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以分子束磊晶法成長氧化錳鋅 

稀磁性半導體的磁學與光學特性 
 

研究生：陳宣劭                         指導教授：周武清 博士 

 

國立交通大學 

電子物理學系暨研究所 碩士班 

 

摘要 

 本研究利用分子束磊晶方法將高品質的氧化錳鋅薄膜成長於以

氮化鋁作為緩衝層的矽(111)基板上，並藉由光激螢光系統及超導量

子干涉儀等方法量測成長出的氧化錳鋅薄膜在不同錳濃度下的光學

與磁學特性並進行分析。 

 從光激螢光光譜中可以確認氧化鋅薄膜具有良好的發光特性，並

且能觀察到激子復合發光會隨著錳濃度上升而急遽減弱，同時也因此

可在較高錳濃度的樣品中觀察到共振拉曼現象，並可以瀑布模型解釋

不同訊號峰值的強度變化。 

 而從室溫磁滯曲線中可發現不同濃度下的氧化錳鋅樣品皆具有

室溫鐵磁性，其中也包括了未進行錳摻雜的純氧化鋅樣品，對此我們

採用束縛磁極化子模型來描述不同樣品中的磁性行為，並推測氧化鋅

樣品中的鐵磁性可能由缺陷誘發。 



 

 II 

Magnetic and optical properties of ZnMnO diluted 

magnetic semiconductor grown by molecular beam 

epitaxy 

 

Student: Hsien-Shao Chen                     Advisor: Dr. Wu-Ching Chou 

 

Department of Electrophysics 

National Chiao Tung University 

 

Abstract 

 This research is dedicated to the growth of high quality ZnMnO thin 

films on Si(111) substrates with AlN as buffer layer by molecular beam 

epitaxy (MBE). The optical and magnetic properties were investigated by 

photoluminescence (PL) system and superconducting quantum 

interference device (SQUID). 

 The PL spectra confirmed good emission property in ZnO sample, 

and the quench of excitonic transitions as Mn doping concentration 

increased was observed. Hence the resonant Raman scattering 

phenomenon became clear in samples with higher Mn doping 

concentration and the intensity variation of different peaks could be 

explained by cascade model. 

 Room temperature magnetic hysteresis loops indicated the existence 

of room temperature ferromagnetism in all ZnMnO samples including 

ZnO. Bound magnetic polaron model is employed to describe the distinct 
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magnetic properties in ZnMnO samples and the ferromagnetism in ZnO 

could be inferred that is induced by defects. 
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Chapter 1 Introduction 

 

1.1 Motivation 

 Accompanied with technology development of semiconductor 

materials and devices, integrated circuit (IC) devices have been 

developed to high integration, fast signal process and excellent reliability. 

Operation of ICs uses external electric field to manipulate the flow of 

carriers in semiconductors by controlling the charge properties of free 

carriers. By switching the current to high or low to control the logic gates 

results in high energy consumption and leads to high operating 

temperature. Conventional electronic device operation base on the control 

of current density and electrical field limits the switching frequency and 

increases energy cost. Spintronics devices provide solution to these 

problems. The operation of spintronic devices bases on the control of spin 

polarization and spin coupling of charge carriers. It consumes less power 

and high-speed switching is possible [1-2].  

Despite the great advantage of spintronic devices, detailed physical 

properties of spintronics devices are yet to be discovered. Research 

groups have demonstrated the operation of spintronic devices based on 

diluted magnetic semiconductor (DMS) materials, as shown in Fig. 1-1 is 

an example of spin light emitting diode. But these devices could only 

operate at low temperature [3-5]. Therefore, it is urgent to develop novel 

DMS materials which could be used to fabricate spintronic devices 

working at room temperature. 

 



 

 2 

1.2 Paper review 

The most important issue for the development of spintronics devices 

is to study magneto-photonic properties, which combine the magnetism 

and photonic properties of spintronics materials [6]. Earlier researches 

focused on the injection of spin electrons from ferromagnetic metals to 

semiconductors and devoted to the epitaxial growth of transition metals 

(ex: iron, cobalt, nickel, and etc.) on semiconductor substrates [2]. Due to 

the crystal structure mismatch and band alignment difference between the 

transition metals and semiconductors, the efficiency of spin injection is 

strictly limited to less than 1% [7-8]. 

