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Chapter 1 

 

Motivation and Outline 

 
1.1 Motivation 

Spintronics is one of the emerging research fields that has been growing rapidly 

and showing great potentials in applications of novel magnetic sensors, memories and 

spin logic devices, which possess outperforming features including ultrafast response, 

low-power-consumption, non-volatility, superior low-noise performance and etc. Since 

1988 when the giant magnetoresistance (GMR) was discovered, spintronics has not only 

exhibited rich new physics, but has been widely used in hard drives, storage media and 

etc. for the past two decades. The following discovery of tunneling magnetoresistance 

(TMR) made Magnetic Tunnel Junction (MTJ) presently the leading and most mature 

candidates for applications in the next-generation read heads and high density magnetic 

random access memories (MRAMs). 

However, traditional MTJ-based memory unit requires switching the external 

magnetic field during the read/write procedure. An applied magnetic field is normally 

introduced by a current through a coil, which consumes considerably more power than 

the ideal scenario where a memory bit can be switched directly by a charge current or 

voltage using spin-transfer-torque or voltage-controlled-magnetic-anisotropy mechanism. 

Studies have been developed by many groups, including the most Giant Spin Hall Effect 

(GSHE) in a β-Ta thin film [1] which was introduced by the Cornell group in 2012 (Fig. 

1.1). In this structure, an applied charge current in the GSHE solid (Ta layer) will exert a 
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spin-transfer-torque to the adjacent ferromagnetic layer (FM), and introduce a current-

induced magnetization switching (procedure of writing information) in the presence of 

constant magnetic field. A low critical switching current will consume much less power 

than conventional memory devices. High-Z [2] and highly resistive transition metals [3-

6] have been demonstrated to have great potential to be the promising candidate as the 

GSHE solids, such as β-Ta, β-W, Pt and related alloys. These solids are perfect examples 

of large spin-orbit coupling systems that could be used to study Giant Spin Hall Effect 

and be integrated in a layered structure as a foundation for low-power consumption 

memory devices. For instance, it has been shown that the critical current density that 

introduces magnetization switching is as low as 106 A/cm2 in β-W/Co40Fe40B20/MgO 

structure with perpendicular magnetic anisotropy (PMA) [6]. It is also advantageous for 

such structure because it does not require charge current flow directly through the 

junction layer like the traditional MTJ does and hence prevents the junction being 

“killed” by large current.  

In general, MTJ-based magnetic sensors may require large output signal in terms 

of sensitivity, but it is the signal-to-noise ratio (SNR) that should be the measure for 

sensing performance. Diminishing the noise is equally important as enhancing the TMR 

signal outputs. For MTJ devices that operate at high frequencies, the white noise with a 

frequency-independent power distribution dominates. At low frequency region, the 

presence of significant 1/f noise limits the reliable and ultra-sensitive magnetometry 

applications. Since this noise is mostly caused by the tunneling mechanism, an alternative 

solution will be the anomalous Hall effect (AHE) sensor based on ferromagnetic metallic 

thin films. The strong spin-orbit coupling leading to large AHE gives rise to a high 
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sensitivity while the metallic nature of the sensor significantly reduce the while noise and 

1/f noise. A systematic study in the AHE in a strong spin-orbit coupling system will 

introduce more insights in seeking for ideal candidates in the application of magnetic 

field sensing. 

 

Fig. 1.1 Magnetic Tunnel Junction switched by applied charge current in giant spin Hall effect solid. 

 

1.2 Outline 

This thesis is divided into four parts. The first part (chapters 2-3) presents the 

experimental techniques and facilities as well as the theoretical background used for the 

fabrication and characterization of MgO-based MTJ and spin/anomalous Hall effect 

devices. The second part (chapter 4-6) focuses on the giant spin Hall effect (GSHE) and 
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techniques that we developed to achieve high quality multilayer sample as well as the 

methodology for characterizing the effect. We pay special attention to the beta-tungsten 

thin film, which exhibits outstanding properties and potentials as a GSHE solid. In the 

third part (chapter 7-8), we investigate the anomalous Hall effect and low-frequency 

noise performance in Fe-Pt alloy, another high-spin-orbit-coupling system. Finally, in 

chapter 9, we look into the characterization of MTJ devices and introduce the magneto-

transport measurements that we developed. An emphasis is placed on the all-round 

characterization methods and a series of magneto-transfer curves. Details are enumerated 

below: 

Chapter 2 describes the fabrication techniques of making MgO-based MTJ and 

Hall bar sample, including substrate oxidation, magnetron sputtering deposition, photo-

lithography, ion beam etching, magnetic thermal annealing and etc. We emphasize on the 

experimental techniques to achieve beta-Ta and beta-W. Finally, we include the well-

developed Quantum Design PPMS and low-frequency noise measurement system for 

various measurements.  

In Chapter 3, we introduce the theoretical background which is useful for 

understanding and characterizing the GSHE, AHE and MTJ. The macrospin model is a 

simple model derived from the Landau-Lifshitz-Gilbert equation, and is helpful in 

characterizing spin-transfer-torque and spin Hall angle.  

Chapter 4 focuses on the fabrication of beta-W thin films based on magnetron 

sputtering process. We analyze the structure and grain size of W thin films using x-ray 

diffraction. Also, electron transport in terms of resistivity and normal Hall effect is 

studied over a broad temperature range of 10 K to 300 K on all samples. These basic 
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properties reveal useful behaviors in the -W thin films, and make them technologically 

promising for future spintronic magnetic random access memories (MRAMs) and spin-

logic devices. 

In Chapter 5, we have obtained robust perpendicular magnetic anisotropy in β-

W/CoFeB/MgO structure without the need of any insertion layer between W and CoFeB. 

This was achieved within a broad range of W thickness (3.0-9.0 nm) using a simple 

fabrication technique. We have determined the spin Hall angle (-0.40 in the bulk limit) 

and spin diffusion length (3.5 nm) for β-W with a large spin-orbit coupling at room 

temperature. The elemental β-W is a superior candidate for magnetic memory and spin-

logic applications. 

Chapter 6 further studies the electron transport, magnetotransport and magnetic 

properties of β-Ta/CoFeB/MgO structure over a wide temperature range of 5K to 300K. 

β-Ta exhibits a large spin Hall angle of -0.14 and shows evidence of scaling with 

resistivity quadratically. This system is optimized and displays the lowest switching 

current density among similar systems and this comprehensive study may benefit 

applications of GSHE in spintronics.  

In Chapter 7, we conduct a systematic study on the properties and the AHE in Fe-

Pt alloy with various concentrations and thicknesses. By examining the temperature 

dependence on the longitudinal resistivity and Hall resistivity, we find out the intrinsic 

mechanism and side-jump mechanism may both contribute to the AHE effect.  

Chapter 8 focuses on both the sensing capability and the noise performance of our 

fabricated Fe-Pt thin films. This AHE sensor indicates large Hall slope (16.6 µΩ ∙ cm/T 

at room temperature) and better low-frequency-noise performance than some 
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semiconductor Hall sensors. The results imply an ultrathin Fe-Pt alloy based Hall sensor 

could be a superior candidate for magnetic field sensing application. 

In Chapter 9, a series of novel magneto-transport measurements are developed to 

determine a plethora of the magnetic parameters of spintronic devices by manipulating 

external magnetic fields. Different magneto-transfer curves measured on MgO-based 

MTJs are presented and analyzed to extract various magnetic parameters. Theoretical 

simulations based on the Stoner-Wohlfarth model are exhibited to elucidate the 

magnetoresistive transfer curve behaviors. 
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Chapter 2 

 

Experimental Methods 

 
2.1 Introduction 

The principle experimental methods and techniques used during the fabrication of 

Magnetic Tunnel Junctions (MTJs) and Hall bar devices are introduced in this chapter, 

roughly in the order of the processing sequence, including substrate preparation, 

multilayer deposition, photolithography patterning, ion beam etching, SiO2 layer 

deposition, gold layer deposition, and magnetic thermal annealing process. Then, we 

introduce the measurement electrodes setup as well as a short-loop process developed 

that enables quick measurements of magnetoresistance (MR) ratios of MTJ wafers. 

Besides, we discussed some unique fabrication processes, including beta-phase thin-film 

deposition and making composite target. Measurement systems, such as the Physical 

Property Measurement System (PPMS) and the low-frequency noise measurement are 

also introduced. 

 

2.2 MTJ/Hall bar fabrication-involved experimental methods 

2.2.1 Standard Hall Bar fabrication process  

The fabrication process for Hall bar (Fig. 2.1) is a shorter version of MTJ fabrication. The 

two key procedures are etching down to the substrate layer to define Hall bar and deposit 

gold contact using lift-off procedure. The optimal (adhesive for wire bond) gold contact 
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has been experimentally determined to be (40 nm)Cr/(10 nm)Au with deposition power 

of gold (30 w) being twice larger than that of Cr (15w) using magnetron sputtering 

 

Fig. 2.1 Schematic diagrams of the Hall bar fabrication process: (a) As-deposited simplified film; (b-d) 

bottom contact layer defined after 1st patterning and etching steps; (e) gold contact deposited after 2nd 

patterning; (f) Hall bar with gold contact after lift-off procedure. 

deposition. Gold contact is not critical for experimental results but important for 

successful wire bonding procedure.  

Simplified procedure includes: a) oxidize silicon wafers to grow 2-μm-thick SiO2 

layer; b) deposit Hall sample multilayers using magnetron sputtering system; c) 1st 

photolithography patterning and ion milling etch define Hall bar shape; d) 2nd 

photolithography patterning, gold contact deposition and lift-off procedure define the 

Hall bar contact; e) magnetic thermal annealing (perpendicular to sample plane) is 

conducted to achieve perpendicular magnetic anisotropy (PMA) in the giant spin Hall 

effect samples. 

