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ABSTRACT 
 
 
Various metal silicide and germanide magnetic nanowires were synthesized using a 

home-built CVD [chemical vapor deposition] system. The morphology, composition, 

and magnetic properties of the nanowires were studied and correlated with growth 

parameters such as temperature, pressure, time, and source-substrate distance.  

 

One of the compositions targeted for synthesis was MnSi [manganese silicide]. In 

bulk, this material orders helimagnetically at Tc [curie temperature] = 30K, with a 

helical pitch of about 20 nm. After extensive study, we learned that the thickness of 

the silicon dioxide layer on the substrate is a critical parameter for the growth of 

MnSi nanowires. An oxide assisted one-dimensional growth mechanism was 

proposed. A growth diagram was created that shows the effect of various growth 

parameters on the products. The nanowires were characterized magnetically in a 

SQUID [superconducting quantum interference device] magnetometer using AC 

[alternating current] susceptibility. These measurements confirmed helimagnetic 

ordering and skyrmion lattice formation in the nanowires. 

 

Another composition targeted for synthesis was FeGe2 [iron digermanide]. In bulk, 

FeGe2 undergoes a spin density wave transition at 289 K. Nanowires of FeGe2 have 

not been previously reported. We were able to grow FeGe2 nanowires on a Ge 

substrate. The FeGe2 nanowires were identified by selected area diffraction using a 

transmission electron microscope. The growth direction was determined to be 



vi 

 

[110].  FeGe2 nanowires were integrated into four-probe nanodevices, which were 

fabricated through an e-beam lithography system via beam dose correction and a 

double-layer geometry. The combined magnetic and electronic transport 

measurements show that while the antiferromagnetic spin density wave is still 

present along the FeGe2 nanowire long axis, ferromagnetism was identified in other 

directions. 
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CHAPTER 1 INTRODUCTION 
 

Over the past 40 years, great achievements have been made in the 

studying of nanomaterials, including information storage, computing 

devices, photovoltaics and sensing.  [1] The motivation for the 

exploration in this work is to study the magnetic properties in one-

dimensional nanostructures.  

 The great achievement in nanomagnetism is attributable to their 

magnetic properties, which are largely different from bulk magnetic 

materials, even though both materials have the same chemical formula 

and structure.  

The reasons why magnetic properties of those two materials are 

different are (a) the dimension of nanomaterials is approximately the 

same as the magnetic characteristic length;(2) nanomaterial’s high 

portion of surface atoms, and (3)nanomaterial’s high percentage of 

defects. [2] The last two reasons are common properties of 

nanomaterials (Fig 1).  
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Figure 1 The importance of studying nanomagnetism. 
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As shown in table 1, almost all of the magnetic characteristic lengths fall 

in the range of 1-100nm like the domain wall width and the spin 

diffusion lengths. The question raised here is what will happen when 

the size of materials is smaller than those characteristic lengths [3] [4] ? 

Therefore, the purpose of this study is to prepare magnetic nanowires 

including ferromagnetic nanowires and antiferromagnetic nanowires, 

which could help with understanding the manipulation of spins in 

nanowires. 

A typical example in Fig 2 shows magnetic domain wall motion in 

Permalloy nanowires by applying a magnetic field. The velocity is linear 

with applied field, and the velocity of both the vortex and the transverse 

domain walls increases with the nanowire’s diameter by applying the 

same magnetic field. Using the diameter to control the velocity shows 

great potential in electronic applications.  
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Table 1 Magnetic characteristic length scales 

Symbol Length Typical scale (nm) 

da Interatomic distance (Fe) 2.5*10-1 

dex Range of exchange interaction ~10-1- ~1 

dRKKY Range of RKKY interaction ~10-1- ~10 

dc Domain size 10-104 

Dcrspm Superparamagnetic critical diameter ~1- ~102 

Dcr Critical single-domain size ~10- ~103 

δ0 Domain wall width ~1- ~102 

lex Exchange length ~1- ~102 

lsd Spin diffusion length ~10- ~102 

λmfp Electron mean free path ~1- ~102 

ζ Superconducting coherence length ~1- ~103 

λF Fermi wavelength/metal ~10-1 

λF Fermi wavelength/semiconductor ~102 
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Figure 2 Domain wall velocities versus the external field in permalloy 

nanowires of various diameters [2]. 
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CHAPTER 2 THEORETICAL PRINCIPLES AND BACKGROUND 

 

Nanostructures were synthesized in many ways, including two 

strategies: the bottom-up and the top-down.  [5] The bottom-up method 

involves evaporating a precursor’s atoms and molecules and then 

depositing them on the substrate. Methods for assembling a 

nanostructure from bottom to up include the vapor method and the 

solution method. In the fabricating a nanodevice, the top-down method 

is employed to shape nanosize electrodes. 

 

2.1 Theory of nanowires prepared with the vapor method 

The vapor-liquid-solid method and vapor-solid method are used 

commonly in fabricating nanowires. The former often involves a metal 

catalyst to control growth; the mechanism of the latter is mainly related 

to the supersaturation ratio. [6–11] 

In the vapor-solid method, it is commonly accepted that the two-

dimensional nucleation probability on a whisker’s surface is:  

         
   

        
  

where B-constant 
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σ-surface energy of a solid whisker 

k-Boltzmann constant 

T-absolute temperature 

α-supersaturation ratio (p/p0) where p is actual vapor pressure and p0 is 

equilibrium vapor pressure corresponding to T.  [12,13] 

In order to achieve one-dimensional growth, two-dimensional growth 

should be suppressed, reducing the two-dimensional nucleation in this 

formula by lowering the temperature and reducing supersaturation 

ratio α (Fig 3). However, the supersaturation ratio should not be too 

small so as to have enough material deposited on the substrate. That is, 

       
         

  
         

         
          

         
. 
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Figure 3 Temperature and supersaturation ratio competition between 

one-dimensional and two-dimensional growth. 
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2.2 Helimagnetic structure and skyrmion 
 

2.2.1 Theory of helimagnetic structure 

 

Based on the Landau-Ginzburg equation of free energy in terms of spin 

density in magnetic materials [14–21]: 
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The first term is the exchange interaction coupling term, resulting in the 

magnetic moments alignment (ferromagnetism). The second term is the 

Dzyaloshinsky-Moriya interaction that is trying to twist the magnetic 

moments; this interaction often occurs in a system that has broken 

inversing symmetry. The third and fourth terms are additional softening 

of the magnetization' amplitude. The fifth and sixth terms are spin-orbit 

coupling anisotropy energy, especially in P213 space group (B20 

structure). [22] 
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Near Tc, the free energy is generally minimized by periodic structures of 

the form 
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F(k) is minimized when αk is perpendicular to βk and |αk|=|βk| and k is 

antiparallel to αk x βk (b>0) 
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which is minimized by 
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Based on calculation in Fig 4, the free energy in helimagnets could be 

plotted versus wave vector k. The free energy clearly has a minimum 

value on the left and right sides that is correlated to two kinds of chiral 

structure. [20] 

In the helical magnetic structure, magnetic moments in each plane are 

parallel by exchange interaction coupling but rotate at a constant angle 

in each plane as a result of the Dzyaloshinsky-Moriya interaction. Then 

after rotation over many planes, the magnetic moments go back to their 

original orientation. The distance between the last plane and the 

original one is called pitch of the helix in helimagnetic materials as is 

shown in Fig 5. The pitch of the helix is of nanometer size in B20 

structure materials (18nm in MnSi, 90 nm in Fe0.5Co0.5Si, and 70 nm in 

FeGe). 
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Figure 4 Plot of free energy in left and right hand chiral calculated from 

quadratic function. 
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Figure 5 (a)Helimagnetic structure with in plane rotation (b) The 

definition of pitch of helix [23]. 
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2.2.2 Skyrmion and its particularity 

 

The skyrmion phase is metastable, which is formed from helimagnetic 

structure. Comparing the energy term of body centered cubic formed 

from liquid  [22]: 

∑    
   

   
           

      

 

The energy could be maximized by putting q1+q2+q3 equals to 0 for 

δ(0)=1. So with q1,q2,q3 are all moment vectors. They must be rotated 

120° from each other because they have the same magnitude. In 

helimagnetic materials, the same situation could happen:  

∑        
     

    
            

      

 

Thus, the skyrmion formed from the helimagnetic structure could gain 

energy. So this energy term makes the skyrmion entire hexagonal lattice 

(Fig 6(b)). 