The concern of high spin injection efficiency has shifted the focus 

from transition metal/semiconductor system to half-metal material. The 

half-filled spin polarization state providing near 100% spin polarization 

[9]. In addition, many of half-metal materials exhibit very large Curie 

temperatures exceeding room temperature. However, second phase and 

interlayer between half-metal material and semiconductor could be easily 

formed due to the crystal structure difference. Thus, half-metal material 

still suffered from the large contact resistance at the hetero-junction [10].  

Transition metal lightly doped into semiconductor, which is also 

known as diluted magnetic semiconductor (DMS) material [11-12], has a 

similar crystal structure to the host semiconductor. As a result, good 

crystal quality and high efficiency of spin injection from DMS to 

semiconductor could be achieved. At the temperature below the Curie 

temperature, the Zeeman splitting of conducting carriers could induce 

spin polarization [13] for the application of spintronic devices.  
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However, the Curie temperatures of most DMS materials are far 

lower than room temperature. For the fabrication of spintronic devices 

based on DMS, the Curie temperature must be higher than the ambient 

temperature. In 2000, T. Dietl et al. [14] theoretically calculated the Curie 

temperature of Mn-doped GaN and ZnO, as shown in Fig.1-2. They 

predicted that the Curie temperature could be higher than 300 K.  

 

ZnO is a direct band gap semiconductor with emission photon energy 

around 3.37 eV at 10K [15-17]. The exciton binding energy of ZnO is 60 

meV, providing exciton emission at room temperature. Besides, zinc and 

oxygen are sufficient supply in nature. ZnMnO is one member of the ZnO 

based DMS material. Manganese doping in ZnO provides divalent 

manganese, which could have a half filled d orbital. The parallel spin 

direction results in the quantum numbers s = 5/2, l = 0. Therefore, the 

Mn
2+

 ions could contribute more magnetic spin moment than other 

valence states. 

Some references reported that ZnMnO could present magnetic 

hysteresis loop at room temperature, implied the room temperature 

ferromagnetism (RTFM) [18-19]. However, other research groups 

observed para-magnetism or antiferro-magnetism in ZnMnO at room 

temperature [20-21]. Furthermore, ferromagnetic properties have also 

been investigated in pure ZnO thin film without doping transition metals 

[22-24], revealing complicate magnetic properties of ZnO and ZnMnO. 

In this work, ZnMnO DMS were grown by plasma-assisted 

molecular beam epitaxy. Structural, optical and magnetic properties of 

ZnMnO were studied. In Chapter 2, experimental details will be 
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described. Results and discussions will be presented in Chapter 3. Finally, 

a summary is given in Chapter 4. 
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Fig.1-1 (a) Electrical spin injection in an epitaxial GaMnAs 

ferromagnetic semiconductor heterostructure; (b) EL intensity (black 

curve) at 6 K and 1000 Oe with its corresponding polarization (red 

curve). [5] 
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Fig.1-2 The comparison of Curie temperature with various DMS 

materials [14]. 
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Chapter 2 Experimental details 

 

In this chapter, we describe the plasma-assisted molecular beam 

epitaxy (PA-MBE) system and other measurements which were employed 

to characterize the samples, including scanning electron microscope 

(SEM), photoluminescence (PL) and superconducting quantum 

interference device (SQUID). 

 

2.1 Molecular beam epitaxy (MBE) 

Molecular beam epitaxy is a superior method to grow materials with 

high crystal quality. The growth rate of MBE can be controlled as slower 

as 1 Å /s. MBE system requires ultra-high vacuum, up to 10
-11

 Torr, 

leading molecular beams with high mean free paths onto substrate 

directly with low collision possibility to achieve very high crystal quality. 

Various structures like thin film, nanocrystals, quantum dots and quantum 

wells could be grown by MBE system under different growth condition. 

Within growth process, solid source elements are heated in isolated 

crucibles until they begin to sublime slowly. Meanwhile, the cell flux and 

hence growth rate can be manipulated by change cell temperatures.  

During the growth process, in-situ reflection high-energy electron 

diffraction (RHEED) can be used for monitoring the growth status. 

RHEED could provide information about surface morphology by 

showing spotty or streaky patterns on the phosphor screen.  

