar]3d

10
4s

2
p

3
 for As. Therefore, the most stable 

and consequently most common position of Mn in the GaAs host lattice is on the Ga site 

where its two 4s electrons can participate in crystal bonding in much the same way as two Ga 

4s electrons. The substitutional MnGa, and the less common interstitial MnI, positions are 

illustrated in Fig. 2.3. Because of the missing valence 4p electron, the MnGa impurity 

substituted for Ga in a GaAs lattice, it acts as an acceptor, providing holes that mediate 

ferromagnetic interaction between the local moments of the open d shells in the Mn atoms 

[29]. In the electrically neutral state, labeled as A
0 

(d
5
 + hole), MnGa has the character of a 

local moment with zero angular momentum and spin S = 5/2 (Landé g factor g = 2) and 

moderately bound hole. The local moment is formed by three occupied sp-d bonding states 

with dominant t2g (3dxy, 3dxz, 3dyz) character and by two occupied eg (3dx
2

-y
2
, 3dz

2
) orbitals that 

are splited from the t2g states by the tetrahedral crystal field and are not strongly hybridized 

with the sp orbitals. All occupied d orbitals have the same spin orientation and together 

comprise the S = 5/2 local moment. The weakly bound hole occupies one of three antibonding 

sp-d levels with dominant As 4p character. The charge -e ionized MnGa acceptor center, 

labeled as A
-
(d

5
), has just the S = 5/2 local spin character.  

GaAs has band gap Eg = 1.52 eV and according to many investigations [30 - 40] Mn can be 

identified as a moderately shallow acceptor in GaAs. Also, the electrical behavior of the Mn 

impurity can be controlled by the binding energy that has contributions from both Coulomb 

attraction between the hole and the A
-
(d

5
) center and spin-dependent p-d hybridization. This 

effect is responsible for the exchange interaction. 
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Fig. 2.3. Substitutional MnGa and interstitial MnI in GaAs (a). Two eg 3d orbitals and three t2g 

3d orbitals of Mn (b) [41].  

 

Figure 2.4 demonstrates the explanation of the carrier induced ferromagnetism in 

semiconductors. Initially, when semiconductors are doped with carriers, the orientations of 

spins are random (see Fig. 2.4 (a)). Substitutional Mn impurities have Mn
2+

 valence states. 

Then, as acceptors they localize a valence-band hole (see Fig. 2.4 (b)). The orbitals of the 

same spins have level of repulsion and hybridization, so the spins near each Mn impurity tends 

to have an orientation that is opposite to the Mn ion. Furthermore, the valence band spins tend 

to spread out, that yielded interaction with a number of Mn ions. There are compensating 

(a) 

(b) 
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defects in the material, including interstitial Mn ions, thus the number of valence band holes 

can differ from the number of Mn impurities. With sufficient density and spreading out of the 

holes nearly all substitutional Mn moments starts to interact effectively (see Fig. 2.4 (c)). Such 

situation is called homogeneous ferromagnetism with relatively high transition temperatures 

[29].    

 

 

                            

 

 

 

Fig. 2.4.  Carrier induced ferromagnetism in semiconductors. Without doping spins tend to 

be random oriented (a). When carriers have a Mn
2+

 valence state, substitutional Mn impurities 

act as acceptors which localize a valence – band hole (b). The valence – band spins tend to 

spread out because of hybridization and level repulsion between orbitals of the same spin. So, 

if the holes are sufficiently dense and they are sufficiently spread out, they can mediate 

effective interactions between nearly all substitutional Mn moments (c).  

       

 

(a) (b) 

(c) 
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Ferromagnetism can be observed only for doping level x > 1% [41], which is above the 

equilibrium Mn solubility limit in GaAs. Therefore, to avoid Mn precipitation nonequilibrium 

growth technique is required (in practice it is low-temperature MBE). It results in a large 

number of metastable impurity states. The most important additional defects are interstitial Mn 

ions and As atoms on cation sites (antisite defects).  

According to [42] by combined channeling Rutherford backscattering and particle-induced x-

ray emission measurements it is possible to prove experimentally that Mn impurities occupy 

interstitial (MnI) rather than substitutional positions. Additionally, MnI defects induce in the 

crystal lattice structural changes that influence on important magnetic properties, particularly 

to the various magnetic and transport anisotropies. It was found in earlier investigations [43] 

that in comparison with pure GaAs lattice, separation of four nearest As neighbors 

surrounding MnI in a relaxed lattice is increased by 1.5 %. If the lattice expansion becomes 

larger (up to 2.5 %) MnI  will be found in the four Ga tetrahedral positions because of 

Coulomb repulsion between Ga cations and MnI defects. On GaAs substrate, this effect of 

interstitial Mn leads to a lattice-matching compressive strain in the GaMnAs thin layers that 

induces a large uniaxial magnetic anisotropy. 

High As antisite defect levels appear during low-temperature growth of GaAs  [41].  Generally 

it is achieved by combining nonequilibrium growth conditions and As overpressure that often 

is used in the MBE process to assure two-dimensional (2D) growth mode. Such double-donor 

defects can be presented in GaMnAs epilayers and also may contribute to hole compensation. 

In comparison with interstitial impurities MnI, As antisites defects are stable up to 

temperatures well above the temperature at which precipitation of Mn prevails the properties 

of GaMnAs [44]. Under these circumstanse As antisites cannot be removed from the epilayer 

by a postgrowth annealing treatment. The pioneer work [45] showed that due to hole 

compensation by As antisites GaMnAs magnetic properties degradate.  Therefore, it can be 

reduced by using As2 dimers instead of As4 tetramers and by maintaining a strictly 

stoichiometric growth mode. 
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2.3.  Magnetic properties of GaMnAs 

 

Through the studies of the different effects, such as temperature dependence of resistivity, 

anisotropic magnetoresistance, anomalous and ordinary Hall effects it is easy to describe the 

properties of  DMS materials [10, 41, 46]. Magnetotransport effects are a consequence of spin-

orbit-coupling that often is associated with localized electrons in magnetic d or f shells [41]. 

In general, the interaction between electrons’ spins is a long-range interaction. Therefore the 

mean-field approximation can be used [47 - 49]. According to this model, to calculate the 

effective spin-density a virtual-crystal approximation should be used due to the Mn ion 

distribution. In the absence of free carriers the direct Mn - Mn interaction is antiferromagnetic. 

Furthermore, the Curie temperature, TC, for a given material with a specific concentration of 

Mn and hole density is determined by a contest between ferromagnetic and antiferromagnetic 

interactions. In the presence of free carriers the interaction is ferromagnetic and Curie 

temperature is defined as [47, 49] 

 

    [
                      

    
]       (2.6) 

 

where        is the effective spin concentration,   is the localized spin state,   is the p-d 

exchange integral,    is the Fermi liquid parameter,    is the total density of states,    is 

Boltzmann’s constant and     describes the contribution of antiferromagnetic interractions. 

 

2.3.1. Magnetization 

 

Direct magnetization measurements can be used for description of the magnetic properties of 

III-V DMSs [50]. Generally, direct measurements of the magnetization   of GaMnAs layers 

as a function of magnetic field   and temperature   are done by superconducting quantum 

interference device (SQUID) magnetometer.  