2.2.2 Standard MTJ fabrication process 
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The standard semiconductor fabrication process is used to make MgO-based 

magnetic tunnel junctions. The complete sequence of steps is described as following, and 

illustrated in Figure 2.2. Here, MTJ multilayer stack is simplified, which contains only 

the free layer, the tunnel barrier and the pinned layer. 

 

Figure 2.2 Schematic diagrams of the MTJ fabrication process: (a) as-deposited simplified film; (b) 

structure after the 1st patterning and 1st etching step;  (c) after the 2nd patterning and 2nd etching process; (d) 

SiO2 layer is deposited for isolation; (e) gold contact is deposited for probing top lead. 

The complete process includes: a) oxidize silicon wafers to grow 2-μm-thick SiO2 

layer; b) magnetron sputtering deposition of MTJ multilayer stacks; c) 1st 

photolithography patterning and ion beam etching to define the bottom contact layer; d) 

2nd photolithography patterning and ion beam etching to define the tunnel junction layer; 

e) SiO2 layer deposition after 2nd ion beam etching to insulate the top and bottom 

electrodes; f) 3rd photolithography patterning and Cr/Au deposition to define the contact 

pads; g) thermal magnetic annealing procedure to define the pinning direction.  

2.2.3 Oxygen Furnace  
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Our substrates are 2-inch diameter, <100>-oriented prime silicon wafers 

purchased from Silicon Quest International, Inc. (SQI). These wafers are polished on one 

side and have a thickness of 0.29 mm. The wafers are first treated with standard cleaning 

 

Fig. 2.3 Schematic drawing of a high-temperature oxidation furnace system 

process to remove organic residues, and then loaded into a high-temperature oxidation 

furnace for the growth of SiO2 insulating layers. In an oxygen-rich atmosphere, the 

growth rate for silicon dioxide is about 18 Å/min or 2.6 μm/24 hours at 1100 ºC. The 

schematic drawing of an oxidation furnace is illustrated in Figure 2.3, and the process 

sequence is described below:  

a. Fully open the dry Oxygen purge knob (using Nitrogen). 

b. Set dry Oxygen flow rate to 0.2 (reading). 

c. Set temperature using the Temp Controller from 500 ºC to 1200 ºC (for three zones and 

the actual reading will be typically 1150 ºC). 

d. Insert the sample wafers into the middle zone of the furnace after the temperature 

reaches 1150 ºC.  

e. Turn off the dry Oxygen purge by closing knob in the first step. 

f. Set channel 2 parameters as M = 0.51 pm and A = actual reading; push the button on 

Channel 2. 
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g. After overnight, turn off Oxygen, reduce the temperature to 500 ºC and open the dry 

Oxygen purge knob before removing the substrates out of the furnace.  

2.2.4 Magnetron Sputtering: New Sputtering System (B)  

Magnetron sputtering is a physical vapor deposition (PVD) process, which is 

widely used in industry-level production of high quality films. This technique has been 

used for depositing metals, alloys and oxides. The system requires high vacuum 10-7~10-8 

Torr as base pressure in order to achieve minimized defects in deposited materials. 

During operation, an inert gas, like Argon, is introduced to the chamber, (or both Argon 

and Oxygen when depositing oxides), and the magnetron target is negatively bias (DC) so 

that the electric field between the target and substrate ionizes the Argon molecule within 

the area. Positive ions bombard the target and sputter the target atoms onto the substrates, 

while negative electrons are trapped in small loops due to their smaller mass. A typical 

sputtering pressure is 4 mTorr, and the sputtering rate is about 0.1 nm/s. When depositing 

beta-Ta or beta-W, the growth rate might be even lower. Besides, an 8 minute pre-

sputtering procedure is typically needed before deposition to clean up target surface and 

stabilize the deposition rate. 
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Fig. 2.4 Schematic drawing of the magnetron sputtering process (DC) (image from Wikipedia) 

We deposited MTJ multilayer films on thermally oxidized silicon wafers using a 

homemade multi target high-vacuum magnetron sputtering system (base pressure of 2 

×10-8 Torr). During the sputtering process, the substrates rotate at a constant speed to 

maximize uniformity throughout each wafer. The new sputtering system provides better 

stability and lower base pressure, so MTJ stacks are mainly sputtered in the new system. 

The old sputtering system is mainly responsible for depositing SiO2, gold contact, Fe-Pt 

alloy or other customized materials. Detailed operations for the new sputtering system 

(B) are described below: 

a. Adjust the Baratron Gauge. (The Gauge should be turned on first by the Labview 

control panel P5.6). Open the NI Measurement & Automation software and find the 

Dev2. Click on the Dev 2 and open the test panel. In the test panel, choose Dev2/AI2, and 

click start. The readings will be shown on the chart continuously. Adjust the screw on the 

top of the Baratron Gauge and at the same time monitor the readings. Make sure the 
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reading is around 0 (i.e. -0.01). Adjusting the Baratron Gauge is necessary especially 

after the system has been idle for a long time or after power shut-down event.  

b. Run the “system initialization” vi to communicate with the step motor. Problematic 

communication with the step motor may cause the motor malfunction, like abnormal 

common relation speed, clockwise and counter-clockwise rotates randomly and etc. 

c. Prepare for the pre-sputtering: 1) turn on the Nitrogen supply valve on the wall; 2) turn 

on the Nitrogen valve for the “gate valve”, for the MFC (mass flow controller), for the 

solenoid; 3) turn on the Argon gas and turn on the Nitrogen valve for controlling the 

shutters (around 10 psi).  

d. Pre-sputtering: 1) open the “pre-sputtering” vi; 2) set each pre-sputtering time to be 8 

minutes (Total should be about 34 minutes); 3) run the program (“Zero Valve” means 

adjust the valve to 20 degree); 4) make sure readings of the ion gauge are consistent and 

shutters can be opened/closed freely.  

e. If the MgO plasma fails during pre-sputtering: 1) use “Plasma off” vi to turn off all 

plasma; 2) use “pressure” vi to increase the system pressure to 8 mTorr; 3) turn on the 

plasma Gun 5 (IrMn) using “plasma on” vi; 4) turn on the plasma of MgO (Gun 8) using 

“plasma on” vi; 5) if the MgO plasma is on, then turn off IrMn plasma, and pre-sputter 

MgO target for about 2 minutes, stop the step motor (by entering “ST\r\n”) and run the 

“pre-sputtering” vi again, with each pre-sputtering time shortened to 2 minutes except the 

MgO target. 6) If the MgO target is still not on, try open shutter and close the shutter 

quickly using the “smart switch” vi and increase the sputtering pressure more (i.e. 10 

mTorr). 
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f. Open the “Step Motor” vi, and read the current revolution steps (run “EG\r\n”). The EG 

value should be 24000. If not, (i.e. 20000), enter “EG24000\r\n” and run the vi again to 

set the EG to 24000. 

g. Calculate the recipe of the deposition and fill in the “Deposition-Test-MgO-

Thickness.vi”. The rule of selecting depositing substrates (total of 12) is defined by three 

numbers: if the substrate is going to be deposited, it is denoted as “1” otherwise “0”; so 

each of the three numbers ranging from 0-7 is converted by 4 indicators correspondingly. 

The commonly used substrates are 6, 8, 10, and 12 which means the number should be 

055. Notice that the deposition sequence always starts from the substrate with the lowest 

number and ends at the largest number. If arbitrary deposition sequence is needed, 

Labview software “Deposition-Test-MgO-Thickness-copy 1.vi” can be used. 

h. Run the “Deposition-Test-MgO-Thickness.vi” with the “recipe” button un-pressed (on) 

to double check the deposition recipe. 

i. Run the “Deposition-Test-MgO-Thickness.vi” with the “recipe” button pressed (off). 

All deposition sequence should be completed smoothly. 

j. After the deposition, run the “Venting.vi” and turn off everything. “Open Valve” means 

adjusting the buffer valve to 100 degree. 

k. In previous step the gate valve is closed. Open the gate valve using the control panel. l. 

Turn off the Nitrogen valve for the MFC (mass flow controller), for the solenoid, for the 

shutter. Turn off the Argon gas. 

m. Wait for the system to cool down at least 1 hour. 

n. Check the system pressure again right after deposition is done using the “High 

Vacuum Pressure Indicator Iron Gauge.vi”. This value should be recorded in the log file.  
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o. Close gate valve, vent the chamber using Nitrogen and open the chamber. Take out 

wafers and load the new batch of wafers. Clean the wafers surface using air gun and close 

the chamber properly.  

p. Rough pump the chamber using mechanical pump.  

q. After the chamber pressure is below 100mTorr, turn the mechanical pump and close 

the rough valve. Open the Gate Valve and wait for the system to pump down for at least 1 

and half days and reach the base pressure. 