Skyrmion is a quantized vortex-like magnetic structure with center 

magnetic moments parallel or antiparallel and outermost magnetic 

moments antiparallel or parallel to the external magnetic field.(Fig 6(b)) 

Skyrmion is a combination of conical and helical states. [24] Therefore, 
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in helimagnetic materials, skyrmion is stabilized by a small magnetic 

field when its temperature is near its magnetic transition point. If the 

magnetic field is too large, magnetic moments will tilt towards the 

magnetic field, resulting in the conical state. Then magnetic moments 

will become field polarized if the field is large enough to align magnetic 

moments with a magnetic field [25](Fig 6(a)). In neutron scattering, 

helical states aligning in <111> direction of MnSi could be identified, 

and the pitch of the helix could be calculated by p=2π/q when q is the 

distance between two <111> spots. After the field is applied, skyrmion 

shows a hexagonal lattice pattern(Fig 7). [22] Skyrmion’s existence is 

similar to bubble memory, where a thin film of a magnetic material is 

used to hold small magnetized areas, known as bubbles or domains, 

each storing one bit of data.  
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(a) 

 

Figure 6 (a) Magnetic phase diagram of MnSi [22] (b) Skyrmion is a 

quantized vortex-like magnetic structure [26]. 
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Figure 7 (A)Neutron diffraction data of the helical magnetic ordering in 

MnSi single crystal at 27K (B) Hexagonal skyrmion diffraction pattern of 

MnSi single crystal at 26.5K with field of 0.164T [22]. 
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Skyrmion could be characterized using neutron diffraction, 

Superconducting quantum interference device(SQUID) and Lorentz 

microscopy TEM. [27] When the magnetization, temperature, and 

magnetic field are plotted as three axes of a coordinate system, the 

skyrmion phase could be drawn as a raised plateux (Fig 8(a)) . In the 

phase boundary, it is discontinuous first order transition [28] and 

shows a pocket’s magnetization. Fig 8(b)(c) Magnetization curves vs 

temperature with kinks at low field are representative of the helical 

magnetic phase (Fig 8(d)). In the magnetization curves vs. field, the 

pocket area between kinks with a small field shows the magnetic 

structure’s boundary. Using multiple points’ measurement, AC 

susceptibility versus field could be plotted at different temperatures 

close to the transition point. Three-dimensional curves are plotted to 

reveal the diversification of A-phase, depending on the temperature and 

the magnetic field. The magnetic phase diagram is also plotted. [29,30] 

In Lorenz TEM, real images of skyrmion are observed by placing a thin 

plate of FeGe under an electron beam. [31] The skyrmion lattice in FeGe 

is shown in Figure 9. 
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Figure 8 (a) “A” phase transition in magnetic moments measurements 

vs temperature and external field [28] (b) (c)Various magnetic 

susceptibility vs temperature measured under different fields (d) AC 

susceptibility versus field  [30]. 
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(a) 

    

(b)                                                    (c) 

Figure 8 continued 
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(d) 

Figure 8 continued 
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(a)                                                              (b) 

Figure 9 (a) Skyrmion lattice on thin plate of FeGe under Lorentz TEM 

(b) Size of a single skyrmion  [31]. 
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2.2.3 Skyrmion and domain wall motion 

 

A skyrmion and a magnetic domain wall motion share many similarities. 

Their motion could be driven by the magnetic field or the electrical 

current. [32–34] In the field-driven domain motion, the domain wall’s 

velocity could be measured by the Giant magnetoresistance (GMR) 

effect. If a field is applied to the right and wires with magnetic moments 

orient to the left, the domain begins to grow with, the domain wall 

moving to the right. The total resistance changes if another layer of 

known magnetization is covered. The total resistance will act like the 

GMR effect. A threshold field named the Walker breakdown field is the 

maximum field that could be applied in a field-driven motion of domain 

walls because above it; the motion becomes turbulent and oscillates. 

Below this field, the velocity is almost linearly increased with field 

strength. [1]       

Another way to move a domain wall is through an electrical current. 

Passing a spin-polarized current to the domain wall, a torque is applied 

by localized magnetization (Fig 10). And also the spin polarized curent 

exerts a torque on local magnetization (domain).The domain wall is 

moved by the spin transfer torque ,and domain wall motion can be seen 

in several ways, including magnetic soft X-ray microscopy, spin 
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polarized scanning electron microscopy and Magnetic force microscope 

(MFM). [35–37] By injecting a pulsed current for appoximately several 

nanosecond, the distance the domain wall travels can be measured, and 

domain wall’s velocity can be calculated.  
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Figure 10 Current-driven domain wall motion [3]. 
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Figure 11 Spin transfer torque at ultra-low current density of MnSi 

single crystal [34]. 
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In traditional ferromagnetic materials, a current density of 1011Am-2 

was required to move domain walls. However, a current density of only 

106Am-2 was needed to rotate a skyrmion with spin-polarized 

current. [32] [38] The rotation was observed through neutron data. The 

rotation angles versus current density and threshold current density at 

different temperatures are shown in Figure 11. This low current density 

suggests exploring the spin transfer torque in nanowires because much 

heating is avoided when a small current passes through. [32,34] A 

skyrmion could be written and deleted by the tunneling current [39]. 

Researchers have proposed aligning domain wall along a nanowire 

track, and using a reading head measure its magnetoresistance or a 

writing head to inject current. This method shows great potential for 

next generation of data storage device. [40] Because it is cheaper, more 

energy efficient, and faster. Replacing the domain wall with skyrmion, 

much less energy would be consumed.  
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2.3 Spin density wave  
 

2.3.1 Formation of spin density wave 

 

Spin density wave (SDW) is a low-temperature ordered state such as 

ferromagnetism, antiferromagnetism and superconductivity. [41–43] 

SDW is formed by electron-electron pairs which should repel to each 

other.  

In Fig 12, the normal state, charge density wave state and spin density 

wave state are plotted. In normal metal, the number of spin-up electrons 

equals the number of spin-down electrons. Therefore, the total spin 

density is zero, and the total charge is constant. In charge density wave 

(Fig 12 (a)), electrons with opposite spin direction are paired up with 

charge density’s wave distribution. However, in spin density wave (Fig 

12 (b)), the spin of electrons has been separated, which makes spin 

density’s wave distribution. Because the spin density’s wavelength is 

determined by electrons, incommensurate SDW is named for SDW’s 

wavelength mismatching with ion spacing-lattice constant. If the SDW’s 

wavelength is fit to the lattice constant, it is commensurate SDW. [43] In 

FeGe2, as the temperature is lowered, a magnetic curve passes through 
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paramagnetism to incommensurate SDW at 289K, and then reaches 

commensurate SDW at 263K. [44–46] 
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(a) 

 

(b) 

 

(c) 

Figure 12(a) Charge density wave (b) Spin density wave (c) Comparison 

of normal metal, CDW and SDW [41]. 
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2.3.2 Verification of spin density wave 

 

To identify the emergence of spin density waves, several methods were 

employed: conductivity measurement [44], neutron scattering [45–49] 

and nuclear magnetic resonance. Conductance is obviously easier to 

measure in nanowires.  

As illustrated in Fig 13, when the temperature is lowered, the 

conductance will increase. That response could be explained by 

decreasing metal resistivity with temperature. However, after cooling, 

the materials will reach the SDW state. Then the electrons will have 

been paired and refuse to move freely. Then the conductance drops 

abruptly leading to insulator behavior. [41] This sudden transition is a 

clear sign of SDW.  

FeGe2 is a very special material having two types of SDW: 

incommensurate SDW and commensurate SDW. The transition from 

paramagnetic to incommensurate SDW is at 289K, and the transition 

from incommensurate to commensurate SDW is at 263K [45–47,51].In 

this case, magnetoresistance is considered the best way to identify the 

SDW phase’s boundary because there is a slight shift when it reaches 

the boundary. (Fig 14)  
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Figure 13 Conductance measurement of SDW [47]. 
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(a) 

 

 

(b) 

Figure 14 (a) Resistivity changes when applying current and field along 

[110], from bottom up each curve represents a temperature: 260, 263.6, 

264, 265,266.1,267,268.5,269K (b) Constructed magnetic phase 

diagram [51]. 
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CHAPTER 3 DESIGN OF THE CVD SYSTEM FOR NANOWIRE 

GROWTH 

 
 

3.1 Nanostructure prepared in chemical vapor deposition with 

leaks 

Nanowires of MnSi compounds could be prepared through directly 

evaporating Mn powder on a silicon substrate. Many experiments were 

initially attempted in the CVD system with leaks because the system 

were sealed by rubber tubes. At the same time, Ar gas was kept flowing 

to avoid too much air in the system. In that case, nanowires began to 

grow. However, Mn4Si7 crystals were formed on the substrate in a well-

sealed system.  

In those samples with nanowires, usually four different morphologies 

were observed: the continuous film, the nanowires, the nanowires plus 

scattered particle, the particles. Strangely, the wires are located in a 

narrow area near the edge as shown in Fig 15. EDX were applied to 

measure the relative composition of Mn deposit on different regions. 