The present MBE system is made by SVTA from the U.S.A., as 

shown in Fig. 2-1, with ultra high vacuum growth chamber and load lock 
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chamber. Six solid elements are zinc (Zn), magnesium (Mg), cadmium 

(Cd), tellurium (Te), selenium (Se), manganese (Mn). Two plasma 

sources are oxygen (O2) and nitrogen (N2), which are activated by RF 

power. The substrates were mounted to a 2” manipulator with a heater 

which can heat up to 900°C and the manipulator is able to rotate with 

constant angular velocity for uniform growth. The flux gauge could 

detect the beam equivalent pressure (BEP) of each cell, providing useful 

information to adjust the content of our samples. 

 

2.2 Sample Preparation 

 In this study, ZnO and Zn1-xMnxO samples were grown on silicon 

(111) substrates with AlN buffer layers. AlN thin films grown on Si(111) 

were provided by Professor Kao, department of electronic engineering, 

Chung-Yuan Christian University. The surface roughness of AlN thin 

films is only 0.6 nm and the lattice mismatch between AlN and ZnO is 

only 4.4%. Therefore, AlN is a good choice as a buffer layer for ZnO. 

 The substrates were cleaned by HCl:H20=1:20 solutions with 

supersonic rinse for 15 minutes and then cleaned in de-ionized water. The 

substrates were then mounted on a moly block by using indium glues then 

transfer to growth chamber via load lock chamber. 

 Afterward, samples were transferred into growth chamber and heated 

to 850°C for desorption and surface reconstruction until the appearance 

of the RHEED patterns. Then the substrate temperature was decreased to 

660°C for growth. In this study, the Zn cell temperature was set at 280°C. 

The oxygen flow rate was 0.6 SCCM with RF power 250 W. The Mn cell 
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temperatures were varied from 680°C to 770°C, to control Mn doping 

concentration. The Mn doping concentration was measured by energy 

dispersion X-ray spectroscopy (EDX). The Mn concentration of ZnMnO 

samples are listed in Table.2-1. 

 

2.3 Photoluminescence (PL) 

The He-Cd continuous wave mode laser with wavelength 325 nm 

(3.815 eV) line is used as an excitation light source and the laser beam is 

focused and redirected by lens to incident on the samples. The samples 

were mounted on the copper holder in the vacuum chamber and could be 

cooled by closed-cycle refrigerator. A heater is set to adjust the 

measurement temperature from 10K to 300K.  

The photoluminescence signal is analyzed by a Horiba-Jobin Yvon 

iHR550 (2400 grooves/mm grating) spectrometer with a liquid nitrogen 

cooled CCD detector, the energy resolution of PL spectrometer is about 

0.3 meV. The experimental set-up of PL is shown in Fig.2-2. 

 

2.4 Scanning electron microscope (SEM) 

Scanning electron microscope (SEM), as shown in Fig. 2-3, is one 

kind of electron microscope that produces images by focused scanning 

electron beam. The incident electrons scatter with surface atoms of the 

sample, producing various signals, including secondary electrons (SE), 

back-scattered electrons (BSE), characteristic X-rays (EDX), infra-red to 

ultra-violet light (cathodoluminescence, CL). Secondary electron imaging 
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is the standard SEM image mode which could achieve resolution at about 

1.5 nm at acceleration voltage of 15 kV. 

 

2.5 X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) is used for the determination 

of the local geometry and electronic structure of materials. Synchrotron 

radiation is usually used as X-ray excitation source since its tunability of 

photon energy which could varied from 100 to 100,000 eV. In this 

experiment, the measurement system was set in National Synchrotron 

Radiation Research Center (NSRRC, Hsinchu, Taiwan) at beam line 

BL-17B1. 

The extremely short wavelength synchrotron radiation excites core 

electrons to measure their energy level transitions. XAS could be used for 

determination of valence states, coordination environment and subtle 

geometrical distortions of matters. 

 

2.6 Superconducting quantum interference device 

(SQUID) 

The main device of superconducting quantum interference device 

(SQUID), as shown in Fig.2-4, is a superconducting loop containing 

Josephson junctions, which is very sensitive to extremely small magnetic 

fields. SQUID magnetometers have been developed to characterize the 

magnetic properties of materials over a broad temperature range and it 

can apply strong magnetic fields up to several Tesla. 

The system is designed to measure the magnetic moment of a sample. 
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From SQUID measurement, the magnetization and other magnetic 

properties could be obtained. 
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Fig.2-1 Plasma assisted molecular beam epitaxy system. 