2.2.5 Photolithography patterning 

Photolithography is utilized to transfer a two-dimensional pattern from a physical 

mask plate to the sample surface. The photoresist used is AZ 5214 from Clariant Inc., 

which is simply a photosensitive polymer. It could be considered as either positive 

photoresist or negative photoresist if different recipes are used. For positive photoresist, 

after exposure of ultra-violet light, the exposed areas of the photoresist become soluble in 

developer solutions, and vice versa. To achieve high-quality patterns (with sharp edges), 

contact mode is used and the wafer-to-mask distance is minimized. Positive patterning is 

normally used to define MTJ or Hall bar structure followed by an ion mill etching 

procedure. The sequence is described below: 

a. Clean the surface of the wafer using air gun. If the wafer surface is noticeably dirty, 

acetone cleaning is recommended. After acetone rinse, make sure to blow all residue 

acetone away from the sample side of the wafer as acetone dissolves photoresist. Usually, 

there should be a couple of minutes after acetone cleaning and before applying 

photoresist. 
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b. Turn on the thermal heater to 105 ºC. For the positive patterning, only one heater is 

needed. Put the metal substrate holder on top of the hot surface and measure the surface 

temperature using a thermometer. Typically it will take about 10 minutes for the 

temperature to rise to 105 ºC from room temperature. 

c. Prepare the timer and set the timer as 2 minutes while waiting. Open the gas line for 

the spinner and set the spinning parameter accordingly. Double check the vacuum is good 

for holding the wafer by several test runs. 

d. Carefully put the wafer onto the spinner and adjust it to the center. Check the centering 

and vacuum holder by test runs. Clean the transfer pipe using air gun to remove dust, and 

then evenly apply photoresist onto the wafer. After coating, bake the wafer for 2 minutes 

on the heater station. Clean up the mask while waiting. 

e. All wafers should be kept in the tool box, away from light, after spin coating is 

finished. 

f. Turn on the photolithography aligner and change to the right settings: timing (22 s), 

365 nm filter, and constant power mode. Put on the mask and make sure the mask is 

centered and tightened. 

g. Carefully align the wafer with the mask by trials (using the microscope if necessary). 

h. After exposure for 22 seconds, dip the whole wafer in the developer (AZ 917) while 

timing. This is a critical step to achieve good quality sample. Although the developing 

time is relatively constant from sample to sample, i.e. 15 seconds, the surface pattern of 

the wafer while developing should be closely observed. Wafer should be removed from 

the developer immediately once the color of the patterned surface does not change in the 

developer to avoid over-developing.  
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i. Rinse the wafer using DI water and dry the wafer with air gun. If the patterns are 

colorful on the surface, the wafer is under-developed. Further developing is needed by 

carefully monitoring the changing patterns of the wafer surface developed in short 

periods (i.e. 2 seconds). 

Slightly complicated than the positive photolithography patterning, negative 

patterning requires two baking processes—first soft baking at lower temperature (90 ºC) 

and second hard baking at higher temperature (125 ºC), as further detailed description 

listed below: 

a. Clean wafer surface using same method. 

b. Turn on the first thermal heater to 90 ºC, and the second heater to 125 ºC. (It is 

possible that the display is 140 ºC while the real temperature of the heater surface is 125 

ºC). Temperature should be monitored by the thermometer.  

c. Spin coating the photoresist first soft bake for 2 minutes.  

d. After alignment on the photolithography aligner and 6-second exposure, bake the 

wafer again at 125 ºC for 1 minute. This second baking temperature (125 ºC) is critical to 

achieve high-quality sample, so it should be carefully measured by the thermometer.  

e. After one minute exposure without mask, develop the wafer and rinse.  

It is possible that the thickness of the photoresist after negative patterning is 

different from positive patterning, but both should be within the range of 1.2~1.4 μm. If 

the thickness in out of the range, i.e. 0.9 μm, it is possible the wafer is under-developed, 

or over-developed, which could be double checked under microscope. In this case, the 

patterning process needs to be done all over again after completely removing the 
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photoresist by acetone (and sonicating). Otherwise, a following ion beam etching process 

will be affected and the etching depth might be incorrect. 

2.2.6 Ion beam etching 

To define MTJ patterns after photolithography patterning, ion beam etching is 

used for its high directionality and low material selectivity. In the process chamber of an 

ion beam etcher, electrons boil off the hot filament and are accelerated towards the anode 

grid. Electrons then impact the neutral gas atoms (usually Ar), so the working gas breaks 

into ions and electrons after a critical threshold voltage (40 V) is reached. The positively 

charged Ar+ ions move quickly under the influence of 500-1000 V accelerating 

potentials. The energetic ions then arrive at the wafer surface and knock the target atoms 

out of the sample. The ion beam etcher has the direct and independent control over both 

the ion flux and ion bombardment energy. Typically, the etching rates depend linearly on 

the ion current density but non-linearly with the ion bombardment energy. A magnetic 

field about 100 Gauss is often used to trap the electrons, so the ionization rate is 

increased. To prevent the positively charged ions from building up on the wafer plate, a 

neutralizer filament is placed after the alignment grid to avoid the charging effects. A 

schematic drawing of an ion beam etcher is shown in Figure 2.5. 
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Fig. 2.5: Illustration of an ion beam etching system. 

Normally there will be two slightly different etching procedures, i.e. when 

defining MTJ array structures. The first ion etching process is widely used to define 

isolated areas, either MTJ or Hall Bar shapes, so that the etching is down to the substrate 

layer. In this situation, the incident angle of the ion beam during etching is 80 degree, 

which means the ion beam is almost perpendicular to the wafer surface. This process is 

fast but ignores the sidewall effects. This etching method is only used when the required 

etching has to be deep and the sidewall contamination is not a concern. A different ion 

beam etching procedure is used to define thinner structure and to eliminate the sidewall 

effect. During ion beam etching, non-volatile material tends to re-deposit on nearby 

surfaces, for example, the sidewalls. If the etched material accumulates on the sidewalls 

of a junction in the MTJ structure, the junction will be shorted. In order to remove the 

accumulated materials on the sidewalls, the incident angle of the ion beam is adjusted 
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during the etching procedure. Meanwhile, the rate of sidewall re-deposition can be made 

to exactly match the rate of etching. 

The only difference between operating the two etching processes is the incident 

angle. The first etching method fixes the incident angle at 80 degree while the second 

etching method varies the incident angle at 45 degree and 10 degrees, back and forth. 

When the incident angle is 45 degree, the surface of the sample is being etched and the 

sidewall accumulation rate is faster than the etch rate. When the incident angle is 10 

degree, the surface of the sample is still being etched at a slower rate and the sidewall 

accumulation rate is now slower than the etch rate. Careful control of the ion beam 

etching procedure can help to completely remove the sidewall effect and achieve optimal 

sample quality.  The operation procedure is described as below: 

a. Vent the chamber for a few minutes. 

b. Close the vent line and open the chamber gate. 

c. Clean the ceramic rings and load the samples using sand paper. Make sure there is no 

copper exposed when placing the wafers and the rings. 

d. Clean the sample surface by the air gun.  

e. Close the chamber and turn on the rough pump. When the chamber pressure is low 

(lower than the red line), turn off rough pump and switch to HI VAC mode. 

f. After 50 minutes pumping, the chamber pressure should be below 2×10-6 Torr. 

g. Turn on water and Argon gas. 

h. Wait until the Argon gas flow rate reading is stable. 
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i. Turn the flow controller switch to manual mode first to see the pressure change from 

the gauge then immediately switch to auto mode. Wait until the flow rate reading is stable 

(5 minutes). 

j. Turn on power supply for the spinner motor and set to 22V. 

k. Turn on the ion milling main power switch and wait about one and a half minute. If 

there is no reading, turn off and on again. 

l. Adjust the reading to 142 and neutralizer to 0, back and forth. 

m. When everything is ready, write down the recipe.  

n. Open the valve and start the timing. 

o. Follow the recipe and record readings. Make sure the ion current reading is always 

about 0.017 (A). 

p. When the recipe is finished, turn off the main power switch of ion milling station, 

move the plate back to original position and close the valve. 

q. Turn off the spinner power supply. Turn off the flow controller, the Ar gas line, the 

cooling water and the vacuum gauge. 

r. Wait for 1 hour and 20 minutes for the filament to cool down before venting the system 

and taking the wafers. 

As an example, the first etching recipe (constant incident angle at 80 degree) is 

often used in the first ion mill etching procedure while defining MTJ structure because 

the total thickness of the whole MTJ stack has to be etched through. In other cases, the 

second etching method is more desirable in order to eliminate sidewall effect and prevent 

electric shorts in the sample. Because the etching depth has to be carefully controlled, a 

calibration of the relationship between ion milling time and the etching depth is required. 
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As shown in Figure 2.6, the calibration is done for both etching methods: 80 degree 

continuous etching and 45/10 degree angle-varying etching, on different samples with 

different ion milling time lengths. According this calibration results, the etching rate for 

80 degree continuous etching method is about 2.15A/s (faster) while for the 45/10 angle-

varying etching the rate is 1.76A/s (slower).  

 

Fig. 2.6: Etching depth as a function of ion milling time for the two different etching methods 

It is noteworthy that the etching rate is around 2Å/s for both methods, which is 

slow enough for delicate etching depth control. For instance, the second etching 

procedure in defining MTJ structure requires the etching is down to the IrMn layer in 

order to isolate the pinned layer (but not the pinning layer). The acceptable etching depth 

variance is about 180 Å and both the etching time and ion beam current should be 

carefully controlled. As shown in Figure 2.6, three repeats (45 seconds for each repeat) of 

45/10 degree etching give an etched depth of 710 Å. An addition of 30 seconds of 10 

degree etching is expected to further remove the side-wall re-deposition, and the total 

etched depth is around 750 Å. The etching procedure stops in IrMn, which is 100 Å 

above the highly conductive bottom electrode of the MTJ and 100 Å below the MgO 

tunnel barrier. The TMR ratio and wafer uniformity are found to be optimal with these 
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etching parameters. However, it might be more difficult to define a Hall bar structure on 

a conducting Hall material strip for GSHE device, which has a typical thickness of 40 Å 

(as this will be the etching depth tolerance). Careful calibrations and timing are essential 

to fabricate high-quality multilayer structures.  