In Figure 2.5 is shown dependence on the magnetic field of the magnetization at selected 

temperatures for a 150 nm thick Ga1-xMnxAs film with a Mn content     x = 0.035.  
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Fig. 2.5.  Magnetic field dependence of the magnetization of GaMnAs thin film. The solid 

line is the magnetization determined from transport measurements. The upper left insert 

demonstrates the magnetization in arallel field at 5 K. The lower right insert demonstrates the 

temperature dependence of the remanent magnetization [51]. 

 

In Fig. 2.5 the magnetic field  ⃗  is applied parallel and perpendicular to the sample plane. As it 

is shown on the upper left insert, a clear hysteresis appears when magnetic field is applied 

parallel to the plane. Furthermore, after closure of hysteresis in the magnetization curves, one 

can observe a paramagnetic response. Transport properties of the sample are related with this 

paramagnetic response: the portion of paramagnetic response decreases when the sample 

becomes more metallic in terms of the metal-insulator transition [52].  

On the lower right insert the temperature dependence of remanent magnetization after 

applying of perpendicular magnetic field is illustrated. It shows that the Curie temperature    
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of the sample is       . Thus, as the magnetization of GaMnAs structure is negligible 

above    , there is no indication of inclusion of MnAs with NiAs-structure with             

In another experimental graphs (see Fig. 2.6), which were obtained for 200 nm thick film of 

Ga0.947Mn0.053As, almost no hysteresis is observed. It is a consequence of magnetic field 

applied perpendicular to the sample surface. The temperature dependence of the remanent 

magnetization for parallel magnetic field (see the inset) shows that           .  The effect 

of magnetic anisotropy and domain rotation can be minimized by using Arrott plots (closed 

circles) [53]. The spontaneous magnetization that was determined from the Fig. 2.6 (a) and 

plotted in Fig. 2.6 (b) increased at low temperatures. The Curie constant can be determined 

from the temperature dependence of the inverse susceptibility   ⁄   (see Fig. 2.6 (b)) and 

calculated by using equation 

 

   
    

          

    
  (2.7) 

   

 

where    is the cation density, the Landé factor of the Mn ions g = 2.0,    is the Bohr 

magneton,     is the Boltzmann constant. This constant gives a spin of     when the 

nominal Mn concentration is x = 0.053. This value of S shows that, some ferromagnetic 

clusters exist already above     
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Fig. 2.6.  Temperature dependence of magnetization for 200-nm thick Ga1-xMnxAs film with 

x = 0.053 (a). The temperature dependence of the saturation of the magnetization    

determined from the data from (a) by using Arrott plots (b) [54]. 

 

2.4.  Magnetotransport  

 

2.4.1. Anisotropic magnetoresistance (AMR) 

 

GaMnAs materials can have metallic or insulating character of temperature dependence. 

Moreover, to avoid complications that emerge from the localization [55] it is better to consider 

metallic GaMnAs that can be observed with Mn doping larger than approximately 1.5 % [56, 

57]. Furthermore, magnetic anisotropy is one of the major properties to manipulate the 
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magnetic properties of GaMnAs - based structures. Investigations of the magnetic anisotropy 

provided an explanation of many experimental observations in such ferromagnets, i.e. easy-

axis reorientations as a function of holes’ density, temperature, or strains in the lattice [58 - 

60].  Additionally, by differently affecting GaMnAs film a remarkable variety of magnetic 

anisotropies can be observed. For example, compressive and tensile strain of the film results     

in-plane and perpendicular anisotropies respectively. 

In order to understand the nature of magnetic anisotropy of single GaMnAs layer it is 

necessary to study the anisotropic magnetoresistance (AMR) effect. The AMR are intrinsically 

related to the spin-orbit interaction. In GaMnAs the substitutional Mn is in d highspin state 

with zero orbital moment. The anisotropy effects are therefore due to the p-d interactions 

between Mn and charge carriers, which reside in the valence band of the host semiconductor, 

where spin-orbit effects are large. Due to growth-direction lattice-matching strains GaMnAs 

epilayers have a broken cubic symmetry. They can be characterized by two AMR coefficients  

 

       
     ‖ ̂       ‖ ̂ 

     ‖ ̂ 
  (2.8) 

   

       
     ‖ ̂       ‖ ̂ 

     ‖ ̂ 
  (2.9) 

 

where  ̂ is the growth direction and the electrical current  ‖  ̂,        and       are the in-

plane and out-of-plane AMR coefficients relatively. Figure 2.7 shows three different 

experimental configurations that defined       and       . 

Coefficient       can be found from the combined effects of spin-orbit coupling and current-

induced broken symmetry between two in-plane cubic axes. In general, samples have a 

lowered symmetry that results in the difference between       and       . Theoretical 

predictions for       and         emerge from the experimental data in a series of GaMnAs 

epilayers grown under compressive strain and theoretical interpretations discussed in [61]. The 

theory predicts the rotations of magnetocrystalline anisotropy as a function of the 

magnetization strain direction corresponding to the high - (or low -) resistance state. This 

effect can be clearly seen in Fig. 2.8 [62].  
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Fig. 2.7. Schematic illustration of AMR configurations 

 

 

 

Fig. 2.8.  Theoretical AMR effects in (Ga,Mn)As according to kinetic exchange model and 

Boltzman transport theory. x1 and x2 are total Mn doping and compensation due to As antisites 

and Mn interstitials correspondingly. On the main panel there is out – of – plane AMR 

coefficient as a function of strain for several Mn dopings. On the upper inset there is out – of – 

plane AMR coefficient as a function of hole density. On the lower inset there is out – of – 

plane and in – plane AMR coefficients as a function of strain [61].  
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Experimental demonstration in GaMnAs epilayers with compressive and tensile strains is 

presented in Fig. 2.9 [63]. 

 

 

 

Fig. 2.9. Experimetal results in (Ga,Mn)As epilayers. Experimental changes in the resistance 

of Ga0.95Mn0.05As grown on a GaAs substrate under compressive strain for current along the 

[110] crystal direction (upper panel) and [100] crystal direction (middle panel) for three 

different orientations of the magnetization are shown in upper and middle inserts. 

Experimental magnetoresistance curves in Ga0,957Mn0,043As grown on (In,Ga)As substrate 

under tensile strain (current along the [110] crystal direction) are indicate in lower insert [63] . 

  

Upper panel corresponds to (Ga,Mn)As material with compressive strain, M ⊥ plane        

is the high-resistance configuration, the intermediate-resistance state is realized for in-plane  

  ⊥            and the low-resistance state is measured when            ̂ . In the 
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bottom panel it can be clearly seen that in the sample with tensile strain, the in-plane   ⊥    

and   ⊥        curves switch places. According to these experimental observations 

theoretical       and       coefficients are negative and ∣     ∣ < ∣     ∣ for 

compressive strain and ∣      ∣   ∣      ∣ for tensile strain [63]. 

 

2.4.2. The Anomalous Hall effect 

 

Another transport effect to characterize ferromagnetic films that appear from spin-orbit 

coupling is anomalous Hall effect (AHE) [64]. In DMS of the GaMnAs type this phenomenon 

can be defined by the interaction between the charge carriers and the magnetic subsystem. 