 

 

 

 

 

 



 

 13 

 

Table.2-1 Mn doping concentration of ZnMnO samples. 
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Fig.2-2 Schematics of photoluminescence measurement. 
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Fig.2-3 Scanning electron microscopy system. 
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Fig.2-4 Schematics of superconducting quantum interference device. 
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Chapter 3 Result & Discussions 

 

3.1 Surface morphology analyze 

The top-view SEM images of Zn1-xMnxO samples were shown in 

Fig.3-1 (a)-(f). The surface morphology of pure ZnO shows merged 

nanorods structure with rough surface.  

The surface flatness was improved when the thickness increases, as 

shown by the cross section images in Fig.3-2 (a)-(f).  
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Fig.3-1 SEM top-view images of Zn1-xMnxO samples, (a) x = 0; (b) x = 

0.003; (c) x = 0.0054; (d) x = 0.0159; (e) x = 0.0373 and (f) x = 0.0693. 
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Fig.3-2 The SEM cross-section images of Zn1-xMnxO samples, (a) x = 

0; (b) x = 0.0054; (c) x = 0.0159; (d) x = 0.0159; (e) x = 0.0373 and (f) x 

= 0.0693. 
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3.2 Photoluminescence spectra of ZnO and ZnMnO 

To characterize the crystal quality of ZnO sample, low temperature 

PL is performed at 10K, the obtained spectrum was shown in Fig.3-3. The 

strong and narrow near band edge (NBE) emission peaks were shown in 

the figure and no defect-related yellow-green luminescence peaks were 

detected. These results imply good crystal quality. 

Several emission peaks were observed in the NBE. They are 

identified as donor bound excitons, D
0
X1 (3.358 eV), D

0
X2 (3.362 eV), 

D
0
X3 (3.367 eV) and free exciton FXA (3.377 eV), as shown in the inset of 

Fig.3-3. The full width at half maximum (FWHM) of the dominated 

neutral donor bound exciton emission peak at 3.358 eV is about 2 meV, 

which also confirms the good crystal quality. 

The temperature-dependent PL spectrum was shown in Fig.3-4 (a) 

and their peak positions were calculated and shown in Fig.3-4 (b). The 

peak positions were well fitted by the Varshni’s formula as [25]: 

2

0
( )
g

T
E T E

T




 


, 

where E0 is the band gap of the sample at T = 0K,  and  are fitting 

constants. 

The three donor-related excitonic transitions were thermally 

quenched at 80K, 120K and 120K, which corresponds to the activation 

energy about 7 meV, 11 meV and 11 meV for D
0
X1, D

0
X2 and D

0
X3, 

respectively. Above 120K, the NBE transitions merged and finally 

red-shifted to 3.293 eV at 300K. The red-shift of peak position is due to 

the lattice thermal expansion as temperature increases. Even at 300K, FXA 

emission is still dominated, it implies that ZnO has good quality. 
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Fig.3-5 shows the low temperature PL spectra of Zn1-xMnxO, x = 0 ~ 

6.97%. As the Mn doping concentration increased, the excitonic transition 

lines were drastically suppressed due to the effect of internal d-d 

transitions [26], and the excitonic emission is completely disappeared 

when the Mn doping concentration is above 3%. 

Besides, the laser excited phonon replica could be clearly observed 

near the NBE in Fig.3-6 due to strong phonon and exciton coupling, 

which is called resonant Raman scattering (RRS). For high Mn doping 

concentration samples RRS is more pronounced. The phonon energies of 

longitudinal optical (LO) and E2,high mode are respectively 585 and 436 

cm
-1

 in bulk ZnO [27]. The resonant Raman cross section can be 

expressed as [28]: 

i
i

2

4

0 0

, , , ,
( )

( )

LO

B

j

k T

n
j m ex LO

g n j e m e m g j
e

E m j



  
 

  

 




    
  . 

In Fig.3-6, up to eleven LO phonon peaks were observed in 

Zn1-xMnxO for x = 6.93%. The LO phonon peak positions and the energy 

of the phonon mode were listed in Table.3-1 and Table.3-2. Similar 

results were reported in other semiconductor materials [29]. The 

enhancement of RRS peaks near band gap could be explained by the 

Fröhlich interaction which describe the coupling between excitons and 

LO phonons [27]. The mechanism of RRS diagram was shown in Fig.3-7. 
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Fig. 3-3 10K PL spectrum of undoped ZnO. Strong NBE emission 

peaks are shown in the inset.  
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Fig.3-4 (a) The temperature dependent PL spectra of undoped ZnO; 