2.2.7 Magnetron Sputtering: Old Sputtering System (A)  

The old sputtering system has similar functions to the new sputtering system and 

it is only used for simple or customized sputtering deposition, such as the SiO2 

deposition, gold contact deposition or the Fe-Pt co-sputtering deposition (common 

rotation method). An example is the SiO2 deposition during the MTJ fabrication, after the 

second ion beam etching, for separating the bottom and top electrodes. The base pressure 

of this system is about 1×10-7 Torr, and the SiO2 deposition is done via RF sputtering in a 

mixed argon-oxygen environment with a pressure of 8.5 mTorr and an Ar/O2 ratio of 3:1. 

A forward RF power of 150 W is used throughout the deposition, and the growth rate is 

about 1 Å /sec. The detailed process sequence below is for SiO2 (RF) deposition: 

a) Load the sample wafers (up to 6). Use air gun to clean the sample surface. 

b) Close the top lid of the system carefully by adjusting the lid position and the bottom 

rotator. Turn on and off the bottom rotator to make sure self-rotation is smooth. 

c) Connect the power strip of the mechanical pump and open the rough valve to rough 

the chamber down to 150 mTorr (typically takes about 10 to 15 minutes). 

d) Close the rough valve and disconnect the power of the mechanical pump. Open the 

nitrogen tank for gate valve/shutter switch and adjust the regulator to 50 psi. Switch 

to gate valve control and open the gate valve. Close the nitrogen tank valve. 
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e) Check the pressure of the chamber and it should go down to 1×10-4 Torr quickly 

(within a minute). 

f) Wait for the system to pump down for at least overnight before reaching 1×10-7 Torr.  

g) Check the flux rate reading is around zero, at least to the hundredth. 

h) Turn on the cooling water for the corresponding guns (it is suggested to turn on all 

cooling water in case of making any mistake) 

i) Open the nitrogen tanks for controlling solenoid and shutters. 

j) Open the Argon and Oxygen gas tanks valves and turn on the solenoid control for the 

two gas lines. 

k) Turn on the MKS and wait for the actual readings to decrease to zero, set (or double 

check) the MKS reading to 65 for channel 1 and 26 for channel 2. 

l) While waiting for the MKS reading to be stable, double check the correct power cable 

is connected to the corresponding guns, and double check the switch box (controlling 

DC power) is switched to the correct gun. Connect the step motor power (connect the 

wire then the power cable). Also turn on the switch box on the desk to setup the step 

motor communication. 

m) Turn the buffer valve to about 30 degree. Then the reading of the flux rate should be 

around 8. This is the preferred flux rate for pre-sputtering procedure, and could be 

changed by adjusting the buffer valve. 

n) Double check the gas pressure for shutter control is not too high or too low for the 

corresponding shutters (around 30 psi). Then test the shutter so that it can be opened 

or closed freely. This shutter open/close testing is necessary before sputtering because 
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the shutter opens very slowly at the 1st time and hence will affect the sputtering time 

significantly. 

o) Run the system initialization vi and carefully align the wafer with the mark on the 

chamber window and with axis of the rotator in the center of the chamber. Click set 

variable to record the parameters. 

p) Turn on the plasma using RF power supply at a power of 150W. The pre-sputtering 

procedure will take about 8 minutes for each target. 

q) While waiting for the pre-sputtering process to complete, fill in the deposition 

information in the deposition vi and double check thickness and the loaded wafer 

positions. 

r) Run the deposition vi. And the desired material will be sputtered in the defined time. 

s) After deposition is done, turn off the RF power supply, disconnect the power of the 

step motor, and turn off all the gases, the self-rotation, and the cooling water. Change 

the buffer valve to 90 degree (fully open) and wait for at least 1 hour for the system to 

cool down. 

t) Before venting the chamber, turn on the nitrogen tank for gate valve control. Switch 

the gate valve/shutter switch to control gate valve and close the gate valve.  

u) After making sure the gate valve is fully closed, open the nitrogen tank for venting 

the system and switch on the vent valve. Wait until the pressure reaches atmosphere. 

Turn off the vent valve and close the gas tank valve. 

v) Open the chamber and carefully transfer the top lid to the lid holder cart and unload 

the wafers. Normally, a lift-off procedure is followed. 
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It should be noted that the RF sputtering is sometimes hard when igniting the 

plasma and the tricks to start the plasma is similar to the process described in the new 

sputtering system section. The keys to ignite plasma for the first time include increasing 

the Ar sputtering pressure (to the maximum) by closing the buffer valve, increasing the 

RF power, i.e. from 120 W to 150 W, generating plasma on another target close to the RF 

powered target using DC power, turning on and off the shutter and etc. 

2.2.8 E-beam Evaporation: Gold contact deposition 

E-beam evaporation is another PVD different from magnetron sputtering 

deposition. It carries a piece of the target material in a crucible and uses electron beam to 

heat up to its melting point in a vacuum chamber (as shown in Fig. 2.7) typically 1×10-6 

Torr in the system at the clean room. Operations should be following the provided 

manual in the clean room. 

 

Fig. 2.7 Schematic drawing of the e-beam evaporation setup 
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E-beam evaporation is used to deposit 100 Å Ti and 1000 Å gold on the exposed 

area of the patterned wafers, and it is the old method we used to deposit gold contact on 

MTJ samples. The materials to be deposited are located in two source crucibles (with a 

rotator to switch). High density electron beam is bombarded on the source materials. The 

sublimed materials will travel across the vacuum chamber then deposit on the wafer 

substrates. A thin film of Ti (100 Å) is deposited prior to gold evaporation to improve the 

adhesion of the gold film. A thickness monitor made of quartz crystal is used to detect the 

deposition rate and total thickness. A typical deposition rate is 1 Å/s, and the timing is 

easily controlled by opening/closing the shutter.  

 

Fig. 2.8: Example of wafer arrangement for E-beam evaporation deposition 

One of the difficulties related to using the e-beam deposition system is the 

arrangement of the wafers on the provided substrate holder. Since the shutter should be 

able to cover all wafers on the holder when it is closed while uncover all of them after 

being opened, there might be only three whole wafers possibly placed on the holder due 
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to the limited area of the substrate holder and the shutter orientation. However, if wafers 

can be cut into halves, then a typical arrangement of four wafers on the substrate holder is 

shown in Figure 2.8. In this setup however, it is important to label all the wafer pieces 

accordingly. 

2.2.9 Lift-Off procedure 

The lift-off procedure is to remove the gold or the SiO2 deposited on top of the 

photoresist area. Sonicating time in acetone might be longer than 2 minutes, depending 

on the material (SiO2 or Gold) and deposit methods (E-beam evaporation or magnetron 

sputtering deposition). We have noticed that the lift-off time is longer after E-beam 

evaporation compared to that after sputtering deposition. Also, lifting-off SiO2 deposits 

sometimes might be hard and may require sonicating in a heated up environment (45 ºC) 

or even manually (gently) wiping the wafer using cotton stick. After the lift-off process, 

the pattern on the wafer should be checked again under microscope to ensure complete 

lift-off.  

2.2.10 Magnetic thermal annealing 

Magnetic thermal annealing is also a critical procedure to achieve high quality 

samples. It is done in a high vacuum below 10-6 Torr under the magnetic field of 0.45 

Tesla. According to different configurations, the magnetic field could be arranged 

perpendicular or in-plane to the sample surface. In MTJ fabrication, this is the final step 

in order to set up the magnetization easy axis and exchange bias in the SAF trilayer 

structure. Note that the magnetic thermal annealing will also help remove the lattice 

disorder and crystallize the CoFeB layer using MgO (001) layer as a template. In the 

development of Giant Spin Hall Effect device, this step has been proved critical to 
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achieve the perpendicular magnetic anisotropy in a ferromagnetic layer adjacent to the 

GSHE solid. A small variance in annealing temperature (+/-20 ºC) may lead to failure in 

achieving perpendicular magnetic anisotropy in a certain layered structure. Therefore, for 

our study purpose, the wafer should be cut into pieces and being annealed piece by piece 

in order to find the optimal annealing conditions. The detailed magnetic thermal 

annealing process is described below: 

a) Close the gate valve and turn off the power of the turbo pump. (The mechanical 

pump should be turned off after about 20 minutes) Vent the chamber by turning the vent 

valve, stop if strong whistling sound can be heard. After chamber reaches the atmosphere, 

close the vent valve and open the chamber door. 

b) Prepare the wafers on the substrate holder. If it is for in-plane magnetic thermal 

annealing, there will be 4~5 slots to plug in the substrate holders for 2-inch wafers; if 

perpendicular magnetic thermal annealing process is required, only one substrate holder 

(in perpendicular configuration) will fit into the metal box. This holder may hold up to 4 

smaller pieces of the 2-inch wafer. 

c) Carefully put the holder into the copper box and center it. Avoid any magnetic 

tool near the box because of the strong magnetic field!!  

d) Close the chamber door, open the rough valve and pump down the system using 

mechanical pump. 

e) After the chamber pressure drops below 100 mTorr, close the rough valve and 

turn on the turbo pump power. Double-check the cooling water is on before opening the 

gate valve.  
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f) Wait for about 30 minutes till the chamber reaches high vacuum (10-6 Torr). While 

waiting for the pump down, edit the thermal controller profile if necessary.  

g) Turn on the thermal heater. Wait the temperature profile to complete and natural 

cooling down, which may take over night. 