Furthermore it can be observed up to temperatures approximately equal to (2–3)    

In the magnetic materials with thickness   the Hall resistivity          ⁄   has two distinct 

contributions  

 

          
     

  
  

 
  

  

 
   (2.10) 

 

where    is ordinary Hall coefficient,    is anomalous Hall coefficient,   is sample thickness, 

  is magnetization,    
  is normal component of the Hall resistance and    

  is anomalous 

component of the Hall resistance [65]. There are difficulties with separation of small value of 

the magnetization   in magnetic measurements because the bulk substrates have strong 

contribution to the total magnetic response. Therefore, the anomalous Hall effect can be used 

to determinate magnetic ordering in heterostructures with Mn  -layers [66]. 

As follows from the experimental data [66], due to AHE the spin polarization of holes in the 

channel can be observed in GaMnAs structures in weak magnetic field (see Fig. 2.10). 

Condition for magnetic field is      , where        ⁄   is cyclotron frequency. The 

spin polarization appears due to magnetization. Moreover, it takes part in the exchange 

interaction of Mn atoms and in the formation of ferromagnetic ordering. 
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Fig. 2.10.  Magnetic field dependences of the anomalous component of the Hall resistance for 

dielectric sample at T = 55 K (a) and metallic sample T = 17 K (b). The upper insets show the 

magnetic field dependences of the total Hall resistance for these samples, including the 

component of the normal Hall effect [65]. 

 

Experimentally, it was found that the normal component is considerably larger than the 

anomalous component. Taking into account that the normal component    
  varies linearly 

with magnetic field, the normal Hall effect can be determined from the quantity of     that was 

estimated from the dependence       . Meanwhile, the anomalous component    
  is 
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saturated after the saturation of the magnetization M. Therefore, by subtracting the 

dependences        and     
  resistance    

  can be found. Looking at Fig. 2.2.4 it can be 

clearly seen, that at higher temperatures the ratio    
    

 ⁄     
    

 ⁄  appears to be 

sufficiently small and lies below the limits of the experimental error. In the case described in 

[66] the small values of ratio    
    

 ⁄  are determined by large value of the normal Hall 

component of the conductivity    
  and not by the small value of the anomalous Hall 

component of conductivity    
 . As a provement of this there are relationships    

     
    

 ⁄  

and     
     

    
 ⁄   that in not very strong magnetic fields (     ) are 

 

    
  

   

  
  (

  

    
   

)      (2.11) 

 

It was shown [67], that in 2D DMS magnetic structures the main contribution to the AHE is 

made by dissipationless mechanism, in which the quantity    
  does not depend on the 

momentum relaxation time. Thus,     
    

 ⁄     
    

 ⁄     . So, it can be concluded that the 

higher the mobility of charge carriers, the smaller relative contribution the anomalous 

component makes. Under such circumstances, the anomalous Hall effect appeared only in 

magnetic heterostructures with very low mobility of charge carriers (            ) [68].  

Finally it was proved that the intrinsic mechanism plays a decisive role in the generation of the 

anomalous Hall effect in two-dimensional structures [65]. 
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3. Technology and sample characterization 

 

GaAs / Mn / GaAs / InxGa1-xAs / GaAs structure with Mn   – layer, which is separated from 

InxGa1-xAs quantum well (QW) by 3 nm thick GaAs spacer. QW with thickness d   10 nm is 

contained inside GaAs matrix prepared using MOS laser deposition. The structure of sandwich 

is given in Fig. 3.1.  

 

 

 

Fig. 3.1. Sandwich structure of the investigated sample (a) and its energy band diagram (b). Ec 

is a conduction-band minimum; Ev is a valence-band maximum; Eeqw, Ehqw, and  EMn are the 

electron, hole, an Mn energy levels, respectively, in the InGaAs quantum well [71]. 

 

The buffer layer and the spacers were grown at the temperature of 600 
o
C, while the Mn layer 

was deposited at 450 
o
C. Main parameters of the structure are the content of indium in 

quantum well, the spatial distribution of manganese atoms and their concentration    . There 

are some methods to determine these parameters [69, 70]. In present work X-ray 

diffractometry and reflectometry were used [71]. X-ray reflectometry (XRR) provides more 

structural data of the Mn layer. The rationale of this statement is the fact that XRR 

characterization is based on the determination of the amplitude of specular reflection by the 

depth profile of electron density. In our case such method is useful because the electron 

densities of the GaAs matrix and the QW are almost equal, but those of the matrix and the Mn 

δ-layer differ by almost two times. 
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In order to achieve more accurate structural information the XRR measurements were defined 

by the following model. Experimental setup to measure x-ray scattering in a double-crystal 

configuration is shown in Fig. 3.2. 

 

 

 

Fig. 3.2. Scheme of a double-crystal X-ray diffrectometer. M is monohromator, S is sample, D 

is detector, and {S1, S2, S3} are horizontal and vertical slits [71]. 

 

At a small angle    the combined intensity of ray reflection is 

 

                                     (3.1) 

 

where the specular reflection and diffuse scattering is represented in the             and 

           , respectively. The model must contain parameters which quantify the roughness 

of the interfaces and, more importantly, that of the surface, because the amplitude of the 

former is mainly determined by the depth profile of electron density [71]. Thus, the parameter 

vector is 

 

    {                     }  (3.2) 

 

where    and   are the elctron density and the interfacial-thickness, respectively, for a j
th

 layer. 

It was assumed that the electron density vary continiously with depth for any interface [47] 
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             (       )
    

  
  (3.3) 

 

with         

 

Further, the average reflectivity over the slits is 

 

             
  

  
   

∫ ̅ 
            

                (3.4) 

 

where  ̅ 
   

 is the diffractometer instrument function that depends on the small angle    due to 

geometry-related effects. The reflectation of  -polarized radiation can be neglected (small 

angle   ). Therefore, the integrated reflectivity in the absence of a sample is 

 

   
    ∫   ̅ 

     (3.5) 

 

where    √|  | is the critical angle of total external reflection,    is the polarizability of the 

substrate [52]. Sample’s reflectivity is 

 

    
          |        |

   (3.6) 

 

where          is the reflection amplitude from the K-layer structure that can be found as a 

function of the parameter vector    by recurrence relations between the respective reflection 

amplitudes of any two adjacent layers [72]. 

Double-crystal spectrometer using CuKα1 radiation was used to make X–ray characterisation 

of the sample, a Ge (400) crystal monochromator in the difractometry and a Si (111) crystal in 

reflectometry measurements. A decrease of the diffuse scattering was obtained By using this 

spectrometer in registration of oscillations on the far ”tailes” of the reflection curves (DRC) at 

the level of about 10
-6

 times the background from the GaAs substrate [73-75]. 
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Fig. 3.4 shows the results obtained from earlier investigations [71]. It is visible that the 

manganese contents differ by several factors in these structures (samples 1 and 2), 

At right part of the graph it can be clearly seen the distributions of Mn atoms in samples 1 and 

2. Also, X-ray measurements of the relative lattice mismatch Δa/a in the direction of the 

structure growth (a is the lattice constant of the GaAs compound) show that the diffusiveness 

of the layer increases with the manganese content (dashed line). Therefore, it will be more 

correct to consider the Mn layer as Ga1-yMnyAs.  