The same size squares are used to get the spectrum in different bands. 
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(a)                                                                (b) 

     

(c)                                                                    (d) 

Figure 15 Different morphologies observed in CVD when leaks are in the 

system: (a) Three narrow bands (b) Details in narrow bands (c) Details 

of outermost band with scattered particles (d) Innermost nanowires 

band. 
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Table 2 Composition of Mn:Si in samples prepared by atmosphere CVD 
Name 

(from outside to inside) 

Mn % 

(atomic) 

Si % (atomic) Relative Mn:Si 

(Atomic 

composition) 

First band (scattered 

particles) 

10.15 89.85 0.113:1 

Second band (Nanowires 

plus scattered particles) 

22.43 77.57 0.289:1 

Third band (Nanowires) 32.2 67.8 0.475:1 

Inner band (Continuous film) 30.71 69.29 0.443:1 
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The data shows Mn composition increased from outside to inside. At the 

same time, samples were prepared for the Mn powder directly touching 

the silicon substrate’s surface. Several Mn-Si multiple symmetric 

structures formed like “rolls” (Fig 16 (a)); their composition was around 

50% Mn and 30% Si. Based on the experiment conducted in the pumped 

CVD system, it is concluded that “something” formed in the substrate 

edge that could promote the one-dimensional growth. Neither too much 

Mn nor too much silicon promotes nanowire growth.  

The nanowires were prepared with different gas flow directions, but no 

differences resulted.  

Excluding the flow direction effect, another reason may be the role of 

oxygen. If oxygen reacts with the silicon substrate in the system, it 

should be near the edge since other places have a high percentage of Mn 

vapor. To verify this mechanism, experiments were conducted with the 

system open to air. The result is shown in Fig 16 (b)(c). 

In this experiment, many octopus structures were formed with Mn head 

and SiO2 tentacles, indicating, wire structures prefer oxygen-rich 

surroundings. However, with too much oxygen in the system, 

nanostructures became too oxidized. Therefore, the amount oxygen 

should be less and controlled. In this case, proper oxides may be 
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another option to promote nanowire’s growth. To identify, a thin glass 

slide (SiO2) 100µm thick was used as a substrate in a sealed system. In 

this case, the SiO2 melted immediately after being deposited onto the 

Mn vapor. However, in the region near the melted SiO2, the nanowires 

appeared and located around the melted area (Fig 17). Because Mn-Si 

nanowires very likely growing on the SiO2 , synthesizing them using 

substrates with SiO2 thin film with a well-sealed system was attempted.   
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(a) 

       

(b) 

    

(c) 

Figure 16 (a)"Hexagonal roll" structure; (b) Morphology of nanowires 

prepared in system open to air (c) Details of Mn head with SiO2 hairs. 

 

20 µm 

1 µm 

20 µm 



40 

 

 

 

Figure 17 Nanowires growing around the melted SiO2. 
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3.2 CVD System setup 
 

In this study, a homemade tube furnace chemical vapor deposition 

system was used. This system has a flow controller, pressure gauge, 

mechanical pump with a needle valve to control pumping speed, and a 

tube furnace for temperature control. Substrates were Si wafers with a 

thermal growth of SiO2 layer hundreds of nm thick. Two geometries of 

source and substrate locations are shown in Fig 18 (a)(b). Choosing 

them depended on the source material’s evaporate rate. The system’s 

design is shown in Fig 18 (c). 
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(a)                                                               (b) 

 

(c) 

 

Figure 18 (a)(b)Two geometries of chemical vapor deposition in 

nanowires’ growth, (c) the CVD system’s design. 
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3.2.1 Tube furnace heating curve 
 

Temperature is a critical parameter for controlling growth. Usually the 

precursor of evaporating temperature is different from that for 

substrate deposition. Halides are preferred in nanowire synthesis 

because of their low melting and boiling points; however, metal 

powders require more heat to evaporate. In the substrate’s location, the 

temperature should be kept in the range where the expected phase is 

stable. Thus, the temperature curve of this study’s tube furnace was 

essential to growing the right phase of the nanowire. Pressure, flow 

rate, geometry, and substrates together could suppress the 

supersaturation ratio, which enables one-dimensional growth.  
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Figure 19 Temperature profile vs. position in tube furnace used for CVD. 
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Fig 19 shows, the tube furnace’s temperature profile is shown. Each 

color represents a set temperature, displayed in the tube furnace’s 

control panel. The actual temperature was measured by thermocouple 

each time moving its tip 5 cm in one direction. Clearly, the real 

temperature was not consistent with the set temperature. In the middle 

of the furnace, the actual temperature was 20°C higher than the 

displayed temperature; however, the temperature on both sides, 7.5 cm 

from the middle, was very close to the set temperature. At the end of the 

heating zone, temperature drops greatly at 100-200°C. In the 

experiment process, the Argon gas flowed into the whole tube and 

carried away heat. Therefore, the real temperature gradient should be 

larger in the side connecting to the gas cylinder. There is situation when 

there is a temperature competition between the precursor and product. 

Two-zone or even three-zone furnaces have often been used to control 

the temperature of both the source material and the substrate. By 

placing the sample and the substrate in different locations inside the 

glass tube, temperature could be controlled in the same way. 
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3.2.2 Pressure gauge calibration 

 

The convection vacuum gauge (KJLC 275i) was purchased from Kurt J. 

Lesker Company. The measurable pressure range is 1 mTorr to 1000 

Torr; Its factory setting is calibrated with N2 and air. The carrier gas 

employed here was Argon (Ar); thereofre, further calibration was 

required. Based on the table in this pressure gauge’s manual, a curve 

was plotted and a function fitted with this curve. Any real Ar pressure 

Preal could be calculated from Pdisplay (Fig 20). When only argon is flowing 

through the system,the pressure is 760 Torr while the gauge shows 23.8 

Torr . 

             |             |
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Figure 20 Relationship between displayed Ar pressure and real Ar 

pressure. 
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3.2.3 Flow meter calibration 

  

 The flow meter was purchased from Sierra Instrument Company. With 

a cable connected to a computer, the required flow rate was easily 

adjusted using the installed software. For Ar gas, however, the true flow 

(Ftrue) rate is shown below: 

                     

3.2.4 Oxide layer growth on silicon wafer 

 

The oxide layer was synthesized using an atmosphere pressure 

Chemical Vapor Deposition system at the Center for Nanophase 

Materials Science, Oak Ridge National Laboratory. The dry method used 

silicon thermal reacting with slowly oxygen, creating a thin dense film. 

However, an oxide thickness of more than 200 nm often involved the 

wet method, in which water reacted with silicon, creating a relatively 

faster growing speed. 

3.3 Characterization Tools 

3.3.1 Morphology, structure and composition 

 

Most characterizations were conducted at the Center for Nanophase 

Materials Science, Oak Ridge National Lab. The Zeiss Merlin VP Scanning 
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Electron Microscope(SEM) equipped with Energy-dispersive X-ray 

spectroscopy(EDS) was used to identify the growing structures and 

compositions, which guided adjustments to the growth parameters. X-

ray powder diffraction with a temperature-controlled sample 

environment was used to identify the main phases on the substrate. The 

Soft Matter Transmission Electron Microscope(TEM)  ,(Zeiss Libra 120 

TEM), and FEI Titan S aberration-corrected TEM-STEM were exploited 

to determine a single nanowire’s diffraction pattern and high-resolution 

image, providing a structure and detailed morphology (Fig 21) .  
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                                  (a)                                                      (b) 

 

(c) 

Figure 21 (a) Powder X-ray diffraction (b) Zeiss Merlin VP SEM 

equipped with EDS (c) Zeiss Libra 120 TEM. 
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3.3.2 Magnetic and electronic properties 

 

Superconducting quantum interference device(SQUID)  magnetometers 

in CNMS was utilized to measure the sample’s magnetic properties; 

SQUID’s capability is for a unique class of sensitive magnetic 

measurements in key areas, such as high-temperature 

superconductivity, biochemistry, and magnetic recording media.(Fig 

22(a)) Capable of homogeneity magnet configurations as high as ± 7.0 

Tesla; The equipment’s functions include the followings:  

1. Continuous low-temperature control/temperature sweep with 

enhanced thermometry and reciprocating sample option (RSO) - DC 

magnetization absolute sensitivity: 1 x 10-8 emu at 2,500 Oe;  

2. SQUID AC Susceptibility Measurement, 0.1 Hz to 1 KHz; 

3. Horizontal and Vertical Sample Rotators  

4. Fiber Optic Sample Holder  

5. Magnet Reset  

In this study, the equipment was mainly used to measure magnetic 

transition curves, M-H hysteresis curves, and ac susceptibility. All of the 

samples have been analyzed to verify the existence of helimagnetic 

structure, skyrmion and various magnetic properties.  Physical property 
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measurement system(PPMS) was used mainly for the single nanowire 

device’s resistivity and its magnetoresistance (Fig 22(b)) 
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                                 (a)                                                      (b) 

 

Figure 22 (a) SQUID used for magnetic measurements (b) PPMS used 

for transport properties measurements. 
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3.3.3 Device fabrication 

 
A spin coater was used to cover the wafer with PMMA or copolymer (e-

beam resist), the thickness of which was determined by spin speed. 