The high vacuum and temperature profile are most important in the thermal 

annealing process. A desirable high vacuum could be achieved after one hour of pumping 

down procedure. In order to achieve the optimal thermal annealing condition, a 

temperature profile consisting of multi-step heating temperatures is applied to achieve 

smooth temperature control and avoid overheating, which is bad for MTJ and also for the 

perpendicular magnetic anisotropy in GSHE devices. A typical temperature profile could 

be written as: 16020
20 + 21015

20 + 24015
15 + 26010

10+2705
10 + 28060

5 . Here, for instance, the 

2nd step is rising the temperature from 160 °C to 210 °C in 20 minutes plus waiting for 15 

minutes. When studying the annealing temperature effect, only the changes of the final 

temperature is needed and the temperature ramping profiles are kept as unchanged as 

possible. Such detailed study will be presented in the chapter 6 when studying the 

relationship between magnetic thermal annealing procedure and achieving perpendicular 

magnetic anisotropy in the Ta/Co40Fe40B20/MgO structure. 

 

2.3 Quick-test method and electrodes setup 

2.3.1 Quick-test method 

To improve the magnetic and electric properties of magnetic tunnel junctions (i.e. 

the tunneling magnetoresistance), the layered structure of MTJ needs to be improved 
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gradually. A standard fabrication process contains seven steps, including 3 steps of 

photolithography patterning, 2 steps of ion beam etching, 1 step of SiO2 deposition, and 1 

step of gold deposition (before magnetic thermal annealing). In order to verify the 

properties between different batches during the troubleshooting process in a relatively 

short time, we developed a short-loop fabrication process, which uses only 2 steps instead 

of 7 and allows for quick measurement of MR ratios (1 step of photolithograph patterning 

and 1 step of ion beam etching). The short-loop process can accelerate the MTJ 

development cycle by a factor of 3, and hence greatly shorten the period of improving the 

TMR ratios. This procedure is similar to that of developing Hall bar structure. However, 

it should be noted that the quick-test method may introduce lower MR ratios compared to 

the same-quality MTJ under standard fabrication process. According to empirical results, 

when the TMR ratios is higher than 50% in quick test method, it is highly possible that a 

standard fabrication process will generate high quality MTJ with MR ratio higher than 

100% assuming other parameters being unchanged. 

The basic idea of the short-loop process is to define two neighboring MTJ 

junctions, where electrons can travel from the top electrode of the first MTJ unit, and 

tunnel through the MgO insulating layer of the first unit to the shared bottom electrode. 

From there, electrons tunnel through the MgO insulating layer to the top electrode of the 

second MTJ unit. The short-loop process can be achieved by defining two neighboring 

MTJ units with one photolithography patterning, followed by an ion beam etching. The 

etching depth is carefully controlled so that the etching stops just below the MgO barrier. 

The MR ratio can be obtained by measuring the resistance change of two MTJ elements 
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connected in series (as they share the same bottom electrode) with a micromanipulator 

(probe) station. A schematic drawing of the short-loop pattern is shown in Figure 2.9. 

 

Fig. 2.9: Schematic of short-loop pattern. 

One outstanding issue with the short-loop process is carefully controlling the 

etching rate of the ion beam etching system. First, this process must etch through the 

MgO tunnel barrier, otherwise top electrodes of the MTJ elements would be connected 

and electrons would bypass the tunneling barriers. On the other hand, the lack of control 

on the etching depth, i.e. over-etching in the pinning layer, may diminish the effective 

TMR ratio. Besides, in order to reduce the side-wall re-deposition during the ion beam 

etching procedure, we alternate the incident angle of the ion beam between 45 and 10 

degree (the second ion milling etching method). To calibrate the etching rate at different 

ion milling conditions, we measure the etching depths at different combinations of 

etching time and incident angles. This calibration results are shown in Fig. 2.6 and are 

used for controlling the etching depth during ion milling process. Accordingly, the ion 

milling time has to be precisely controlled with all other parameters (i.e. the ion beam 

current) unchanged. Another potential issue with the quick-test method is the lack of the 
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gold contacts, making the following electron transport measurement quite difficult. A 

probe station is often used for the transport measurement, such as the transfer curve 

measurement, after the quick-test sample wafer is ready (after magnetic thermal 

annealing). It is inevitable to have direct mechanical contact on the top of the MTJ stack 

during measurement that may damage the tunneling junction, so the following 

measurement operation has to be done carefully and gently.  

2.3.2 Probe Station 

The probe station used for transport measurement on the sample wafer mainly 

includes a microscope and four probes on a well-leveled table with cushions to reduce 

vibration. The probes are held on top of the table tightly through magnets, and they are 

connected through wires to measurement equipment, i.e. a current source and a voltage-

meter. The probes can be smoothly moved in three directions, and the movement of the 

tip of the needle should be timely monitored in the microscope. Once the needle touches 

the surface of the wafer while moving downward the probe, it will be bended to some 

extent that can be observed in the microscope. The touch of the probe onto the sample 

surface cannot be too harsh in case of mechanically damaging the sample, especially the 

quick-test MTJ sample because of the thin tunneling barrier and the lack of gold contact 

layer.  

Besides the electrical setup, there are two types of magnetic field setup, one with 

external magnetic field applied perpendicular to the wafer surface and the other one with 

two-dimensional external magnetic field applied in the surface plane. The variable 

parameters in the transport measurement are the magnetic field (direction and 

magnitude), current and bias voltage. It is commonly a circle transfer curve, liner transfer 
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curve, or a Hall voltage measurement which will be presented in following chapters. 

Once the measurement is being taken, any environmental vibration should be avoided 

since the probe contact is really sensitive to mechanical vibration.  

2.3.3 Wire bonding 

The wire bonder is another solution to make solid contact between sample leads, 

i.e. the Hall bar, and the pads on a wired sample holder. Such as solid electrical 

connection makes the method performs much better in the most cases than the probe 

station which cause damage to the layered structure on a wafer. If the sample has gold 

contact deposited, it will be much easier to bond due to larger bonding area and the more 

adhesive gold layer. But before gold deposition, there will be a thinner layer of Cr 

(magnetron sputtering) or Ti (E-beam evaporation) deposited to improve the 

adhesiveness between the gold layer and the sample stack. Without this adhesive layer, 

gold contact might be easily peeled off during wire bond. 

The wire bonder has two different types, wedge bond or ball bond. For a wedge 

bond, a wire (Al or Gold) will need to be placed through a pinhole on a wedge needle, 

and the ultrasonic vibration will cause the wire to melt while making contact to the 

sample surface and establish the connection. It should be noticed that bonding parameters 

are different between Aluminum wire and gold wire because of their different melting 

point and stiffness. The tail left after the first bonding step is adjustable and would be as 

short as possible to keep close traveling distance between two bonding spots. It takes two 

steps to make a successful bond. The first step bonds the wire with the first spot (lead on 

a thin film sample or pads on a sample holder). After moving the wedge above the second 

spot, make another bond then the wire will be cut automatically. The traveling distance 
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between two connections cannot be too far, i.e. 1 cm. Otherwise, it will be easy to drag 

the wire off the first bonding spot; or, the wire might touch the sample surface or other 

wire due to weight, leading to a possible short circuit.  

The ball bond process only differs in the first bonding step compared to the wedge 

bond. A gold wire is used in this bonding type, and a high voltage bias is applied on the 

tip of the wire which makes the gold wire melt on the tip and forms a ball. Because of the 

much larger diameter of this golden ball than that of the wire itself, it makes the contact 

area much larger during wire bonding and thus much easier to make successful bonding. 

Therefore, for those thin film samples which are hard to make wire bond, a ball bonding 

may be a better solution.  

 

2.4 Other Experimental Methods 

As introduced in the previous section, most of the fabrication procedures are 

related to the MTJ fabrication. This section will be discussing other experimental 

methods that have not been covered in Section 2.3.  

2.4.1 Common Rotation Method: making Fe-Pt alloy thin film  

The common rotation method is only used to deposit alloy (Fe-Pt) in the old 

sputtering system. Because of the lack of co-sputtering targets in the system (all targets 

facing straight up and all substrates facing straight down, alloy has been made by turning 

on the plasmas on two targets together (with shutter constantly open) and rotating the 

substrate plate. The wafers with self-rotation will also have common rotation and travel 
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through the top of both targets consecutively. A demonstration is shown below (Fig. 

2.10).  

 

 

Fig. 2.10 Schematic drawing of common rotation method 

Before the common rotation method was invented in making alloy, we move the 

substrate holder back and forth between the two targets with both shutters open (because 

mechanically opening and closing the shutters takes time and then will affect the 

deposition time). However, this old method always results in inaccurate concentration of 

the alloy because of the mechanical pause (the step motor going back to the home 

position every time when travelling between the two target positions) during the 

movement of the substrate plate. To solve this problem, we invented the common rotation 

method which turned out to be an effective solution to make alloys in the old sputtering 

system. This method succeeds in making thin alloy samples with great uniformity and 

variable concentration by adjusting the deposition power of one material while keeping 

the other one unchanged. A calibration of the deposition rate (thickness per rotation) of 

both materials is necessary before making the alloy. The linearly fitted slope in the 
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correlation between deposition thickness and deposition power (DC) as shown in Figure 

2.11 determines the deposition power of Pt based on a desired concentration of the Fe-Pt 

alloy. The deposition rate of Fe is kept constant by fixing the deposition power. 

 

Fig. 2.11: Calibration curve of sputtering power vs. Pt thickness per rotation 

For the Fe-Pt alloy with a given thickness and concentration, the required 

deposition thicknesses for both materials can be calculated. Since we fix the deposition 

rate of Fe, the total deposition time is known, which determines the total number of the 

rotations. Due to the fact of common rotation, the number of rotation for Fe and Pt are the 

same, which implies the Pt deposition rate is known as well. Given the linear relationship 

between the Pt thickness per rotation and the deposition power (Fig. 2.11), the required 

deposition power of Pt can be derived. 