Table 3.1 presents the results obtained from X-ray diffractometry and reflectometry, with the 

data obtained from the Hall measurements of the      and the hole concentrations    at 

temperatures T = 300 and 77 K. 

 

 

 

Fig. 3.4. Depth profiles of the Mn concentration in lattice spacing of GaAs / InxGa1-xAs / 

GaAs heterostructure with Mn   – layer separated from the quantum well. The distributions of 

Mn atoms in samples 1 and 2 according to the results of X – ray measurements of the relative 

lattice mismatch    ⁄  in the direction of the structure growth, where a is the lattice constant 

of  GaAs is presented at right part of the figure [65]. 
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Table 3.1. Technological parameters of grown structure and the results of electrical 

measurements. 

 

Sample x 
NMn, 

monolayers 

T=300K T=77K 

    , cm
2
/(Vs)   , 10

13
 cm

-2 
    , 

cm
2
/(Vs) 

  , 10
13 

cm
-2

 

5575 0.29 0.3 145 1.6 1742 26 
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4. Galvanomagnetic effects 

 

4.1.   Magnetoresistance 

 

The trajectory of the charge carriers deviates from the straight line in the magnetic field. This 

causes a change of electrical resistivity of a material. This effect is called magnetoresistance. 

In ordinary metals at room temperature resistance can vary by a few tenths percent, but in 

semiconductors the magnetoresistance is much larger and it depends on the impurity 

concentration, mobility of charge carriers and temperature.  

Magnetoresistance quantitatively is characterized by a scalar  
  

  
   where    is a change of 

resistivity in magnetic field, and    is resistivity without magnetic field. 

Let us consider the case of an infinite semiconductor. The deviation of the carriers from the 

direction of electric field  ⃗   is equivalent to decrease of the mean free path of the carriers,     

in the direction of   ⃗  

 

      
    

 
  (4.1) 

 

where   is magnetic field, and   is carriers mobility. 

Decrease of     is equivalent to the decrease of the carrier drift velocity, which in turn is 

proportional to the conductivity of the semiconductor, σ. Consequently 

 

 
  

  
 

  

 
 

  

 
 
    

 
  (4.2) 

 

As a result, the relative change in electric resistance of semiconductor is determined by 

 

 
  

 
        (4.3) 
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where   is a coefficient depending on the geometry of the semiconductor wafer. 

Now let us consider a finite sample. In this case the charge carriers moves along the strait lines 

since the Hall field compensates the influence of the magnetic field and therefore, 

magnetoresistance should not exist. However, magnetic field influences stronger than Hall 

field, especially to the fast carriers. So, the slow carriers deviate under the influence of Hall 

field. It is known that the velocities of electrons and holes are different so that the dispersion 

in the carriers’ velocities leads to the increasing of the resistivity. 

 

4.2.  The Hall effect  

 

Experimental study of the Hall effect is an effective method to investigate the motion of 

charge carriers in metals and semiconductors. Moreover, the Hall effect gives information 

about concentration of charge carriers and nature of semiconductor’s conductivity. 

This phenomenon is caused by the influence of the Lorentz force on the free charges in the 

conductor. If a conductor, carrying an electric current, is placed perpendicularly to the 

magnetic field with induction  ⃗ , the magnetic field exerts the transverse force on the charge 

carriers moving with velocity    so that it deviate them in a certain direction. As a result it is 

generated an electric field, which compensate the influence of the Lorentz force (see Fig. 4.1). 

 

 

 

Fig. 4.1.  Schematic illustration of the Hall effect. 
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Electric field, also called the Hall field, is measured as 

 

  ⃗                   (4.4) 

 

where   is the angle between vectors  ⃗  and    ,     is electric current density,  ⃗  is the inductance 

of magnetic field and       is a characteristic of the material of the sample. When       the 

value of the Hall field  ⃗      is maximum and 

 

       
     

 
       

 

  
    (4.5) 

 

where         is electric current through the sample, a is width of the sample and d is 

thickness of the sample.  

The Hall voltage is equal to 

 

              . (4.6) 

 

So, from Eqs. 4.5 and 4.6 

 

             
 

 
    (4.7) 

 

The Hall coefficient can be writen as  

 

       
       

   
  (4.8) 

 

and its value depends on the material. 
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4.3.   The Shubnikov-de Haas effect 

 

Shubnikov–de Haas (SdH) oscillations are periodical changes of magnetoresistance caused by 

the changing of the charge carriers density of states on the Fermi level when the intensity of 

the magnetic field is changed. When strong magnetic field is applied to solid state materials 

the charge carrier’s energy spectrum is quantized and density of states on the Fermi level 

changes if the intensity of magnetic field is changed. As a result a periodical changing of 

magnetoresistance occurs.  

As stated in [76] Landau described this phenomenon in terms of quantum mechanics. Nature 

of quantization for charge carrier’s density of states is presented within the bounds of 

quadratic law of dispersion for free electrons. Analysis shows that in magnetic field the energy 

of charge carriers can be described by expression: 

 

         (   
 

 
)     

    
 

  
  (4.9) 

 

where    
  

  
                            is cyclotron mass of electron (or hole),    is 

integer and    is electron’s (or hole’s) wave vector component along the    axis  with magnetic 

field parallel to this axis. The first term in Eq. 4.9 is discrete energy variable of electron (hole) 

motion in the plane perpendicular to magnetic field. Second term is the energy of continuous 

electron (hole) motion along axis    . Therefore, three-dimensional band in k-space with 

quasicontinuous energy levels distribution splits to a number of one dimensional magnetic sub 

bands, so called Landau levels. This is a result of energy quantization of charge carrier’s 

orbital motion in the plane perpendicular to the magnetic field. Distance between energy sub 

bands is equal to cyclotron energy    . The level with      is situated 
   

 
  above the 

edge of conduction band without magnetic field (see Fig. 4.2). 
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Fig. 4.2. Landau energy sub-bands of electrons in the magnetic field  ⃗    
⃗⃗⃗⃗  [76]. 

 

Distribution of charge carrier’s density of states      in quantizing magnetic field starts to 

depend on the magnetic field as 

 

      
    

√     

   

 
∑    (   

 

 
)     

    

    

    

  (4.10) 

 

Discontinuous character of function      near   (   
 

 
)     leads to the non monotonic 

peculiarities of all transport properties (in particular of magnetoresistance) because density of 

states is infinite in the vicinity of the bottom of each Landau sub bands (see Fig. 4.3). 
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Fig. 4.3. Density of states   for electrons in a magnetic field. Square root dependent       shows 

the density of states without magnetic field [76]. 