(b) the temperature dependent peak positions plot. The Varshni 

fitting results were shown in solid lines. 
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Fig.3-5 Low temperature PL spectra of Zn1-xMnxO samples, where x 

= 0 ~ 6.97. 
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Fig.3-6 RRS spectrum of Zn0.931Mn0.069O. The phonon replica peaks 

up to 11 LO were clearly observed. 
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Fig.3-7 Schematics of RRS and relaxation path. 
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Phonon replica 

mode 

Peak position 

(cm
-1

) 

Phonon replica 

mode 

Satellite peak 

position 

(cm
-1

) 

klaser-1kLO 588 klaser-1kLO-1kE2,high 1014 

klaser-2kLO 1174 klaser-2kLO-1kE2,high 1603 

klaser-3kLO 1759 klaser-3kLO-1kE2,high 2181 

klaser-4kLO 2349 klaser-4kLO-1kE2,high 2769 

klaser-5kLO 2938 klaser-5kLO-1kE2,high 3355 

klaser-6kLO 3525 klaser-6kLO-1kE2,high 3932 

klaser-7kLO 4105 klaser-7kLO-1kE2,high 4515 

klaser-8kLO 4691 klaser-8kLO-1kE2,high 5118 

klaser-9kLO 5277   

klaser-10kLO 5859   

klaser-11kLO 6449   

Table.3-1 The peak positions of phonon replica in Zn0.931Mn0.069O. 
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n
th

 

mode 

Wavenumber difference 

between n
th

 LO and (n-1)
th

 LO 

mode (cm
-1

) 

Wavenumber difference between 

n
th

 LO and n
th
 LO + E2,high mode 

(cm
-1

) 

1 588 426 

2 586 429 

3 585 422 

4 590 420 

5 589 417 

6 587 407 

7 580 410 

8 586 427 

9 586  

10 582  

11 590  

Table.3-2 The energy difference between n
th

 mode and (n-1)
th

 mode.  
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3.3 Valence states of manganese ions in ZnMnO 

Manganese ions could have different valence states and electronic 

configuration in different materials. For example, manganese could be 

divalent (3d
5
), trivalent (3d

4
) and tetravalent (3d

3
) which correspond to 

MnO, Mn2O3 and MnO2, respectively. 

Different electronic configuration and lattice structure would result in 

different net magnetic moment and could have distinct magnetic behavior. 

For example, MnO is antiferromagnetic, α-Mn2O3 is antiferromagnetic 

and γ-Mn2O3 is ferrimagnetic. Substitution of Zn by Mn in ZnO results in 

divalent Mn
2+

. 

X-ray absorption spectroscopy (XAS) measurements of the Mn 

L-edge spectra in ZnMnO samples were performed to evaluate the 

valence states of Mn. L-edge XAS spectrum measures the electron 

transition energy from the 2p to 3d orbital. There are several effects split 

the 2p and 3d orbital. For 3d orbital, due to the Pauli exclusion principle, 

energy levels split into spin-up and spin-down states, the electrons filled 

spin-up state to lower system energy, then crystal symmetry and 

coordination distortion split the energy levels further into t2g and eg states 

[30]. The energy level diagram was shown in Fig.3-8. 

The L-edge spectra of ZnMnO samples were shown in Fig.3-9, the L3 

and L2 edge peaks were clearly observed. (E1 = 640.59 eV, E2 = 641.96 eV, 

E3 = 644.12 eV, E4 = 650.89 eV, and E5 = 652.66 eV) The L3 and L2 edge 

peaks represent the transitions from 2P3/2 to 3d orbital and 2P1/2 states to 

3d orbital, respectively. The 2P3/2 and 2P1/2 states of a 2p
5
 electron 

configuration were split due to the spin-orbital coupling. The L3 peaks 
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have stronger intensity since 2P3/2 states have more degenerate states than 

2P1/2 states [31]. 

As shown in Fig.3-9, the L2 and L3 peaks positions matched with the 

peaks of Mn
2+

 ion in MnO. This result implies that most incorporated 

manganese ions are mainly divalent state rather than in trivalent or 

tetravalent states. 
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Fig.3-8 The Mn
2+

 L-edge energy transitions diagram. 
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Fig.3-9 L-edge spectra of Zn1-xMnxO samples, where x = 0.003 ~ 0.069. 