After coating, a baking system was used to bake the layer at 100-200°C 

(Fig 23(a)). 

To write the pattern on the surface, the JEOL 9300FS 100kV Electron 

Beam Lithography System was used. This system writes at rates up to 

50 MHz and has a minimum spot size approaching 4nm. Field sizes up to 

1mm can be written without stage movement. The layout BEAMER was 

used for file conversion and proximity correction. High speed, large area 

writes with limited beam drift and variations across a wafer are a 

feature of this tool. Operation at high energy (100kV) allows writing on 

insulated substrates with minimal or no dissipation layer (Figure 24). 

Chemical solutions of PMMA, Copolymers, MIBK+IPA (the volume 

percentage of MIBK determing the developing aggressiveness and 

feature size); isopropanol (used to stop develop); acetone, and a liftoff 

strip are used to cover the wafer, develop the pattern and liftoff the gold 

layer. 

A dual-beam evaporator was used to deposit the metal film electrodes 

such as Cr/Au/Ti/W. Electrons were controlled by a magnetic field to 



55 

 

hit the target which evaporating the metal on the substrates. The 

deposit speed was fast but usually controlled at 1Å/sec. Electron beam 

deposition has smaller grain size and is more uniform than 

sputtering(Fig 23(b)). 
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(a) 

 

(b) 

Figure 23 (a) Multiple-speed spin coater (b) Dual electron beam metal 

evaporator. 

 

 



57 

 

 

 

 

 

 

Figure 24 JEOL 9300FS 100kV electron beam lithography system. 
 

 

 

 

 



58 

 

CHAPTER 4 OPTIMIZATION OF THE E-BEAM 

NANOFABRICATION PROCESS FOR NANODEVICES 

 

Four-probe devices are widely used to measure nanowire’s physical 

natures such as electrical or magnetic properties. The process involves 

several steps including transfer, measure, design, coating, exposure, 

develop, deposit and liftoff. Each step involves more precautions 

because nanowire is easy to break comparing to bulk materials.  

4.1 Standard procedure for device fabrication via e-beam 

lithography 

4.1.1 Preparation of transferring wafer 

A clean silicon wafer was used to grow a thin layer of silicon dioxide 

(around 200nm). The reason for this step was that the silicon dioxide 

could be used as an insulating intermediate layer between the 

nanowires above and the silicon wafers below. Gold cross markers were 

designed and deposited beforehand. The process was the same 

designing the electrodes, exposing them under an e-beam, and 

depositing them. In this study, 25 patterns were in one whole piece of 
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wafer, and each pattern contained 31*31 cross markers. Each marker 

was 60 µm in width and 200 µm from each other.  

4.1.2 Transferring and measuring nanowires, and designing electrodes 

Nanowires were scratched from a growth wafer using a clean blade, and 

then some acetone/ethanol was sprayed on the wafer. A droplet 

containing several nanowires fell onto each pattern. The wires were 

easily seen under the scanning electron microscope. The straight wire 

was found, and, the distance from its middle point to its surrounding 

four nearest crosses was measured. Then the nanowire’s length and 

diameter were measured. Finally,the column and row was counted in 

which the nanowire was located so that e-beam could easily find it later 

(Fig 25).  
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Figure 25 Nanowires transferred in each 31*31 pattern. 
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Based on the measuring coordinates (Fig 26(a)), four probe devices 

were designed using software named “Layout”(Fig 26(b)). Designing the 

electrodes was very complicated because they could not be too small or 

too big. Square electrodes as big as 500 µm took around 32 hours to run 

over the 25 patterns using the e-beam system. However, if too small, 

electrodes were very difficult to attach to outer electric wires for 

measurements. Designing the spacing between contacts also required 

caution. Current contacts should be farther from each other and the 

same with voltage contacts. However, current contacts should be closer 

to voltage contacts to avoid a large error. However, narrower spacing 

might cause lift off issue. 

4.1.3 E-beam writing 

 

Before exposure, all the designed files should be changed to the e-beam 

system (JEOL 9300FS 100kV Electron Beam Lithography System) to 

read the files. Then, a layer approximately 200-300nm of e-beam resist 

(PMMA) was spin coated onto the transferring wafer before baking it 

for 1 minutes at 180°C. The thickness depended on the spinning speed. 

PMMA is a positive e-beam resist, which becomes soft and soluble in the  

developer after exposure. After loading the wafer, creating the job, 
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calibrating, and finding the location of nanowires by measured column 

and rows, the system began writing the electrodes. Later, the piece of 

wafer was removed and then put into MIBK+IPA (1:3) for development 

in 35s by cutting the chains of organic materials. Then the shape of 

devices was visible under optical microscope. Fig 26 (c) shows the 

designed pattern and the actuall pattern before liftoff. 

4.1.4 Deposit electrodes and lift off 

 

Materials like Au and Cr were used for electrode. A dual-beam 

evaporator quickly deposited fast (usually controlled at 1Å/sec) the 

metal layer onto the pattern. Au is soft and does not stick to the wafer; 

therefore, 10 nm Cr was often first deposited before depositing 150-250 

nm of gold film.  

In the end, acetone was used for the liftoff process. The gold layer 

deposited on PMMA was cast off, leaving the electrodes. The entire 

process is shown in Fig 27. 
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(a)                                                                 (b) 

 

(c) 

Figure 26 (a) Distance from the center of the nanowire to gold marks 

measured (b) Designed electrodes using Layout software (c) Real PMMA 

pattern after e-beam exposure. 
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Figure 27 The Procedure of fabricating nanowire devices. 
 

 

 



65 

 

4.2 Problem in the process 
 

The wires were relatively thick (MnSi wires were 500-800 nm and 

FeGe2 wires were 100-300 nm); therefore, fabricating the devices via a 

single layer of PMMA was very challenging. The problem was that the 

PMMA was so thin compared to nanowires, that after spin coating, the 

real thickness on the wires was smaller than in other places (Fig 28). 

Thus, after lithography, the remaining PMMA above the nanowires was 

gone. However, the PMMA thickness in other places was very thin 

compared to that of nanowires. Since the firmness of electrodes 

depends on their thicknesses, a thick metal layer was to make the 

deposited metal film attached each other result in hard liftoff because 

acetone could not penetrate the metal film. The SEM images in Fig 29 

show this kind of problem. 

4.3 E-beam energy dose correction and double layers of e-beam 

resist  

 

The hard liftoff problem was caused by the thickness of PMMA and 

metal film. As a result, two methods were tried at the same time to avoid 

this situation. By adjusting the dose of electron beam, the best square of 

electrodes with the least PMMA residue could be found. And by adding 
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another layer onto PMMA, the attachment of deposited films was 

prevented. Dose means electric charge (D=Ibeam*Tdwell) was exposed on 

the surface per unit area/length/dot. With only PMMA approximately 

200 nm coated on the substrate, the PMMA residue decreased with an 

increasing dose.  

In changing the dose, ordinary steps were followed. After e-beam 

lithography and development, the sample was put under an optical 

microscope to see if residue was inside the places which hads been 

exposed to the e-beam. Residue particle is usually observed, suggesting 

a higher dose. 
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                  (a)                                           (b)                                         (c) 

 

Figure 28 (a) Thick nanowire before spin coating (b) Thick nanowire 

after spin coating (c) Thick nanowire after depositing metal film. 
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(a) 

 
 

(b) 
 

 
 

(c) 
 

Figure 29 Lift-off issue after the metal layer was deposited on the 

pattern. 
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Figure 30 (a) Double layers with PMMA in bottom (b) Copolymer in 

bottom. 
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As shown in Fig 30, double layers were used to increase the resist’s total 

thickness (lithography depth). Two geometries of these two layers were 

analyzed. The copolymer was much more sensitive to the e-beam and 

developed faster than the PMMA. However, the geometry played 

another role. The option shown in Fig 30 (a) will attach metal film 

because copolymer will form a wider feature than PMMA, leading to 

attachment and surface coverage, not allowing acetone to penetrate. As 

shown in Fig 30 (b), the PMMA developed more slowly, shadowing the 

gold layer to go inside. Saw-tooth shapes totally avoided the attachment 

of gold layers. FeGe2 nanowires approximately 100-300 nm were spin 

coated with a double layer:first with copolymer and then with PMMA. 