 

Fermi energy    changes in magnetic field as 

 

 
 

 
(
   

   
)  ∑         

 

 
     

   

    

    

  (4.12) 

 

This is connected to Fermi energy without magnetic field by  

 

     (
  

  
)        

 
  (4.11) 

 

The dependence       should be taken into account only for small values of             

           where ratio 
 

   
 is small.  
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Observations of SdH oscillations are possible under following conditions: 

 

        (4.13) 

   

          (4.14) 

   

          (4.15) 

 

where   is the relaxation time. Condition (Eq. 4.13) means that the distance between the 

Landau levels (LL) must be larger than the broadening of each level 
 

 
 (or μB >> 1). It follows 

from (Eq. 4.14) that the distance between the LL must be larger than their thermal broadening. 

Condition (Eq. 4.15) shows the highest limit of the magnetic field when the oscillations 

disappear. To observe SdH oscillations, degeneration of electron (hole) gas is necessary 

(        , see Eq. 4.15).  

Expression for longitudinal conductivity     in the case of the SdH oscillations if charge 

carriers dissipate on the acoustical phonons [65] at  ⃗  (0,0,  ),   (0,0,   ) is written as 

 

 
   

  
    (

   

   
)

 
 
∑

      
 
 

      
   ( 

   

    
)    (

     

   
 

 

 
)

 

   

  (4.16) 

 

where   
      

   
     is relaxation time, which characterizes the non-thermal broadening of 

the LL, M is an integer and sh is hyperbolic sinus. The non-thermal broadening of the LL can 

be caused by some non-homogeneity of the investigated samples and by the dispersion of 

charge carriers on the defects of the crystal lattice. In some cases, instead of relaxation time, it 

is convenient to use the effective temperature    
 

     
 , known as the Dingle temperature. 

Calculation of transversal conductivity                was carried out in [65], where 

            
  is conductivity in the limit of a classical magnetic field,    and     describe 

the curves of the SdH oscillations. Explicit expressions in the case of dispersion on the 
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acoustical phonons for the finite temperature, taking into account the broadening levels, are 

written as 

 

 

  
   

 
  

√ 
(
   

   
)

 
 
∑
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(4.17) 
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  (4.18) 

 

Oscillations of the Hall coefficient       are theoretically described by the dependence of     

on      where     
      

 
 . The amplitudes of       oscillations should be small, because in 

theory they appear only in the second order of dispersion. 

As it is shown in [65], the period of SdH oscillations      is inversely proportional to     

 

      
   

   
  (4.20) 

 

where                is the extremal Fermi surface cross-section by the plane 

perpendicular to the direction of the magnetic field for the isotropic quadratic dispersion law. 

The topology of the Fermi surface of charge carriers can be investigated by studying the 

anisotropy of the period of the SdH oscillations. In such configuration, the period of the SdH 

oscillations depends only on the concentration of the charge carriers  . For anisotropic 

quadratic dispersion: 

 

      
  

     
  (4.21) 

 

where    is cyclotron mass of charge carriers. 

The concentration of electrons participating in the SdH effect      may be determined as 
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      (
   

  
)

 
  

   
                   

      (4.22) 

 

where       are the periods of the SdH oscillations corresponding to the extremal crosses of 

the ellipsoidal Fermi surface. 

For calculating the position of the maxima of SdH oscillations it is necessary to consider the 

magnetic field influence on the Fermi level. According to [77], in the case of isotropic 

dispersion law, positions of maxima of SdH oscillations are described as  

 

  

    
 

  

          
 (  
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  (
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      (4.23) 

 

where   is a natural number. Taking the ratio               for different M, one gets not 

the numbers 1.5; 2.5; 3.5; etc., but the consecution 1.33; 2.36; 3.38; etc. because of 

dependence of         

The g-factor of free carriers can be found from the spin split of maxima or by using the 

equation for zero plus maximum, which is given in [78]  

 

     
 

 
  
     

| |
 
  

  
      (4.24) 

 

Estimation of the cyclotron mass of the charge carries, which take part in the SdH oscillations, 

is performed by applying Eq. 4.25 for the temperature dependence of the amplitude of the SdH 

oscillations with an assumption of    being independent of temperature [79]. 

 

The term for the amplitude ratio of the SdH oscillations at two temperatures    and    

corresponds to the transcendental equation 

 

 
   

   

 
       
       

  (4.25) 
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where    
 are amplitudes of SdH oscillations at temperature    and  

 

    
     

  

  

  

  
  

  (4.26) 

 

Solving Eq. 4.25 gives the cyclotron mass of the charge carriers, which take part in the SdH 

oscillations. The amplitude of SdH oscillations is described by 

 

   
                     

              
  (4.27) 

 

Therefore, it is possible to find the Dingle temperature    from the inclination of the 

dependence     
      

 
      

 
  on the    . The comparison of the Dingle temperature value 

calculated from Hall mobility is 

 

     
  

      
  (4.28) 

 

and    calculated from the SdH oscillations shows whether or not the dispersion is a dominant 

reason in the broadening of Landau levels. 

Finally, it is possible to make a conclusion that the experimental investigation of the SdH 

effect is an efficient method for the analysis of the energy band structure of semiconductors. 

This method allows to study the topology of the Fermi surface and to estimate such important 

parameters of the energy band structure as the tensor components of the effective mass, g-

factor, the effective mass of the density of states and, moreover, to evaluate the perfection 

degree of the grown crystal.   
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4.4.  Quantum wells 

 

Thin flat layer of semiconductor material within which potential energy of an carrier is less 

than outside the layer is called quantum well (QW). The motion of the carrier is limited in one 

dimension, so it is quantized. Moreover electron’s energy can take only discrete values [80]. 

When the QW thickness becomes comparable to the Broglie wavelength of the particles the 

quantum-confined effects take place. This result to the appearance of energy subbands. Energy 

for each of the subbands can be estimated as 

 

 
   

  

   
(
  

 
)
 

  
(4.29) 

 

where n is number of subband, m
*
 is effective mass of the particle and d is the thickness of the 

QW. 

Quantum wells are formed in semiconductors by having a material with narrow bandgap 

sandwiched between two layers of a material with a wider bandgap. Such structures are called 

heterostructures. The best pair for growing quantum wells is gallium arsenide GaAs and the 

solid solution AlxGa1-xAs (see Fig. 4.4). 

An electron in the GaAs layer, represented by its wavefunction Ψ, can be considered to be 

partially confined in a quantum well of barrier height ΔE. ΔE is the energy difference between 

the bottoms of the conducting band EC for the two layers materials (GaAs and AlxGa1-xAs) 

[81]. To grow these structures molecular beam epitaxy or chemical vapor deposition can be 

grown with control of the layer thickness down to monolayers [82]. Because of quasi-two 

dimensional nature of heterostructures, electrons have a sharper density of states in the QW 

than in bulk materials. As a result QW are widely used in diode lasers and HEMTs (High 

Electron Mobility Transistors). 

Moreover, a two-dimensional electron gas (2DEG) may be formed by doping the barrier of a 

QW with donor impurities. This quasi-two dimensional system exhibit interesting properties at 

low temperatures. One of these effects is a quantum Hall effect. 
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Fig. 4.4. GaAs layer between two AlxGa1-xAs layers shows quantum well behavior.  E is the 

difference between the values of Ec (the energy of the bottom of the conduction band) for 

AlxGa1-xAs and GaAs. Ev is the energy of the top of the valence band [81]. 