2.4.2 Low Power Deposition: beta-Ta and beta-W 
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The deposition of beta-Ta and beta-W is completed in the new sputtering system 

with different deposition conditions. The key difference is to minimize the growth rate as 

low as possible, since eliminating the deposit heating has been demonstrated to be 

essential to achieve beta-Ta and beta-W thin film. 

(a) β-Ta thin film deposition: 

The beta-Ta thin film, or the beta-Ta/CoFeB/MgO layered structure is deposited 

on thermally oxidized Si wafers in a homemade high vacuum magnetron sputtering 

system with a base pressure less than 2×10-8 Torr and Ar sputtering pressure ~2 mTorr. 

The face-up sputtering guns have a diameter of 5 cm and use an NdFeB permanent 

magnet ring. The target-substrate distance is 9 cm. The face-down substrates are 

thermally oxidized single crystal Si wafers (5-cm diameter), which rotate at about 50 rpm 

during deposition for achieving thickness uniformity. The off-center distance is 3 cm 

between the center of a substrate and that of a target. (A capping layer of Ta was 

deposited on top of the layered structure to prevent oxidation of the metal layers from 

atmosphere). The growth rate of Ta was about 0.5Å/s under a DC sputtering power of 

10W, and the substrates were kept at ambient temperature. In this way, the deposition 

heating on the substrates is minimized and the beta-Ta is obtained. 

(b) β-W thin film deposition: 

The substrate is 2-inch Si wafer with thermally oxidized layer of about 2 um. Before 

deposition, 4 Si/SiO2 substrates are loaded on the position of 6, 8, 10, 12 so that each of 

them is well separated with least possibility of contamination between each other. The 

chamber is then pumped over at least 2 days so that base pressure is at least 2×10-8 Torr. 

(One day pumping may have the system with a base pressure of 3×10-8 Torr but the beta 
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phase of W thin film was also obtained). Before W deposition, we used to run a 2-

minute-long quick pre-sputtering procedure, which pre-sputters CoFe and CoFeB 

together for 4 times (DC power is 15W), each time being half a minute. Later, we found 

out that pre-sputtering tends to introduce the ferromagnetic contamination even with the 

shutters closed, so I conducted W thin film deposition without CoFe/CoFeB pre-

sputtering and the beta phase was achieved. It is also worth noting that pre-sputtering W 

for long time (8 minutes with shutter closed) before the real deposition procedure resulted 

in the alpha phase W thin film deposited (all other conditions remaining the same), 

probably due to the consumption of the small amounts of oxygen left in the chamber due 

to the long time pre-sputtering procedure (which used to be 15W DC power and caused 

faster oxygen consumption). Therefore, the ideal sputtering condition is to skip the entire 

pre-sputtering procedure and always conduct W deposition directly after system reaching 

a proper base pressure to obtain the beta phase.  

During W sputtering procedure, the Ar pressure is about 2.2 mTorr. The DC 

sputtering power of W is kept to be 3w, which was well calibrated to ensure the 

deposition rate of W is below 0.02 nm/s (i.e. 0.018 nm/s). The deposition procedure is 

done by multiple “runs”: for each run, the deposition thickness is 0.5 nm on each wafer 

position, i.e. 6, 8, 10, 12 and 3 which has no substrate. On each run, W deposition started 

from position 3 (no substrate) so that we have enough time to change the DC power from 

the initially set 15W to 3W, and to monitor the plasma and carefully adjust the power. In 

this way, the deposition heating on the substrates can be minimized to get consistent β-W 

up to 27 nm. If the desired thicknesses of W on each substrate are different, we can just 

control the corresponding times of runs for each substrate. Between each run, the 
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deposition sequence always starts at position 3 (no substrate position), so that deposition 

on previous run has sufficient time of at least 27.8s (0.5/0.018) to prevent substrate 

heating. When the W deposition is finished on all substrates, DC power is manually 

brought back to 10w for the deposition of CoFeB on each wafer, if layered structure is 

needed, using normal magnetron sputtering procedures.  

2.4.3 Making Composite Target 

In this section, the brief procedure of making composite target will be discussed. 

The target will then be used in the magnetron sputtering system for thin film deposition. 

Detailed procedure is listed as following: 

a) Calculate carefully the mass of the original materials (powders) needed to make the 

composite, by using their mole mass, density, and the size of the final target (i.e. 2 

inch diameter and 1/8 inch thick). For example, La2O3, SrCO3, CuO are used to make 

La1.9Sr0.1Cu1O4. The residue Carbon and Oxygen will be released during annealing 

process. 

b) Weigh the mass of all powders according to the calculation by the balance. The paper 

used to hold the powder should be big enough to prevent drop of powers during 

transferring. 

c) (All the tools have to be cleaned by acetone, sandpaper and wipes) Mix all the 

powders in a mortar. Pour in the largest amount of powder first, the next, and finally 

the least amount of powder. This is to avoid the smallest amount of powdered being 

adhered on the walls of the mortar, which affects the composite the most. The mortar 

should be large enough.  
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d) Smoothly and carefully grind the powders in the mortar by the corresponding set of 

pestle. This procedure should be longer than half an hour. If the powders are mixed 

uniformly, the color of the mixture should appear uniform. It is recommended to 

anneal the powders (for instance, at 900 ºC) before pressing to shrink the volume.  

e) Carefully transfer the powder in the pressing tools, and make sure the surface of the 

powder is even. Try to transfer the powders on the mortar wall as much as possible. 

f) Use the pressing tool to make the target well pressed (above 45 ton). Make sure the 

alignment is good. Leave the powders being pressed for 1 and half minutes.  

g) Release the presser, and take out the pressed target. The pressing tool can be used to 

squeeze out the target in the opposite direction that used to press the target. The 

process should be smooth without any squeezing sound (which means abrupt friction 

between target edge and the holder cavity). During this procedure, it should be 

relatively easy to press out the target, and the pressure indicator should not increase 

too much. 

h) After removing the target out of the cavity, transfer the target on a crucible plate for 

following annealing procedure. At this step, it is possible that the volume (thickness) 

of the target is much different from predicted if the powders are not pre-annealed in 

step 4. The volume may shrink by 30% if it was not pre-annealed. 

i) High quality target should not have cracks on the surface or the edge before annealing, 

so that after annealing the target will not break in to pieces. (Some of the powder 

should be saved for XRD or other examination.)  

j) Anneal the target at a desired temperature. The ramping temperature should not be 

too fast. After annealing, natural cooling down of the furnace will take over night. 
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The quality of the target after annealing could be verified by the color (darker 

means annealing temperature is sufficient). Otherwise, higher annealing temperature 

should be applied but carefully controlled.  

 

2.5 Quantum Design® Physical Property Measurement System 

(PPMS) 

2.5.1 PPMS Introduction 

The Quantum Design PPMS represents a unique concept in laboratory equipment: 

an open architecture, variable temperature-field system, designed to perform a variety of 

automated measurements. It enables the measurement within magnetic field up to ±9 

tesla and temperature range of 2-400 K, including VSM Option (VSM), AC 

Susceptibility &DC Magnetization Option (ACMS), Ultra Low Field Option (ULF), 

Electrical Transport Option (ETO), and Thermal Transport Option (TTO).  

Overall, the PPMS consists of 4 main parts: sample chamber, controller, 

compressor and cooling system. For transport measurement, samples could be mounted 

onto a 12 pins sample puck and installed in the 12 leads built into the cryostat insert. For 

magnetic property measurement, samples (thin film, powder or liquid) can be mounted 

onto a well-designed sample holder. Helium cooling system is sealed which minimizes 

the consumption of helium gas (constantly used for years). Only consumption of helium 

gas would be venting/flooding the chamber which may require replacement of helium gas 

tank every 1~2 months depending on the usage frequency.  
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Fig. 2.12 The outlook of the PPMS control software 

Selectable measurement modules are connected to the module tower that is then 

connected to the computer, making it more convenient to switch between different 

measurements. The controlling system can be controlled and monitor by computer 

through the ever-cool software (Fig 2.12).  

At the bottom of the software, it displays the current status of the system, 

including pressure, temperature, magnetic field, Helium bottle supply, and sequence 

status. Double clicking any of the section will pop up dialog for further control. The 

unique feature of the software is the ability of building up customized sequence that takes 

actions in step according to the program. An example will be scanning temperature from 

300K to 5K for every 50K while measuring the magnetic moment of a sample versus 

magnetic field from ±2T. The software will also display the current measurement data 
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and the system status in a log file. A log file is important for error (even quench) 

diagnoses and the file should be updated at least every other day. 

2.5.2 Vibrating Sample Measurement 

The vibrating sample measurement could be able to measure the magnetization of 

samples, in thin film, bulk, powder and liquids, under the magnetic field up to ±9 Tesla 

and in the temperature range of 2 K to 400 K.  

The right part of Fig. 2.13 consists the major components to realize sample 

vibration and measurement. A sample is held in the sample tube and loaded to the coil 

position by the sample rod. The motion of the sample rod is driven by the linear motor 

transport that realizes the sample movement and vibration. The two cables connected 

between the control center and the measurement components are for controlling linear 

motor and data collection. The tower on the left of Fig. 2.13 is then connected to the 

computer for data process and control. 
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Fig. 2.13 Components for the VSM option 

 

Fig. 2.14 VSM sample holder 

For powder and liquid samples, the trough-shaped sample holder will be used. 

The sample will should be sealed in a capsule and locked in the holder by two cylindrical 
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quartzes.  It will be slightly different for thin film sample, which has two orientations 

while taking the magnetic measurement, in the sample plane and perpendicular to the 

sample plane. For the in-plane measurement, the paddle-shaped sample holder should be 

used; for the perpendicular-to-plane orientation, the trough-shaped holder should be used 

with two quartzes holding the sample (Fig. 2.14). The center position of the sample 

should be as close as possible to the 35mm position scale. This is to ensure the sample to 

be placed in the middle of the magnetic field during measurement. A further position 

calibration will be done later after sample is loaded. 