The bake process was carefully controlled to avoid over baking. 

Copolymer was baked for 1 min at 150°C and PMMA was baked for 1 

min at 180°C. Then MIBK+IPA was used for developing approximately 

35s. The dose was optimized at 1050, 1150,1200,1250,1300. The dose 

of 1300 was used for the best lithography result. Electrodes of Cr-10nm 

(because gold is so soft) and Au-200 nm were applied after developing 

since thicknesses above 200nm was hard to liftoff. The final device is 

shown in Fig 31. 
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Figure 31 Four-probe nanowire integrated nanodevice used to measure 

transport properties. 
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CHAPTER 5 SYNTHESIS AND CHARACTERIZATION OF 

METAL SILICIDE NANOWIRES VIA OXIDE-ASSISTED 

GROWTH 

 

5.1 Previous preparation of MnSi nanowires  
 

MnSi nanowires were synthesized by MnCl2 with Si wafer in two groups 

using CVD system  [52,53]. In those two groups, one-zone and two-zone 

furnaces were used; therefore, different parameters were used. 

Although, both conditions were attempted in the system, countable 

nanowires remained in addition to a thick layer of Mn4Si7. Manganese 

powder was also used to prepare Mn4Si7 nanowires [54]. Fig 32 is the 

phase diagram of Mn-Si compounds. MnSi phase is between Mn4Si7 and 

Mn5Si3. Based on the reports above, the nanowires with high 

composition of Si were obtained with Mn vapor. The means of 

controlling the amount of Si to get MnSi nanowires were optional. 

Different from the MnSi wire growth and the conventional oxide-

assisted growth method employed in growing of Si nanowires  [5,55–

57], in this study, the SiO2 layer on Si substrate was used to assist and 

precisely control the growth process. The thickness of the SiO2 layer 
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was found to play a key role in the high yield and the correct 

stoichiometric and crystalline growth of the B20 MnSi nanowires.  
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Figure 32 Mn-Si phase diagram [58]. 
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5.2 Principle of oxide-layer assisted growth of silicide nanowires 
 

Synthesizing of free-standing single crystal MnSi nanowires was 

explored via controlled oxide-assisted chemical vapor deposition. A 

characteristic signature of skyrmion magnetic ordering in MnSi 

nanowires was observed via magnetic measurements.  

The growth of MnSi nanowires was first tried on a Si wafer with a 

natural oxidation layer (of few nanometers) and on hydrogen-

terminated Si wafers. An oxidation-free Si(001) surface can be achieved 

after annealing the hydrogen-terminated Si wafer to 600°C.  Following 

the optimized procedure from Refs [52,53], MnSi nanowires were only 

occasionally found around the ragged cutting edge of wafers or defected 

areas.  The number of nanowires on an oxidation-free Si wafer is very 

small. Furthermore, while more wires were observed to grow on a 

wafer with a native oxide layer, the yield was still small. Controlling the 

thickness of SiO2 does significantly increase the number of nanowires. 

The observed existence of an optimum SiO2 layer thickness for the 

growth of MnSi nanowires with high yield and correct stoichiometry 

reveals of the SiO2 layer’s significant role in the growth, which can be 

understood as oxide-assisted growth. The elemental Si required for the 
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MnSi wires is unlikely to come from the SiO2 layer’s surface for two 

reasons: the growth behavior is strongly dependent on the thickness of 

SiO2 layer, and the reaction temperature (850 °C) is much lower than 

the dissociation temperature for SiO2 (1400 °C).  The Si needed for the 

MnSi growth probably comes from the Si underneath the SiO2 layer.   

At an elevated temperature, intermediate product of SiO can be formed 

by a chemical reaction of SiO2+Si→2SiO at the interface of Si wafer and 

the adjunct SiO2 layer  [59–61]. The two key roles that SiO plays during 

the growth are: first, after diffusing from the interface to the surface of 

wafer, SiO acts as a nucleation site which adsorbs surrounding Si and 

Mn atoms for the one-dimension wire growth. As observed previously 

in Si nanowires’ growth using laser ablation, much higher nanowire 

yield could be achieved by introducing SiO2 powder into the Si target to 

form SiO  [62].  Secondly, SiO forms at the Si/SiO2 interface, and then 

subsequently diffuses through the SiO2 film. The reverse reaction occurs 

at the other interface, creating the Si interstitials; and the reaction is 

repeated at the interface. This diffusion process not only diffuses SiO 

from the interface to the surface, but also largely enhances Si atoms’ 

self-diffusivity through the SiO2 layer to the surface [60] to achieve 

correct Mn and Si stoichiometry. At the surface of SiO2, chemical 
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reactions, such as 2SiO+2Mn→2MnSi+O2 , 2SiO+Mn→MnSi+SiO2 or 

Si+Mn→MnSi are needed to form the MnSi nanowires. It is worth 

emphasizing that this growth process involves an oxidation-reduction 

reaction, or an oxide-assisted synthesis method, to differentiate from 

other growth methods.  [63]  

 

 

5.3 Experiment details and characterization of MnSi nanowires 
 

To quantitatively control the effect of oxygen on the growth of MnSi 

wires, the thickness of the SiO2 layer on the Si substrates was varied. 

The temperature, gas flow, pressure, distance from sample to precursor 

and the SiO2 layer were precisely controlled in a homebuilt system 

schematically shown in Fig 33(a). Growths were performed on Si wafers 

with the oxidation layer thicknesses varying from 0 nm up to 1000 nm. 

The number of wires on the substrate increased dramatically when the  

SiO2 layer is introduced. 
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Figure 33 (a) Controlled parameter in oxide layer assisted CVD (b)-(e) 

Morphology comparison of nanowires prepared on substrate with 

different oxide thicknesses: 100nm, 300nm, 500nm, 1000nm (f)their 

XRD pattern. 
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Fig 33 and Fig 34 show the morphological, crystalline and compositional 

results from wafers with different oxidation layers.  Fig 33(b) to (e) are 

the wires’ SEM images from Si wafers with 100 nm, 300 nm, 500 nm and 

1000 nm SiO2 layers, respectively. Wires from the 100 nm SiO2 wafer 

have the best morphology in terms of number, size uniformity and 

distribution on the surface. The crystalline structures of the wires on 

various SiO2 thicknesses are very different too (Fig 33 (f)). 

The Mn/Si composition ratio of the wires can be found using EDX 

analysis.  Shown in Fig 34 (a) is a SEM image of nanowires grown on 

100 nm SiO2 at 850°C, for 80 minutes. TEM image and electron 

diffraction pattern confirm the single crystal nature of the wires. Fig 34 

(f) shows the comparison of the EDX spectrum (normalized with Si 

peak) from samples with different oxide layer thicknesses. The 

quantified atomic ratio of Mn/Si from EDX depends on SiO2 layer 

thickness, Mn/Si ratio varies from 0.6 (low oxide thickness) to around 

5:3 (thickness of 200nm and above) (Fig 34 (g)). The EDS in SEM results 

is consistent with EDS in TEM.   
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Figure 34 (a) Morphology of nanowires prepared under optimized 

parameters (b)-(e) Chemical composition mapping (f) Mn/Si 

composition comparison in different samples (g) Mn/Si ratio curves 

change with oxide thickness. 
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Samples were also prepared during different time periods: 40mins, 80 

mins and 160 mins. Atomic compositions were compared in Fig 35 (a). 

The comparison of magnetization moments are shown in Fig 35 (b). The 

antiferromagnetic transition in 70K became weaker as time period as 

the time increased. 

Samples were prepared at different source-substrate distances: 100µm, 

500µm and 1500µm, which were controlled by supporting wafers, 

whose thickness was 500 µm. Therefore, distances were adjustable by 

laying one, two, three pieces of silicon wafers,. Nanowires became short, 

smaller and more oxidized.(Fig 36 (a)-(d)) The composition showed 

higher concentrations of Mn when the distance was smaller.(Fig 36(e)) 

Magnetization did not show any differences within those samples (Fig 

36(f)).  

Samples were prepared at varying temperatures: 750°C, 800°C, 850°C, 

900°C, and 950°C. The nanowire’s shape became more crystallized and 

straight when the temperature reached 950°C(Fig 37(a)-(d)); However, 

the manganese composition increased. (Fig 37(e)) Magnetization 

showed a transition at 70K decreased and 220K increased with rising 

reaction temperature (Fig 37(f)). 
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Figure 35 (a) EDX comparison (b) Magnetic measurement on nanowires 

prepared during different time periods: 40, 80 and 160 mins. 
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Figure 36(a)-(d) Morphology comparison (e)Composition comparison 

(f) Magnetic measurement on nanowires prepared during different 

distances from source to substrate: 100, 500 and 1500 µm. 
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Figure 37 (a)-(d)Morphology comparison (e)Composition comparison 

(f) Magnetic measurement on nanowires prepared during different 

reaction temperatures: 750, 850, 900 and 950 °C. 