 

4.5.  The Quantum Hall effect 

 

Quantum Hall effect (QHE) is observed in conductors whose thickness d is very low and 

comparable to the interatomic distance. Such conductors are called two-dimensional electron 

systems. If the temperatures are low enough and magnetic field is strong, a quantization of the 

Hall resistance occurs differently to the classical Hall effect [83]. In this case the Hall 

resistance gets discrete values     ⁄   where   an integer or a fraction number. If the energy for 

the electrons’ motion in one direction is fixed, and strong magnetic field is perpendicular to 

the two-dimensional plane it will lead to fully quantized energy spectrum, which is necessary 

for the observation of the QHE. For a sufficiently large value of induction  ⃗  (when      ) 

spectrum consists of separate equidistant Landau levels  

 

    (   
 ⁄ )             (4.30) 
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Schematically Landau levels are shown in Fig. 4.5.  

 

 

 

Fig. 4.5. The structure of the electron energy levels in a magnetic field [83]. 

 

The area bounded by the cyclotron orbit of an electron in the plane (x, y) is 

 

        
 

  
  (4.31) 

 

Each level corresponds to the rotation of the electron in cyclotron orbit of the radius  

 

    √ (   
 ⁄ )     (4.32) 

 

where          ⁄  
 is the radius of the lowest orbit. At each Landau level the number of 

carriers is limited. This is a result of the fact that according to the Pauli principle two electrons 

cannot be on the same quantum state, so it is energetically favorable to be located as far away 

from each other that the area of their cyclotron orbits do not overlap. 
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In the case of discrete energy spectrum, during the transition of an electron from one Landau 

level to another the change of energy is abrupt. In general, if the energy spectrum is discrete 

electric field cannot provide such sudden change of power, and therefore the flow of current   

is impossible. However, in the real two-dimensional electron systems, the current   does not 

equal to zero (in this case electron scattering by lattice defects was not considered).  

Discrete energy levels become narrow energy band with width      ⁄  due to electron 

scattering by lattice defects in magnetic field. Thus, a requirement for the flow of electric 

current is the presence of electron scattering. For realization of process of the electron 

scattering with the transition on the free Landau levels it is necessary to overcome energy 

threshold      ⁄ between neighboring Landau levels. Also, it is well known that the average 

energy that electron can get from the environment at temperature T, is the value of       , 

where    is Boltzmann constant. Therefore, at sufficiently low temperatures (  
  

    
) with 

completely filled Landau level the broadening of Landau levels disappears due to the 

disappearance of electron scattering processes and the flow of current   is impossible. It 

follows that the current I becomes zero at       , where i = 1, 2, 3… is the number Landau 

levels completely filled by electrons. 

For the normal 3-dimensional metal at room temperature and rather low values of magnetic 

field (1 - 5 T) the Hall resistance    is proportional to magnetic field   and the graph of 

      should be a straight line. But in a 2-dimensional structure the Hall resistance reveals a 

number of distinct steps (see Fig. 4.6). As can be clearly seen from the graph, the resistance 

becomes zero when QHE reaches plateau. 

 



46 

 

 

  

Fig. 4.6. The Quantum Hall effect [84]. 

 

Let assume that the total number of electrons in channel is fixed. In this case the Fermi energy 

EF is almost independent from the magnetic field and the distance between the Landau levels 

is directly proportional to magnetic field   and linearly decreases with decreasing of B. When 

the magnetic field is decreased the total number of electrons does not changes, moreover the 

total number of electrons that are placed on one Landau level decreases. So, to accommodate 

all the electrons it is needed to take the next energy level. In other words, with a decrease of 

the magnetic field, the Landau levels alternatively cross the Fermi level. 

Fig. 4.7 demonstrates the density of states dependence on the energy with presence of 

impurities in the sample.  
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Fig. 4.7. Dependence of the electron density of states      vs. energy [85]. 

 

The peaks correspond to the broadened Landau levels, the shaded area is localized, and the 

open area near the extreme values of      is the current states of the conduction electrons. 

With increasing magnetic field the Fermi level moves towards area of delocalized electrons 

due to the motion of the Landau levels. Ohmic resistance immediately becomes zero in the 

area of delocalized electrons and remains so until the Fermi level does not reach the region of 

localized states. 

 

5.   Topic of investigation 

The main purpose of this study is to investigate structural, magnetic and electric properties of 

GaAs /   - Mn / GaAs / InxGa1-xAs / GaAs with InxGa1-xAs quantum well (QW) structure. 

Transport properties of the sample were measured at temperatures down to 2.09 K. 

To analyze the structural parameters and to evaluate the quality of the grown crystal the 

Shubnikov-de Haas effect was used. The sample was invesigated in pulsed magnetic field up 

to 30 T. 

Studied sample was prepeared by MOS laser deposition and was characterized by high-

resolution X – ray difracrometry and reflectometry. 
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6.  Experimental part  

 

6.1.   Sample preparation 

 

The contacts to the sample should be prepared before the measurements. Transport properties 

of the samples were measured using six-probe method. To measure the resistivity the contacts 

3 - 5 and 4 - 6 were used (see Fig. 6.1). Hall voltage was measured between contacts 3 - 4 and 

5 - 6. 

 

 

 

Fig. 6.1. Configuration of the contacts. 

 

Dimensions of our sample are 

l = 0.52 cm, w = 0.145 cm, and 

L12 = 0.485 cm, L46 = 0.2 cm, L35 = 0.21 cm, W34 = 0.1 cm, W56 = 0.105 cm,  

where l is length of the sample, w is a width of it, and L12, L46, L35, W34, W56  is the distance 

between contacts 1-2, 4-6, 3-5, 3-4 and 5-6, respectively.  
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Copper wires with thickness 0.03 mm insulated with double silk thread were used in this 

experiment. To reduce the electromagnetic interference from the external sources, as well as 

mutual interference in the transmission of signal all wires were wounded together. Wires were 

soldered to the sample by indium. Ultimately, the sample was fixed on the sample holder by BF-2 

glue. Then the sample was placed into the cryostat. Fig. 6.2 shows the mounted sample in the 

sample holder. 

 

 

 

Fig. 6.2. Mounted sample 

 

6.2.  Experimental setup 

 

Pulsed Magnetic Field System (PMFS) is an experimental setup to investigate transport 

properties of solid samples in magnetic fields up to 45 T at 2 - 323 K temperature range. It 

allows analyzing rapidly the electrical properties of samples with respect to temperature and 

magnetic field. 

PMFS contains multiturn coil, battery and discharging circuit. Magnetic field is generated 

when the energy stored in capacitors disharges through the coil. The peaks of magnetic field 
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up to 30 - 45 T with pulse duration 1 - 100 ms can be obtained in various solenoids depending 

on the capacity of the battery. The duration of pulses in our experiment was 11 ms. 

The block scheme of the pulse magnetic field system is given in Fig. 6.3. Generator of pulsed 

magnetic field, cryostat with the sample holder, amplifying part and personal computer can be 

identified. 