Their L2 and L3 peaks positions matched the peaks of Mn
2+

 ion in 

MnO. The observed transitions energies of E1, E2, E3, E4 and E5 are 

640.59 eV, 641.96 eV, 644.12 eV, 650.89 eV and 652.66 eV, respectively. 
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3.4 Magnetic behavior in ZnMnO 

Fig.3-10 shows the temperature dependent magnetic hysteresis loops 

of Zn0.979Mn0.021O up to 300K. This implies the Curie temperature is 

higher than 300K. Fig.3-11 shows the temperature dependent remanant 

magnetization. The spontaneous magnetization formula [32], 

3
2

0
(1 ( ) )

c

T
M M

T
  , 

was used to calculate the Curie temperature. Where, M0 is the 

magnetization at T = 0K and Tc is the Curie temperature. The data is well 

fitted by the formula and is shown by red line. The estimated Curie 

temperature is about 660K, which is certainly far above room 

temperature. 

To further analyze the magnetic behaviors of ZnMnO samples, 

temperature dependent magnetization curves (M-T curves) of 

Zn0.979Mn0.021O were shown in Fig.3-12. In Fig.3-12, zero field cooling 

(ZFC) and field cooling (FC) curves were shown. The curves were 

measured from 2K to 300K at applied magnetic field strength 200 Oe. 

The curves showed a clear divergence and the divergence persisted up to 

300K, imply clear ferromagnetism at room temperature, which is 

consistent with previous results from hysteresis loops. However, in the 

region where temperature is below 50K, the curves show the 

paramagnetic behavior. We will discuss this behavior in more details 

later. 

Fig.3-13 shows the hysteresis loops at room temperature with 

different Mn doping concentration. The data imply room temperature 

ferromagnetism of all samples including undoped ZnO sample.  
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The ferromagnetism of undoped ZnO might contribute from the 

defect-induced bound magnetic polarons (BMP) [33] since 

carrier-mediated ferromagnetism required n-type or p-type doping. 

Moreover, the lowest Mn doping concentration (0.3%) has the highest 

remanent magnetization, but the remanent magnetization decreased as we 

increased the Mn doping concentration. The relationship between the 

remanent magnetization, coercive field and Mn doping concentration was 

shown in Fig.3-14. Besides, the remanent magnetization shows a negative 

correlation along with coercive field at different Mn doping concentration, 

it could be related to the motion of domain walls [34]. 

Here we assume the origin of magnetism in our samples contributed 

from the BMPs. The BMP model stated that the carriers trapped near 

defect centers would interact with localized spin moments, and the 

wavefunction of the localization carriers would extend to several 

nanometers, forming bound polarons. A polaron would exert 

antiferromagnetic exchange interaction on the spin moments e.g. 

magnetic ions, defect induced magnets which situate inside the polaron. 

Then the magnetic moments inside the polaron would become parallel 

aligned, e.g. forming ferromagnetism, to be in steady state [35]. 

Meanwhile, if there is a Mn
2+

 ion as next nearest neighbor for another 

Mn
2+

 ion, the two Mn
2+

 ions would experienced antiferromagnetic 

superexchange interaction, which favors anti-aligned spin configuration 

that could reduce the system energy to keep it in stable [36]. 

However, if the adjacent Mn
2+

 pair is inside a polaron, the 

antiferromagnetic exchange between the localized carrier and Mn
2+

 ions 

would lead to polarization of the polaron and contributes to 
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ferromagnetism, while the superexchange interaction between adjacent 

Mn
2+

 ions results in anti-aligned spin. The two interactions which favor 

different spin configuration would compete with each other and result in 

the decrease of the stability and overall magnetization of the BMP [37]. 

In our previous M-T curves, we showed the paramagnetic behavior 

dominates below 50K. The paramagnetic behavior could be attributed 

from the short-range antiferromagnetic exchange. 

To further identify the exchange interaction strength between Mn
2+

 

ions, Fig.3-15 shows the temperature dependent zero field cooling 

magnetization curve of Zn0.979Mn0.021O. The curve was well fitted by 

Bloch spin wave function and Curie-Weiss law, implies the spontaneous 

magnetization exists, which is consistent with previous results from 

hysteresis loops. The fitting formula is as follows:[38] 

3
2

0
(1 ( ) )

c

T c H
M M

T T 


  


, 

where M0 is the remanant magnetization at T=0, Tc is the Curie 

temperature, c is the Curie constant, H is applied magnetic field and  is 

the Weiss constant. 