 

 

 



85 

 

Based on experimetns above, the MnSi nanowires with correct 

stoichiometry and B20 structure can be grown only under narrow 

growth conditions; any change of a single parameter leads to the change 

of the product structure and the composition dramatically because of 

the complexity of the growth process. A growth diagram (Fig.38 (a) and 

(b)) which combines multiple tuning parameters is necessary to 

optimize the growth conditions. Other than the oxidation layer 

thickness which was discussed above, the growth temperature, reaction 

time, and the distance between substrate and precursor, the vacuum 

pressure and gas flow rate were also systematically investigated.  From 

the phase diagram, we can see that the B20 MnSi nanowires can only be 

grown in the red area. The width of the wires can be tuned from 100 nm 

to 600 nm by changing the growth temperature within the area.   

The high yield one-dimensional growth could be qualitatively explained 

by the previous supersaturation theory, with the SiO2 layers acting to 

control the supersaturation ratio. In order to enhance one-dimensional 

growth,  
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(a) 

 

(b) 

Figure 38 (a) Mn-Si nanowires growth phase diagram at various 

temperatures and times (b) Mn-Si nanowires growth phase diagram at 

various source-substrate distances and times. 
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Reducing temperature and supersaturation ratio could be two options 

for one-dimensional growth. While the growth temperature cannot be 

changed too much because of the activation energy of the phase 

formation, the supersaturation ratio can be tuned by the thickness of 

the SiO2 layer. In this case the thicker the SiO2 layer becomes the lower 

Si or SiO concentration becomes as these species need to diffuse from 

bottom to surface.   

The exact experiment parameters are as follows: to pump the vacuum of 

the system down to a fixed pressure (for example, 3×10-2 torr in this 

study) before filling with Ar is the indispensable procedure to get 

reproducible growth. Mn powder was spread flat on the bottom of a 

porcelain crucible, Si (001) wafer with different SiO2 thickness (0, 1, 50, 

100, 200, 300, 500 and 1000 nm) was placed above (avoid direct 

contact) and face down to the Mn powder. The distance between the Mn 

powder and Si wafer was adjusted using layers of supporting wafers of 

Si to avoid contamination from other elements. The Mn powder was 

evaporated and deposited onto Si wafer under Ar gas flow. The gas flow 

rate was varied from 140 to 300 sccm (standard cubic centimeters per 

minute), and the pressure was maintained at 50 to 625 Torr. The 

syntheses were carried out at temperature between 750°C and 950°C, 
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lasting from 40 mins up to 160 mins.  The hydrogen terminated Si 

wafers can be produced by HF acid etching which removes the native 

oxide  [64], they are contamination-free and chemically stable for 

subsequent processing as the surface silicon atoms are covalently 

bonded to hydrogen.  SiO2 layers were thermally grown on Si substrates. 

A Zeiss Merlin Scanning electron microscopy (SEM) equipped with a 

Bruker SDD energy dispersed X-ray spectrometry (EDS) detector were 

used to characterize the microstructure and composition in this study. 

Transmission electron microscopy (TEM) was carried out on selected 

specimens, using a Hitachi HF-3300 TEM/STEM at 300 kV. All the 

nanowires were confirmed to be single crystal although in some cases 

wires were covered by an amorphous silicon dioxide layer. X-ray 

diffraction was used to confirm the primary phase of the samples (peaks 

of MnSi, Mn5Si3 and Mn4Si7). As the signal from the wires was very small 

compared to the substrate, the omega offset was set to 2-3° to minimize 

the signal from substrates. DC and ac magnetic properties of the 

synthesized material were characterized with a Quantum Design 

magnetic property measurement system (MPMS)  [65,66].     
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5.4 Magnetic measurement and verification of skyrmion 
 

The magnetic measurements of the samples support the structural and 

compositional results. Shown in Fig.39 (a) are the magnetization curves 

near the 29 K helimagnetic transition plotted on an expanded scale. The 

transition is clearly apparent for the MnSi wires grown on 100 nm SiO2 

layer measured at 10 Oe.  The cusp close to Tc is the clear signature of 

the formation of the helical state, which only exists at small field (the 

cusp disappears when the field exceeds 1000 Oe)  [22] [67].  The 

magnetic measurements were done with magnetic field parallel and 

perpendicular to the surface of the wafer (in-plane and out-of-plane).In 

this case, nanowires grow randomly, but they have been taped off the 

original growth substrate and then transfered onto another clean silicon 

wafer to avoid magnetic signals from growth substrate. The tape has 

been pressed to assure the nanowires locate on the plane of clean wafer 

so that in plane and out of  
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Figure 39  DC and ac magnetizations of the MnSi nanowires. (a) In and 

out of the plane anisotropic magnetizations (see text for definition) 

under DC field of 10 Oe. The kink around 29 K is the signature of helical 

magnetic. The inset shows the field dependent of the magnetization at 

10K. (b) Comparison of the ac susceptibility Re    (blue), Im    (red) 

with the susceptibility µ0dM/dB calculated from the field dependence 

magnetization M (purple, right Y axis) at 28K. The isothermal ac 

susceptibility is as a function of field measured under excitation field of 
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1 Oe and 8Hz ac magnetic field applied in-plane at 28K. (c) Evolution of 

the Re     approaching from 26 K to Tc 29 K. The blue and red dash-

lines are guiding lines for the Bc1, Bc2 and    
 ,   

 . 
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plane data could be measured. We anticipate the anisotropic 

magnetization of the wires can be indirectly extracted out by thinking 

that the majority of the wires are aligned on the surface of wafer, so the 

out-of-plane data show the property perpendicular to the wires; while 

the in-plane data show the azimuthal average of all wires. From both 

temperature dependent and field dependent data in Fig. 39 (a), the 

magnetic behavior in-plane looks a little bit stronger than out-of-plane. 

The growth direction of the wires is [110]  [53,68], the helical domains 

point out of the (111) face, which is 35° from (110). So the projection of 

the helical contribution out-of-plane is around 71% of the in-plane 

contribution. This is likely the reason for the small difference in the two 

directions although as addressed above the magnetic data is the average 

of the wires. Further studies using local techniques such as micro SQUID 

are necessary to fully quantify the magnetic anisotropy.  

The isothermal ac susceptibility and DC magnetization as a function of 

magnetic field confirm the existence of the skyrmion phase (A phase) in 

the nanowires. The Fig.39 (b) shows the comparison of the ac 

susceptibility with the susceptibility µ0dM/dB calculated from the DC 

magnetization M at 28K, just below the transition temperature. The 

isothermal ac susceptibility as a function of field was measured under 
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an excitation amplitude of 1 Oe and 8Hz ac magnetic field applied in-

plane. Measurements performed as magnetic field is increasing and 

decreasing show characteristic features which have been shown to be 

signatures of the A phase  [30] [28,69–72].  Other than the reduced 

value of ac susceptibility, we also observed the extra peaks in the 

µ0dM/dB which is the characteritic feature of the phase transition as 

detailed explained in Ref [28].  The µ0dM/dB curve shows two lower 

kink regions (700-1150 Oe and 1150 -2300 Oe) and three transition 

maxima (700, 1150, 2300 Oe). By increasing the field, magnetic 

structure goes through helical to conical (from BC1 to   
 ), then conical 

to A phase (in between   
 ,    

 ). At 26.5 K, the first maxima in the 

µ0dM/dB which represents the helical to conical transition is still 

available, but the two peaks relate to the A phase transition almost 

disappear.  Please note that as the mass of the nanowires are much 

smaller (0.06 mg for the sample shown) than the bulk single crystals, 

the signal-to-noise ratio of the data is not as good as that of the 

literature [28]. Other than the extra noise, our data is consistent with 

the above-mentioned reference.  

The field dependence of the ac susceptibility Reχac and DC 

magnetization changes strongly in the narrow temperature window 
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from 26 K to 28.5K and for B ≤ 4000 Oe.  Fig. 39(c) shows the evolution 

of the Reχac approaching form low T to Tc. The blue and red dash-lines 

are eye-guiding lines for the Bc1, Bc2 and    
 ,    

 .  At 26K, there is a 

shallow dip in the middle; a well-pronounced local minimum has 

developed near 27.8K. The characteristic feature is present up to 28.5K 

and by 29K is completely smeared. 