 

6.2.1.  Generator of pulsed magnetic field 

 

To control the generator of pulsed magnetic field a Power Block is used. The pulse of 

magnetic field with duration of several milliseconds was obtained during discharging a 

capacitive storage through a thyristor-diode switch into a nytrogen-cooled solenoid. Block of 

charging capacitors consists of two branches of 2750 μkF capacitors with voltage up to 5000 

V. Thyristor discharger has the form of two independent branches based on thyristors T630. 

There are two thyristors per branch for each block of capacitors. Meanwhile, solenoid is 

prepared without magnetic materials to achieve a more accurate field and to reduce the level 

of noises. 

 

6.2.2.  Cryostat with the sample holder 

 

Solenoid is located in liquid nitrogen reservoir. One of the main purposes of the cryostat is to 

minimize the heat flux to the liquid helium. For this purpose, a solenoid is surrounded from all 

sides by copper screen, accepting the radiation from the outer walls of the cryostat. Moreover, 

nitrogen tank located in the upper part of the cryostat provides screening of heat fluxes to the 

liquid helium reservoir.  

During the operation at low temperatures, rubber gasket of the cryostat has lost its elasticity, 

resulting in gas leakage to the vacuum space. So, aluminum gasket with indium wire was 

installed instead of a rubber one (see Fig. 6.4).  
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Fig. 6.4. Cryostat. 

 

Sample holder is a thin rod with diameter 10 mm. It is made of material, which is good 

insulator, non-magnetic and has good thermal conductivity. The holder has the shape of a 

cylinder with a cutout for mounting the sample. To control the temperature of the specimen 

above 4.2 K there is a sample heater. It is important to monitor the level of heating power as 

on high power the sample can be destroyed. In the present experiment heater power is 2.5 W. 

Also, the temperature of the sample is measured by Au-Fe and Cu-Cu:Fe thermocouples 

located next to a heating element on the sample holder. Apart from this the finger contains coil 

to measure the magnetic field, pressure sensor, compensating coil and liquid helium level 

detector. 
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6.2.3.  Electronics 

 

A digital measuring block is used for switching and pre-amplification of the signal. It is 

connected to the personal computer and contains computer card data acquisition (4 

independent ADC channels, 16 bits, 1mks, 4h128 KB buffer memory, 8 digital channels 

temporary assignment of signal parameters, the DAC 16-bit). The software part is realized 

using complex medium LabView.  

The Hall constant is calculated using equation 

 

       
    

 
  (6.1) 

 

where     
   

 
 is the Hall resistance and   is thickness of quantum well. 

Because the Hall contacts mounted not exactly opposite to each other, it appears a 

nonequipotentiality of the Hall constants resulting an error. To reduce this error the 

dependences        and        are studied at different directions of applied magnetic field. 

Therefore the voltage from the Hall contacts is 

 

   
      

       (6.2) 

   
       

       (6.3) 

 

where   
  and    

  are signals at positive and negative direction of applied field 

correspondingly,     
 is the Hall signal and      is the magnetoresistance signal. 

Consequently, to get      out these equations should be subtracted second from the first one 

and dividing the sum by 2 will give correct value of     
. 

To reduce inaccuracy due to thermoelectric force the current to the specimen is applied in 

positive and negative directions 

 

   
           (6.4) 
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            (6.5) 

 

where   
  and   

  are the signals with different directions of dc current,       is the sum of 

magnetoresistance, and    is inaccuracy due to thermoelectromotive force. Subtracting the 

second equation from one and dividing the sum by 2 will give correct value of      . 
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7.  Results and discussions   

 

Temperature and magnetic field dependencies of resistivity and the Hall resistivity for QW 

were studied. The sample was installed in the Hall configuration. Sample has p-type 

conductivity. However, contact 5 becomes out of order at low temperatures, so only signals 

from the pair of contacts 46 and 34 were considered.  

Measurements were made in pulsed magnetic field up to 30 T at temperatures 2.09 K, 3 K, 4.2 

K, 20 K, 30 K and 40 K. Each subsequent shot was made with switching the polarity of 

magnetic field to the opposite. 

For viewing and to pretreat results of virtual instrument Blending.vi was used. So the results 

of a series of shots with different polarities of current and field can be compared. It is also 

possible to provide signal processing, such as averaging of signals on the forward and reverse 

polarity of the magnetic field, averaging of signals from different shots at different polarities 

of the current or field and smoothing the results. SatFinder.vi program carries out further 

signal processing. It can perform different tasks, including smoothing signals (eliminating 

high frequency noise), removal of the trend (smooth parasitic background), differentiation and 

search of extremums. Appearance of the main window of the oscillations processing is 

presented on Fig. 7.1. 
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Fig. 7.1. Program of signals processing.  

 

Button “Open” loads original data from a text files. Then each new processing of a graph is 

done after clicking the button “Run”. As a result a family of plots is displayed in the core area. 

The current graph can be saved to a text file by clicking on the “Save” button.  

In general, processing is carried out by two functions: “Smoothing” and “Detrend”. The 

parameters of all methods are located in sections “Straight Field” and “Reciprocal Field” on 

the left and right front panels. The dependencies are smoothed by polynomial, the extent of 

which can be chosen in option “Sub. polynom”.    
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Button “Peaks” launches the subprogram of estimating the position of peaks. In Fig. 7.2 one 

can see the dependence that can be used for further calculations. There are list of peaks and 

valleys locations with corresponding amplitudes on the right plane. 

 

 

 

Fig. 7.2. Program of selection and determination of the peaks. 

 

Such software of selection and accurate determination of the amplitudes and positions of the 

oscillating signals’ maximums allows doing a full qualitative analysis.  

 

Magnetic field dependences of resistivity of our sample and plots of maximums position in the 

inverse magnetic field vs. quantum number of the maximum are presented in Figs. 7.3 - 7.14. 

The appearance of quantum oscillations of SdH origin can be clearly seen. Moreover, the 

amplitudes of oscillations strongly depend on temperature, while the positions of the SdH 

oscillations are practically the same. With decreasing of temperature SdH oscillations become 
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more intensive, so they can be distinguished with quantum number up to 9. With temperature 

higher than 30 K the maximums are almost indistinguishable. According to the condition of 

SdH oscillations’ observation (see Eq. 4.15) thermal broadening of LL becomes large at high 

temperatures, so the maximums cannot be distinguished.   

Period of SdH oscillations (    ) in the inverse magnetic field is determined for all 

temperatures where they were observed by linear approximation from           ⁄  

dependence, where   is a quantum number of the certain maximum. 

 

 

 

Fig. 7.3.  Magnetic field dependence of resistivity of sample at T = 2.09 K. 
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Fig. 7.4.  1 / Bmax vs. quantum number at T = 2.09 K. The line is a linear approximation. 

 

 

 

Fig. 7.5.  Magnetic field dependence of resistivity of sample at T = 3 K. 
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Fig. 7.6.  1 / Bmax vs. quantum number at T = 3 K. The line is a linear approximation. 

 

 

Fig. 7.7. Magnetic field dependence of resistivity of sample at T = 4.2 K. 
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Fig. 7.8. 1 / Bmax vs. quantum number at T = 4.2 K. The line is a linear approximation. 

 

 

Fig. 7.9.  Magnetic field dependence of resistivity of sample at T = 20 K. 
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Fig. 7.10. 1 / Bmax vs. quantum number at T = 20 K. The line is a linear approximation. 