By Bloch spin wave function fitting, we can calculate a negative , 

which implies the existence of antiferromagnetic exchange interaction. 

Then we can further calculate the effective exchange constant (Jex) by the 

following formula:[39] 

  2 1
3
ex

B

J
x S S z

k
        , 

where x is the Mn doping concentration, S = 5/2 is the total spin quantum 

number of Mn
2+

 ion, z = 12 is the number of nearest neighbors for 
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cations.  

The relationship between the absolute value of Jex and Mn doping 

concentration could be plot in Fig.3-16. The absolute value of Jex could 

describe the antiferromagnetic exchange interaction strength. The 

absolute value of effective exchange increases with the Mn doping 

concentration. It implies the enhancement of antiferromagnetic exchange 

interaction, which corroborates with our previous assumption that the 

magnetization is due to polarization of Mn
2+

 ions induced by polaron.  

The magnetization contribution of Mn ions can be estimated by 

hysteresis loops. For a divalent Mn ion, its 5 electrons in 3d orbital will 

align in parallel according to Hund’s rule, resulting in quantum numbers 

of s = 5/2, l = 0, and hence contribute to 5 effective Bohr magneton (B). 

If we assume the remanent magnetization was contributed from 

ferromagnetic (FM) Mn ions and the saturated magnetization was 

contributed from the summation of ferromagnetic and paramagnetic (PM) 

Mn
2+

 ions. We could calculate the relative amount of FM and PM Mn 

ions, as shown in Fig. 3-17. The FM/PM ratios at different Mn doping 

concentration were shown in Fig. 3-18. The curves show the suppressed 

FM manganese ions at high Mn doping concentration which is due to the 

increasing anti-ferro-magnetic interaction in high Mn samples.  

In summary, complicate magnetic phases coexisted in our samples, 

the magnetic polarons contributed to ferromagnetism whereas the 

antiferromagnetic superexchange interaction between Mn
2+

 ions and 

isolated Mn
2+

 ions contributed to antiferromagnetism or paramanetism, as 

shown in Fig.3-19. 
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Fig. 3-10 Temperature dependent magnetic hysteresis loops of 

Zn0.979Mn0.021O. 
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Fig. 3-11 Temperature dependent remanant magnetization of 

Zn0.979Mn0.021O. The spontaneous magnetization fitting is shown by 

red line. 
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Fig. 3-12 Temperature dependent magnetization curves of 

Zn0.979Mn0.021O. The ZFC and FC curves were shown in black line 

and red line, respectively. 
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Fig. 3-13 Room temperature M-H curves of Zn1-xMnxO, where (a) x = 

0; (b) x = 0.003; (c) x = 0.0054 and (d) x = 0.0373. 
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Fig. 3-14 Relationship between remanent magnetization (red line), 

coervice field (black line) and Mn doping concentration plot. 
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Fig. 3-15 Zero field cooling temperature dependent magnetization 

curves of Zn0.979Mn0.021O. The Bloch spin wave function fitting was 

shown in the red line. 
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Fig. 3-16 The relationship between the effective exchange constant 

(Jex) and Mn doping concentration. 
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Fig. 3-17 Effective Bohr magneton contributed from ferromagnetic 

Mn ions (black points) and paramagnetic Mn ions (red points). 
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Fig. 3-18 Relative ratio of FM to PM Mn ions in different Mn doping 

concentration samples. 
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Fig. 3-19 Schematics of mixed magnetic phases in Zn1-xMnxO 

samples.  
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Chapter 4 Conclusion 

 

In this work, ZnMnO samples grown on Si(111) with AlN buffer 

layer by plasma-assisted molecular beam epitaxy with high optical 

quality were studied. The PL spectra show the strong excitonic emission, 

implies high quality of samples. The RRS phenomenon was enhanced in 

high Mn doping concentration ( x > 2.13%). 

XAS provides the information about valence states of Mn ions in 

ZnMnO samples, Mn L-edge spectra indicate that most of Mn ions are 

divalent state and excluded the existence of Mn cluster. Room 

temperature hysteresis loops revealed RTFM of all samples including 

undoped ZnO. This magnetic phenomenon results from the existence of 

BMP. The Curie temperature was higher than 300K in all samples, but the 

remanent magnetization decreased with increasing Mn doping 

concentration due to the antiferromagnetic exchange interaction in the 

polarons. 
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