In conclusion, the growth conditions of Mn-Si nanowires have been 

studied. Different Mn-Si compositions can be selected by tuning growth 

parameters. The key parameter for stoichiometric and crystalline 

correct high yield growth of B20 MnSi wires is the thickness of the SiO2 

layer. A growth phase diagram was constructed that provides a 

systematic guide for controllable selective growth of nanowires with 

different compositions. The dM/dH curve along with ac and DC 

magnetic properties of MnSi nanowires reveal the presence of 

helimagnetic and skyrmion magnetic ordering in the one-dimensional 

wires.   
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CHAPTER 6 SYNTHESIS AND CHARACTERIZATION OF IRON 

GERMANIDE NANOWIRES 

 

6.1 Nanostructures synthesis in initial stage 
 

Several precursors were tried in Fe-Ge nanowires preparations. [73,74] 

Solution methods were also used to create iron germanide 

nanowires. [75] 

In chemical vapor deposition, the temperature for powder evaporation 

and product phase stabilization made controlling morphology, 

composition and structure difficult. The initial purpose was to prepare 

the cubic FeGe phase, which has the same structure as MnSi and exhibit 

skyrimon near room temperature (280K). [31]  

The Fe-Ge phase diagram, shown in Figure40, is much more 

complicated than the Mn-Si phase diagram. When the atomic 

composition of iron equals germanium, three structures exist: 

monoclinic, hexagonal and cubic. The temperature boundary between 

hexagonal and cubic is 630°C. Therefore, the substrate temperature 

should not exceed 600°C.  [76] 
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Precursors of Fe powder, Ge powder, GeCl2, GeI2 and Cr-FeGe powder 

were tried in a vacuum. These precursors were also applied at 

atmospheric pressure on a Ge wafer, a Ge wafer covered with Cr thin 

film, an iron foil and a Si wafer with oxide; however, none of the 

depositions were successful. The temperature was kept relatively low at 

600°C. 
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Figure 40 Fe-Ge phase diagram [77]. 
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Successfully prepared Cr-FeGe powder, which showed an X-ray 

diffraction pattern the same as that of cubic FeGe by adding a small 

amount of CrGe to hexagonal FeGe powder before annealing for several 

weeks, was prepared. Hexagonal FeGe seems to follow the structure of 

CrGe, which is the same structure as MnSi and cubic FeGe. Therefore, a 

thin layer was deposited approximately 2-9nm on the Ge wafer by using 

e-beam evaporator, and then the layer is melted using laser irradiation. 

The purpose of this procedure was to create CrGe nanoparticles on the 

Ge wafer through laser melting and Ge diffusion. FeGe powder could 

prefer a growth area where CrGe nanoparticles are located, resulting in 

longitude one-dimensional growth. In that case, cubic FeGe nanowires’ 

diameter should be determined by the Cr-Ge nanoparticles’ size. For Cr 

film approximately 9 nm thick (Fig 41 (a)), the substrate after laser 

irradiation showed that the concentration of Cr in this method could be 

as high as 10% on nanoparticles and 0.1% elsewhere. The maximum 

particle diameter was approximately 322 nm. 

The real challenge, however, was in determining how to make the 

concentration exactly 1:1 on nanoparticles. Many experiments have 

been attempted to deposit Cr-FeGe powder directly onto the substrate 

with Cr or Cr-Ge nanoparticles (Fig 41 (b)(c)). A wire-like structure (Fig 
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41(d)) has been observed on the substrate after deposition at 570°C, 

and ,600 Torr for 30 mins. That structure was 200 nm long and 20 nm 

wide. However, the wire-like structure disappeared after 3 hours of 

deposition. 
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(a)                                                                   (b)                                                         

     

 (c)                                                            (d) 

 

Figure 41 (a) 9 nm Cr thin film deposited on Ge wafer (b) Nanoparticles 

prepared after laser irradiation (c) Diameter of a nanoparticle (d) 

Nanorod structure growth by direct deposit Cr-FeGe on Cr-Ge wafer at 

570°C. 
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Metal halide is easy to purchase and prepare in contrast to 

organometallic compounds ,but it lacks stoichiometry control. Ferric 

chloride (FeCl3) and ferrous chloride (FeCl2) were both tried in order to 

promote nanowire growth. They could not be stored in air due to 

moisture absorption. Using Ferric chloride, in atmospheric pressure, it 

still resulted in too many iron compounds gathering on the substrate, 

which formed a very thick layer of FeGe2. This layer could transform 

from FeGe2 to hexagonal FeGe as the reaction temperature was lowered 

from 850°C to 700°C with pressure at 760 Torr. The XRD pattern 

matched these two phases (Fig 42) . However, the main signal from the 

substrate became FeGe2 again as the inner pressure increased to 2000 

Torr at 600°C. This increase could be explained by the mean free path of 

Fe decreasing with more gas molecules. Thus, less Fe reached the Ge 

wafer forming FeGe2. The growth boundary between hexagonal FeGe 

and FeGe2 was about 550°C with 1200 Torr inner pressure. Based on 

this fact, lower temperature and higher pressure were required for both 

the cubic phase and one dimensional growing. Though the glass tubes 

and pressure gauge could not sustain too much inner pressure, growth 

of overpressure estimated around 935-2000 Torr was attempted in this 

study. Samples prepared at pressure around 1200±50 Torr finally 
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showed some nanowire growth. But, resulted in the pressure gauge’s 

malfunction. The Ge wafer was put in the middle of the furnace and 

FeCl3 powder 1.5cm from the opening. The other parameters used were 

600°C, 140 sccm, and 30 mins. The pressure was unstable in this 

nanowire synthesis. 
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Figure 42 (a)SEM image showing morhology of FeGe2 layered structure 

(b)XRD pattern of thick layer prepared on 700°C and 850°C(760 Torr) 

and 600°C(1200 Torr). 

5 µm 



104 

 

6.2 Structure verification and chemical composition of FeGe2 

nanowires  

FeGe2 nanowires were synthesized for the first time by CVD at 600°C 

and at pressure approximately 1800Torr (Fig 43). The morphology 

showed nanowires growing everywhere (Fig 44(a)). The center of the 

substrate was totally white, and couldnot reflect light. The nanowires’ 

diameter was uniform at approximately 200-300nm, and their length 

was approximately 10µm.(Fig44(b)) 

In the X-ray diffraction, the peaks were identified as FeGe2, mainly from 

the substrate (Fig 45). With nanowires transferred to the copper grid 

via acetone, TEM was used to identify the nanowires’ structure (Fig 46). 

Comparing the diffraction pattern, the zone axis matched to FeGe2 

[001]. The atomic plane was indexed by the diffraction pattern and high 

resolution TEM images. By comparing the nanowires’ relative position 

to the atomic plane, the growth direction was found to be [110]. 

Researchers from ORNL’s main campus helped with TEM 

measurements. Five nanowires were measured, and all of their 

diffraction patterns were identified as FeGe2.  
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The nanowires were measured by EDX, and the atomic composition of 

Fe:Ge was very close to 1:2. Typical peaks of iron and germanium are 

plotted in Fig 47. 
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Figure 43 Souce-substrate geometry with Ar works as carrier gas 
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(a) 

 

(b) 

Figure 44 (a)Nanowires prepared with the thick FeGe2 layer in the 

middle. (b)The diamter of FeGe2 nanowire. 
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Figure 45 Indexed XRD pattern shows the peaks matching FeGe2. 
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(a) 

 

(b) 

Figure 46 (a) High resolution TEM images of FeGe2 nanowires. The inset 

is the FFT of HRTEM images (b) Growth direction of nanowires is 

identified as [110]. The inset is the diffraction pattern with zone axis 

[001]. 

Zone axis [001] 
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Figure 47 Relative height of iron peak compared to Ge peak along FeGe2 

nanowires. 
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6.3 Transport properties and magnetic measurement of FeGe2 

nanowires 

XRD and TEM both verified that the layer and nanowires were FeGe2. 

The nanowires’ growth direction was [110]. Therefore, to measure the 

nanowires’ transport properties, a four-probe single-nanowire device 

was measured by PPMS at 0 tesla and 6 tesla applied along [001] 

direction. For each magnetic field, resistance was measured with sample 

cooling from 310K to 10K and then returning to 310K. The currents of 

100nA, 500nA, and 1uA were used; but the background noise was 

excessive. A current of 2 µA was applied along the nanowires. 

 The resulting resistance is plotted in Fig 48(b). Cooling from 310K to 

10K, the resistance showed two peaks at approximately 200K and 250K. 

By applying a magnetic field to 6 tesla, the peaks lowered. In the process 

of warming the sample from 10 to 310K, the peak of 200K appeared at 

0T. Both peaks disappeared at 6T. 