 

 

Fig. 7.11. Magnetic field dependence of resistivity of sample at T = 30 K. 
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Fig. 7.12. 1 / Bmax vs. quantum number at T = 30 K. The line is a linear approximation. 

 

 

 

Fig. 7.13.  Magnetic field dependence of resistivity of sample at T = 40 K. 
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Fig. 7.14. 1 / Bmax vs. quantum number at T = 40 K. The line is a linear approximation. 

 

There is clear periodic dependence of positions of maximums in the inverse magnetic field. 

So, the linear fit allows to calculate the period of SdH oscillations in every case.      can be 

calculated from equation: 

 

            (   
 ⁄ )⁄   (7.1) 

 

The real quantum number can be found by dividing the equation for the maximum with 

quantum number   to the equation for the maximum with quantum number       

 

 
    

      
 

(       
 ⁄ )

(   
 ⁄ )

  (7.2) 
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It can be clearly seen from the graphs that maximum with quantum number N = 0 differs from 

each other’s. This can be explained by a strong dependence of Fermi level position on 

magnetic field (see Eq. 4.23). 

  

Furthermore, knowing the period of oscillations, one can estimate the concentration of 

oscillating 2D-holes in subband    (see Table 7.1.) as 

 

      
  

    
 

                    

        
      

    
                   

    
  (7.3) 

 

where    is surface concentration of holes [78].  

Also, from the magnetic field dependences of the Hall resistivity for QW (see Figs. 7.15 – 

7.22) the Hall carrier concentration of 2D - holes       can be determined as 

 

       
 

       
  

        (7.4) 

 

where 

      
   

      

    
     (

   

   
)  (7.5) 
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Fig. 7.15. The magnetic field dependence of the Hall coefficient at T = 2.09 K. 

 

 

Fig. 7.18. The magnetic field dependence of the Hall coefficient at T = 3 K. 
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Fig. 7.19. The magnetic field dependence of the Hall coefficient at T = 4.2 K. 

 

 

Fig. 7.20. The magnetic field dependence of the Hall coefficient at T = 20 K. 
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Fig. 7.21. The magnetic field dependence of the Hall coefficient at T = 30 K. 

 

 

Fig. 7.22. The magnetic field dependence of the Hall coefficient at T = 40 K. 
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Table 7.1. Concentrations of holes calculated from the Hall effect and SdH effect in the frames 

of 2D model. 

 

T, K       T
 -1            cm

-2         
    cm

-2            

2.09 0.0523 0.92 0.89 0.97 

3 0.0526 0.92 0.84 0.91 

4.2 0.0523 0.92 0.81 0.88 

20 0.0531 0.91 0.87 0.96 

30 0.0540 0.89 0.93 1.04 

40 0.0623 0.77 0.99 1.29 

 

The band structure of investigated material assumes the existence of additional extremum both 

in the valence band and the conduction band (see Fig. 7.23). In order to verify the presence of 

a second subband ratio             was calculated. At all temperatures it is almost equal to 

one, so it can be concluded that there is only one extremum in conduction band.  

 

 

Fig. 7.23. The band structure of GaAs.  ⃗  is a wave vector.  
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Using Eq. 4.25 can be calculated the cyclotron mass of holes taking part in SdH oscillations. 

The resulting value is                    . 

 

At low temperatures can be observed one peculiarity on the magnetic field dependencies of the 

Hall resistivity and magnetoresistivity near B = 12 T. This distinctive feature can be explained 

by enhancement of the spin splitting of the Landau levels with quantum numbers N = 1, 2 that 

is a consequence of the spin – orbit interaction. To determine the scale splitting in relative 

units gyromagnetic factor (or g – factor) should be calculated. Fig. 7.24. shows the positions 

of splitted maximums in the inverse magnetic field vs. quantum number at different 

temperatures. In our case g - factor was found by using the Eq. 7.6 and the results are 

presented in the Table 7.2 and Table 7.3. 

 

   
    

  
  (7.6) 

 

where   is a value calculated from the positions of splitted maximums and it is equal 

 

   
 

    
  (7.7) 

 

 

where d is a distance between maximums. 
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Fig. 7.24. Positions of splitted maximums. Insert gives value of   in absolute terms and as a 

fraction of percent. 

 

Table 7.2. Averaged values of gyromagnetic factor  

 

T, K g - factor 

2.09 2.66 

3 3.25 

4.2 5.57 

 

Furthermore, from the obtained cyclotron mass (  ) and surface concentration of holes (  ) 

the Fermi level can be calculated as 
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⁄
        (7.8) 

 

The calculated Fermi level determining the degree of degeneration of the sample is equal to 

24.12 meV. For the temperature range 2.09   40 K such degeneration is considered as strong. 

 

As mentioned above, the Dinge temperature     is the parameter that characterizes non 

thermal broadening of SdH oscillations due to non-homogeneity of the sample. It was 

calculated from the inclination of the dependence     
      

 
      

 
  on the       . One of the 

plots of this dependence is presented on the Fig. 7.25. In this case    is the slope of the linear 

fit. 

 

 

 

Fig. 7.25. The dependence of ln(A) vs. 1/Bmax at T = 2.09 K. The line is a liner approximation. 

 

Using the Eq. 4.28 Dingle temperature value was calculated from the Hall mobility. The 

results of the calculations are show in the Table 7.3. 
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Table 7.3. Results of calculations of Dingle temperature from SdH oscillations and mobilities 

at different temperatures. 

 

T, K          , cm
-2  , cm

2
/Vs    , K    , K 

2.09 0.92 3.970 0.9 1.433 

3 0.92 3.960 0.9 2.555 

4.2 0.92 6.067 0.58 4.575 

20 0.91 3.961 0.89 - 

30 0.89 3.542 1.853 - 

40 0.77 3.425 1.040 - 

 

Comparing the values of     and    it can be concluded that broadening of Landau levels 

happened due to scattering on the lattice crystal defects instead of thermal scattering of the 

carriers. 
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8. Conclusions 

 

During the investigations 2D DMS GaAs / Mn / GaAs / InxGa1-xAs / GaAs structure with QW 

was studied. The main methods of investigations were quantum Hall effect and Shubnikov-de 

Haas effect.  

 

From the obtained of free charge carriers concentration values it was revealed that manganese 

penetrates to some extent into the QW.  

 

Calculations of Dingle temperatures show that the main mechanism of the LL thermal 

broadening is scattering of holes on the lattice crystal defects instead of thermal scattering on 

phonons.  

 

Cyclotron mass was calculated By using the dependencies of the amplitudes of SdH 

oscillations. It is equal to (0.12 ± 0.03)   . Also, well distinguished maximums on the 

magnetic field dependencies confirmed a magnetic ordering in the QW.  

 

Degree of degeneration is considered as strong, because the calculated Fermi level is 24.12 

meV.  

 

Moreover, at low temperatures and high magnetic fields there was splitting of the maximums. 

Therefore, in order to determine the scale splitting in relative units the spin splitting factor (g - 

factor) was calculated.  

 

In addition, as a result of the work the skills of experimental technique with strong pulsed 

magnetic fields systems was acquired.  
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