 

Fig. 2.15 Linear motor transport component 

Before loading the sample, the VSM linear motor transport has to be mounted. 

Sample rod should be transported through the motor after opening the cap. Because there 

is no interlock between the cap and the system, it is important to make sure the chamber 

pressure is at atmosphere, the temperature is room temperature and the magnetic field is 

near zero before venting the chamber and loading or unloading samples. After the sample 

is loaded, the cap has to be put back on to cover the motor in order to isolate the system 
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(chamber) from atmosphere. If not, during the cooling down procedure, ice ball may form 

in the chamber and cause damage during sample vibrating.  

After loading the sample, a sample position calibration should be conducted 

before the taking the VSM measurement. The determined position should be close to the 

preset 35 mm with reasonable offset. The position calibration procedure is taken by 

scanning the position of the sample in the full range while measurement the magnetic 

moment under a constant magnetic field, i.e. 0.5 Tesla. The position dependent signal is 

typically like the shown Fig 2.16.  

 

Fig. 2.16 Example of sample position calibration 

Before a VSM measurement is taken, a calibration should be done using the 

provided cylindrical Pd material. For the calibration sample, the magnetic moment as a 

function the applied magnetic field should be similar to the curve in the following Figure 

2.17. If a thin film ferromagnetic material is measured in the in-plane orientation, the 

magnetic moment signal might be very small (Fig. 2.18). It is recommended to measure 

the un-patterned thin film sample since the patterned structure often contained 

significantly reduced ferromagnetic materials, which may lead to small signal and large 

error. In order to extract the ferromagnetism signal (CoFeB in this example) from the raw 
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data, the tilted background, which is from the Si/SiO2 substrate, should be subtracted 

(Fig. 2.19).  

 

Fig. 2.17 VSM calibration using Pd 

 

Fig. 2.18 The VSM result of Si/SiO2/Ta/CoFeB(1nm)/MgO multilayer 
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Fig. 2.19 The VSM result of Si/SiO2/Ta/CoFeB(1nm)/MgO multilayer after subtracting background. 

The magnetic moment of the thin film divided by the volume of the ferromagnetic 

layer gives the corresponding magnetization verses magnetic field curve (Fig. 2.20). 

Because the thickness of the layer is determined by sputtering process, the measurement 

of the sample area becomes essential to derive the correct magnetization value. If the 

piece of the wafer has a regular shape, like rectangular, then the width and length can be 

measured by caliper to calculate the area. Alternatively, the area of the sample can be 

determined by measuring the weight of the sample and divided by the whole thickness of 

the stack. Since the Si takes more than 99% in terms of mass and volume, the mass 

divided by the density of Si is a good estimation of the volume of the wafer piece. Then 

the sample area can be determined since the thickness of the wafer piece is roughly the 

thickness of the Si substrate.  
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In the plots of magnetization versus magnetic field, the spontaneous 

magnetization could be extrapolated by extending the high field data to zero (y axis). The 

spontaneous magnetization is the net magnetization that exists inside a uniformly 

magnetized microscopic volume in the absence of an external magnetic field.  

 

Fig. 2.20: Magnetization vs. magnetic field curve 

The VSM technique is important to determine the spontaneous magnetization of 

the ferromagnetic thin layer in multilayer stack for Giant Spin Hall Effect and 

Anomalous Hall Effect study, which will be further discussed in details in Chapter 4, 5 

and 6. 

2.5.3 Magneto-transport measurement 

The magneto-transport measurement in PPMS takes advantage of the various 

combinations between temperature and magnetic field. Besides, the system also has 

multiple options of measurement. 
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Fig. 2.21 The connection of the components (ACMS option) 

If different options are chosen, the connection of the cables will be slightly 

different (Fig. 2.21, as an example of the cable connection in the ACMS option). 

However, it is quite convenient to switch between different measuring modules according 

to the diagram. For the most part of this work, the resistivity option (4 point) is sufficient 

for both Giant Spin Hall Effect and Anomalous Hall Effect measurements.  

 

Fig. 2.22 Sample puck for resistivity option 

For resistivity option, up to three thin film samples could be measured 

independently, i.e. Hall and resistivity measurement (Fig. 2.22). It should be noticed that 
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since the sample will be mounted on the surface of the sample puck and perpendicular to 

the fixed vertical magnetic field in the chamber, the transport measurement is normally 

perpendicular to the thin film sample plane using the provided puck. However, after some 

customized modification, in-plane magnetic field configuration can be done. One 

possible solution is shown in Fig. 2.23. 

 

Fig. 2.23 Customized sample holder for in-plane thin film transport measurement 

A thin film sample should be adhered to the sample puck surface using vacuum 

grease (Apiezon) during low temperature measurement. A double-sided tape (Scotch) 

should be used only for room temperature as it loses the adhesiveness at low temperature 

and the wires will pull up the wafer piece because of thermal contraction. After wire 

bonding procedure, connections should be checked on the test station using multi-meter.  

 

Fig. 2.24 PPMS Puck-wiring test station 

The puck-wiring test station (Fig. 2.24) is used to verify the contact between a 
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sample and the puck. The test station contains three sets of contacts, all wired in series: a 

Lemo connector identical to the sample-chamber connector on the probe head, a puck 

connector, and 12 banana jacks. Different templates (for banana jack label) are available 

for different options.  

 

Fig. 2.25 The puck-insertion Tool 

The long rod insertion tool (Fig. 2.25) is used to install the sample puck into the 

chamber, where the bottom has 12 pins for connection. The level of the tool is engaged 

when it is lying flat across the handle, and the tool grips the puck by a groove in its outer 

rim.  

Before inserting the tool (with sample gripped) into the chamber, it should be 

double-checked in case the sample accidentally drops into the chamber, which will be 

extremely hard to get out. After inserting the tool into the chamber, slowly rotate the rod 

and feel the notch of the sample puck matches with the one in the chamber, which 

indicates that the sample puck is loaded in the right position.  Then, withdraw the puck-

insertion tool and close the chamber.  
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Fig. 2.26 Bridge configuration tab 

Before starting a sequence of the transport measurement, there will be several 

bridge configuration settings that may require changes according to the sample 

parameters (Fig. 2.26). AC drive mode removes the offset from applying positive and 

negative currents. But under some circumstances, i.e. the Giant Spin Hall Effect 

measurement, DC drive mode should be utilized because the difference between positive 

and negative currents applied is not the offset between Hall bar leads but could be from 

spin torques in opposite directions (details will be in chapter 5). 

Calibration mode could be chosen for coarse, standard or fine measurements. It 

takes 25 averages (and longer time) for the fine measurements. Sometimes, at different 

temperature, the resistance of the sample might be significantly different, which means 

the power/voltage limits should be changed accordingly. Such bridge configuration 

change is programmable and can be added into the sequence of the measurement. 

After raw data is collected, it needs to be transformed into a csv file that can then 

be opened in Microsoft Excel. It should be mentioned that due to the magnetic 

remanence, i.e. a previous measurement was taken under a large magnetic field, then the 

low-field hysteresis loop might be off-centered. In order to remove the remnant magnetic 
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field before taking the low-field measurement, the magnetic field should be brought to 

2~3 Tesla, and then set to 0 in an oscillating mode. However, if ultra-low field 

measurement is required (~10 Oe), a magnetic field calibration using the fluxgate probe 

should be conducted so that the remnant field is offset by sending a small current through 

a parallel coil close to the magnets in the system.  

 

2.6 Low Frequency Noise Measurement 

2.6.1 Introduction of Noise 

The three types of noise that we are interested in are the Johnson noise, the shot 

noise and the 1/f noise. The Johnson noise is caused by thermally activated motions of 

charge carriers in a resistor and hence is temperature dependent. The expression of the 

noise power is 

𝑆𝐽𝑜ℎ𝑛𝑠𝑜𝑛
𝑣 = 4𝑘𝐵𝑇𝑅, 

where  𝑘𝐵is the Boltzmann constant, T is the temperature, R is the resistance. Because the 

Johnson noise is frequency independent, it only contributes a constant background to the 

noise power spectrum. By using standard resistors, the Johnson noise measurement is 

also useful for system calibration.  

The shot noise is from the stochastic nature of the transport mechanism in the 

presence of applied current, given by 𝑆𝑆ℎ𝑜𝑡
𝑣 = 2𝑒𝐼𝑅2, where 𝑒 is the electron charge and 𝐼 

is the total charge current. The shot noise is also frequency independent and responses 

linearly to the amplitude of the applied current.  
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The 1/f noise is named due to its 1/f dependence of the noise power. Based on 

Hooge’s law, the 1/f noise can be expressed as 𝑆1/𝑓
𝑣 =

𝛼

𝑁𝑓𝛾 𝑉2 , where 𝛼  is material-

dependent constant, N is the total number of fluctuators, V is the applied voltage and 𝛾 is 

empirically determined to be between 0.9 to 1.4. Because of the small 𝛾 constant, the low 

frequency noise will be dominated by the 1/f noise. 

A typical noise spectrum of a standard resistor is illustrated in Figure 2.27. The 

high-frequency peaks could be some picked up noises from background environment.  

 

 

Fig. 2.27 Noise Spectrum Density of a standard resistor 

2.6.2 The Schematic of noise measurement system 

The noise measurement system is designed to automatically take the low 

frequency noise on external circuits, i.e. MTJ or Hall bar, and conduct simple analysis on 

the noise spectrum, i.e. the noise power and noise floor. The core of the system consists 

of the NI DAQ, the amplifier circuit and the software interface. The features of the 

system include self-calibration ability, automated bias voltage applied, and automatic 

battery charging. The schematic of this noise measurement system is shown in Fig. 2.28.  