Furthermore, resistance did not change in two temperature ranges: 0-

180K and 218-237K. As a result, to ensure the data was accurate, 

resistance was measured at several temperature points. As shown in Fig 

49, the resistance of 10K was about the same as that of 230K .  
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(b) 

Figure 48 (a) Four-probe nanodevice (b) Resistivity measured with a 

magnetic field of 0 and 6 Telsa. Both of them include a cooling and 

heating process. 
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Figure 49 Resistivity measurement at 0T cooling from 310K to 10K: 

Two temperature points (10K and 230K) were chosen to compare 

magnitudes in two separate constant resistivity ranges (0-180K and 

218-237K). Each temperature point has two curves with magnetic field 

rising from 0-9T and returning to 0T. 
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Figure 50 Resistivity measurement at 0T cooling from 310K to 10K: 

Three temperature points (203K, 208K and 246K) were chosen to 

compare transition in peak resistivity regimes. Each temperature point 

has two curves with the magnetic field rising and falling. A smooth fit 

was used to eliminate noises. 
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Figure 51 (a) The magnetoresistance and magnetic moments reveal two 

transition temperatures at 205.5K and 252.4K. 
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(b) 

Figure 52 (a) M-H hysteresis curves at 30K, (b) Enlargement of M-H 

hysteresis curves from -1500oe to 1500oe. 
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In Fig 50, the resistance shows hysteresis behaviors with a changing 

magnetic field at temperature points of 203, 208, and 246K. At 203K, 

when raising the magnetic field, a similar shift of resistance was noticed 

compared to the bulk FeGe2 measurement. SDW transition should cause 

this shift. However, the resistance tendency was totally reversed in 

constrast with bulk.  

As shown in Figure 51, magnetoresistance was calculated from the 

previous resistivity measured under 0T and 6T, clearly showing two 

sharp peaks of resistivity. By aligning their maximum value, two 

transition temperatures, 205.5 and 252.4K, were identified.  

Compared to bulk FeGe2, it was reasonable to conclude these two 

temperatures mark the boundary of incommensurate SDW and 

commensurate SDW. Those temperatures in bulk FeGe2 were 263 and 

289K. The resistivity changed because the material tranfromed to a 

magnetic superzone state. The superzone boundaries of magnetic order 

with periodicity are different from the atomic lattice’s chemical 

periodicity. Therefore, the superzone has extra scattering of charge 

carriers leading to abnormal resistivity change [51]. In this case, the 

superzone was incommensurate SDW state. 
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A carbon tape was used to attach the substrate’s surface. Nanowires 

were attached to the tape which was attached to another clean silicon 

wafer so that, the magnetization sigals of nanowires could be measured. 

Magnetic moments versus temperature measured in red lines (Fig 51) 

represent a ferromagnetic transition around 200K.  As shown in Fig 

52(a), magnetization was measured with a changing magnetic field at 

30K. The magetization showed a saturation at a magnetic field of 5000 

oe confirming the ferromagnetism.  

The magetic field was applied parallel to the plane of silicon substrate in 

the magnetic measurement. The nanowires were attached onto this 

plane, but they were randomly oriented. The magnetic field in the 

transport measurement was along [001] direction,but the current 

flowed along [110] direcion. 

Therefore, when measuring along the nanowire’s elongation direction, 

the transport data showed that SDW state in antiferromagentism (Fig 

53) . The magnetic properties measured were dominated by signals 

along the nanowire’s other direction. The elongation direction was in 

micrometer range because it grew along [110] direction, but other 

directions were in nanometer range meaning that the cross-section cut 

by the magnetic field was hundreds of nanometers. This result could be 
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explained as nanoscale effect along other directions broke down 

antiferromagnetism, resulting in ferromagnetism emerged.  
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                                   (a)                                                  (b) 

Figure 53 (a) Magnetic-field direction and current-flow direction in 

transport measurements (b) Magnetic-field direction in magnetic 

measurement 
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CHAPTER 7 OTHER NANOWIRES PREPARED BY CVD  
 

7.1 Fe2Si and Cr5Si3 nanowires 
 

The oxide synthesize method, might become a common way of 

synthesizing metal silicide nanowires. Iron powder and chromium 

powder were deposited on the SiO2/Si wafer (850°C, 140 sccm, 80 mins, 

650 Torr). SiO2 thin films of 100 nm on silicon wafer was used and 

nanowires containing Fe-Si and Cr-Si elements were verified (Fig 54) 

.From EDX data, nanophase of Fe2Si and Cr5Si3was estimated to be 

among the sample. (Fig 55) 
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(a) 

 

(b) 

Figure 54 (a) Fe2Si nanowires (b) Cr5Si3 nanowires prepared by metal 

powder deposited on a silicon wafer with an oxide layer. 
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Figure 55 Composition of nanowires on carbon tape gives the atomic 

ratio (a) Fe2Si (b) Cr5Si3. 
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7.2 Synthesis of Fe2.5Ge nanowires 
 

With the pressure in the FeGe2 nanowires’ preparation reduced to 1200 

Torr, the nanowires’morphology was as follows: Nanowires 

concentrated at the substrate’s corners; and the middle substrate 

showed a very thin layer of FeGe2, which could reflect visible light. 

Nanowires (diameter of 100-250nm) were very straight and long (10-

15µm). (Fig 56); The composition showed a very high percentage of iron 

contained along these nanowires. The average atomic ratio of 

Fe:Ge=2.5:1 (Fig 57(a)). Magnetic measurements showed a 

ferromagnetic transition around 250K in zero field cool; however, Tc of 

bulk iron germanide as high as 500K has been obtained when the 

composition of iron reached 1.9. Even higher Tc was expected with iron 

reach to 2.5 Fig 57(b) [78,79] 
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(a) 

 

(b) 

Figure 56 Fe2.5Ge Nanowires prepared with less FeGe2 layer in middle. 
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Figure 57 (a)Peaks of Fe and Ge measured along the nanowires with 

atomic ratio at 2.5:1 (b) Magnetic moments versus temperature 

measured on the whole substrate with magnetic field at 1000 oe. 
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7.3 Fe3Ge nanowires 
 

Small numbers of nanowires have been synthesized in a Ge wafer by 

directly depositing iron powder onto it. Low pressure around 30-100 

mTorr has been applied with and the temperature kept at 600°C. (Fig 

58(a)) The nanowires were thin (50-150 nm) and short (1-3 µm). The 

composition verified by EDS was around 3:1 (Fe:Ge),(Fig 

58(b))however, its number was small and needed to be more precisely 

controlled to get dense growth. 
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Figure 58 (a) Fe3Ge nanowires prepared on Ge wafer (b) Composition 

verified by EDX. 
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CHAPTER 8 CONCLUSION  
 

Magnetic nanowires were prepared in a home-built chemical vapor 

deposition system, and novel magnetic and electronic transport 

properties were studied.  

 

1.  MnSi and FeGe2 nanowires’ massive growth emphasizes the 

importance of the supersaturation ratio. The initial exploration usually 

resulted in substrates with thick layer. A combination of source 

materials and substrate was restricted by adding an intermediate SiO2 

layer and reducing the amount of evaporated iron, both of which 

suppressed the supersaturation ratio from two-dimensional to one-

dimensional growth. The oxide layer assisting nanowires’ growth has 

the potential of becoming a common method of preparing metal silicide 

nanowires. 

 

2.  Based on a controlled amount of Si, the growth diagram on Mn-Si 

nanowires via oxide-assisted growth was plotted by adjusting other 

parameters like temperature, pressure, distance from source to 

substrate, time and flow rate. Low field M-T measurements identified 
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helimagnetic nanowires. Transformation from helimagnetic structure to 

skyrmion lattice was observed in ac susceptibility measurements. 

 

3.  A single FeGe2 nanowire was fabricated into four probe nanodevices 

via e-beam lithography. However, lift-off problems existed due to 

nanowires’ large diameter. By adjusting the process’s dose and layer 

geometry, nanodevice was manufactured. 

 

4.  The magnetic and transport properties of FeGe2 nanowires showed 

significant divergence with bulk FeGe2 [80,81]: lowering the SDW 

transition temperature and broadening the ICSDW phase. When the 

field was applied on [001] direction and the current flew in [110] 

direction [82], the SDW was also proven by shift resistance. The 

magnetic measurements showed ferromagnetism when field was 

applied along the substrate plane.  Ferromagnetism could be 

interpreted as the nanoscale effect breaking down antiferromagnetism 

along any directions except [110], resulting in emergnece of 

ferromagnetism. SDW could be driven to slide with applying a magnetic 

field or electric field. This sliding showed an option of manipulate 

electron spins in antiferromagnetic materials.  [83–85]   
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