Different from the setup that uses spectrum analyzer (hardware module), this 

system bases on a data acquisition unit (NI DAQ) and a computer. The data acquisition 
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unit has a MHz sampling rate and the software deals with the large amount of collected 

data and performs data analysis and curve fitting.  

 

Fig.2.28 The schematic of the Low Frequency Noise Measurement System. 

Before taking the measurement, a noise measurement system should be calibrated 

using a series of standard resistors. From the comparison between the Johnson noise of 

the standard resistors and the measured values, it can been that only when the load 

resistance (impedance) is within the range of 200 Ohm and 200,000 Ohm, the difference 

is within 10% and the measured results would be trustable if the load (measured circuit) 

is within this range. When the external load is lower than 200 Ohm, the Johnson noise is 

smaller than the DAQ resolution. If the external load is larger than 200,000 Ohm, the 

load impedance is comparable to that of the system (Fig. 2.29).  
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Fig 2.29 Comparison between measurement and standard resistor 

It is worth noting that while taking measurement, changes of the circuits, i.e. 

changing bias voltage, turning on/off switches, will introduce spark signals that will be 

picked up by the system and will be amplified. This will lead to incorrect noise spectrum 

with abnormally large noise signal or overwhelming noise peaks. Therefore, it is 

important to wait for several seconds for the circuits to be stable before starting the noise 

measurement if the circuit was previously changed. Also, if the battery has low power, 

the gain of the amplifier will be different from the calibrated values and may lead to 

incorrect measurement results. Therefore, the low frequency noise measurement should 

only be taken when the battery are nearly full. 

 

2.7 Summary 

In this chapter, we described the experimental methods and techniques used for 

the fabrication of MTJ, including substrate oxidation, magnetron sputtering, 
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photolithography, ion beam etching, SiO2 layer deposition (by sputtering), and gold 

contact deposition (by e-beam evaporation). We also introduced a short-loop fabrication 

process, which enables the quick measurement of MR ratios of partially patterned MTJ 

wafers. This process allows for continuous improvement on MTJ layered structures by 

reducing the development cycle by a factor of 3. Also, we covered the procedure of 

making thin-film Hall bar sensors using similar deposition and fabrication processes, and 

discussed the optimal procedures and conditions that produce high quality of thin-film 

alloy with different thicknesses and concentrations. In order to achieve beta phase Ta or 

W, minimizing the deposition heating is found to be critical. Also, it is discovered that 

the residual oxygen in the sputtering chamber is important for beta phase W deposition.  

In addition, the PPMS and noise measurement system enables us to conduct systematic 

measurements on the Giant Spin Hall Effect and Anomalous Hall Effect as further 

discussed in the following chapters. 
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Chapter 3 

 

Theoretical Background 
 

 

3.1 Introduction 

This chapter describes the basics of Spin Hall Effect, Anomalous Hall Effect and 

Magnetic Tunneling Junction, which will be used for further discussion in the following 

chapters. The macrospin model [1, 2] is introduced for characterizing the Spin Hall Effect 

in a GSHE solids/Ferromagnetic bilayer structure. It is useful to calculate Spin Hall 

Angle and understand current-induced magnetization switching. 

 

3.2 Spin Hall Effect and Anomalous Hall Effect 

 

FIG 3.1: Two dimensional images of spin density (A) and reflectivity (B), respectively, in GaAs sample at 

30 K. [3]  
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Spin Hall Effect (SHE) is a transport phenomenon consisting of the appearance of 

spin accumulation on the lateral surfaces of a sample carrying electric current. The 

opposing surface boundaries will have spins of opposite sign accumulated, and the flow 

of spins denotes the spin current. This phenomenon was observed as shown in Fig. 3.1, 

which illustrates an experimental result of a two-dimensional image showing opposite 

spin polarization localized at the two edges of the GaAs sample at 30 K [3]. In spite of its 

analogy to normal Hall Effect, SHE originates from the spin-orbit coupling in the solids. 

Therefore, no magnetic field is needed for SHE, and the solids can be non-magnetic.  

The SHE can be parameterized by a spin Hall angle (SHA) 𝜃𝑆𝐻, which refers to 

the ratio of spin current density to the charge current density. To detect the SHE is not 

easy in traditional electric transport measurement though, as the spin separation in the 

non-magnetic solid does not lead to charge difference on the two sides of sample. Unlike 

normal Hall Effect, there is no measureable voltage difference in the SHE solid. One 

possible solution is to combine the SHE solid with a ferromagnetic layer or a magnetic 

tunnel junction as layered structure, so that the Anomalous Hall Effect or the Tunneling 

Magnetoresistance is utilized as a detector for SHE. The magnetization of this adjacent 

ferromagnetic layer can be rotated or switched by the spin torque (ST) from the spin 

current in the SHE solid, and the efficiency of this ST relates directly to the magnitude of 

the SHA [4].  

Anomalous Hall Effect (AHE) exists in magnetic solids (ferromagnetic materials 

or paramagnetic materials in a magnetic field) due to spin-orbit interaction. It is 

analogous to SHE, and the spin separation leads to charge differences on the opposite 

sides of the sample because of the different densities of states between electrons with 

http://en.wikipedia.org/wiki/Spin-orbit_interaction
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opposite spins. The AHE, which depends directly on the magnetization of the material, is 

often much larger than the normal Hall effect [5]. Although it is a well-recognized 

phenomenon, there is still debate about its origins in the various materials. The AHE can 

be either an extrinsic effect due to spin-dependent scattering of the charge carriers or 

an intrinsic effect which can be described in terms of the Berry phase effect in the crystal 

momentum space (Fig. 3.2) [6-7].  

 

Fig.3.2 Illustration of the three main mechanisms that give rise to AHE [5] 

In order to identify the underlying mechanism in a spin-orbit coupling system, a 

correlation between Hall resistivity (𝜌𝑥𝑦 ) or Hall Coefficient (𝑅𝑆 ) and longitudinal 

resistivity (𝜌) is experimentally studied, in a power law form 𝜌𝑥𝑦 (𝑜𝑟 𝑅𝑆) ~ 𝜌𝛽. The skew 

scatter mechanism, which is asymmetric scattering from the impurities caused by the 

spin-orbit interaction (SOI), predicts that 𝛽 = 1 . On the other hand, the side-jump 

mechanism is independent of the density and strength of the scatters, yielding a relation 

of 𝛽 = 2 . In contrast to these two extrinsic mechanisms, the intrinsic mechanism 

http://en.wikipedia.org/wiki/Magnetization
http://en.wikipedia.org/wiki/Spin_(physics)
http://en.wikipedia.org/wiki/Scattering
http://en.wikipedia.org/wiki/Charge_carrier
http://en.wikipedia.org/wiki/Geometric_phase
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attributes to the Berry curvature, which can be understood as a magnetic field in the 

momentum space. The sum of Berry curvatures of all occupied states give rise to a sum 

of an extra velocity of these states, which then leads to an extra current (Hall current) [8]. 

Under this mechanism, the relation of 𝛽 = 2  is satisfied. Therefore, experiments are 

conducted, on different systems, to explore this correlation in order to understand the 

dominating mechanism in the AHE.  

 

3.3 Macrospin Model 

In a simplified bilayer structure, the SHE in a non-magnetic solid (i.e. β-W) can 

be detected by the AHE on its adjacent ferromagnetic layer due to exerted spin-torque 

(ST). The equilibrium state of the magnetization is determined by the Landau-Lifshitz-

Gilbert equation containing the Spin-Torque term and the Oersted field term: 

𝑑𝑚̂

𝑑𝑡
= −𝛾𝑚̂ × 𝐻⃗⃗ 𝑒𝑓𝑓 + 𝛼𝑚̂ ×

𝑑𝑚̂

𝑑𝑡
+ 𝛾

ℏ

2𝑒𝜇0𝑀𝑆𝑡
𝐽𝑆(𝑚̂ × 𝜎̂ × 𝑚̂) − 𝛾𝑚̂ × 𝐻⃗⃗ 𝑂𝑒 ,   (3.1) 

where 𝑚  is the unit magnetic moment, 𝛾  is the gyromagnetic ratio, 𝛼  is the Gilbert 

damping coefficient, 𝜇0 is the permeability in vacuum, 𝑀𝑆 is the saturation magnetization 

of the ferromagnetic (Co40Fe40B20) thin film, 𝑡 is the thickness of the ferromagnetic thin 

film, 𝐽𝑆 is the spin current density generated by  the SHE solid (Ta), 𝜎̂ is the direction of 

the spin momentum, 𝐻⃗⃗ 𝑂𝑒 is the Oersted field generated by the charge current, 𝐻⃗⃗ 𝑒𝑓𝑓 is the 

sum of external magnetic field 𝐻⃗⃗ 𝑒𝑥𝑡 and anisotropy field 𝐻⃗⃗ 𝑎𝑛 :  

𝐵⃗ 𝑒𝑓𝑓 = 𝐵⃗ 𝑎𝑛 + 𝐵⃗ 𝑒𝑥𝑡 .                                          (3.2) 

In the equilibrium state, Eq. (3.1) can be simplified to  

0 =  −𝑚̂ × (𝐵⃗ 𝑎𝑛 + 𝐵⃗ 𝑒𝑥𝑡+𝐵⃗ 𝑂𝑒) +
ℏ

2𝑒𝑀𝑆𝑡
𝐽𝑆(𝑚̂ × 𝜎̂ × 𝑚̂) .         (3.3) 
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This equation can be further simplified by only consider the torque in 𝑦 direction, as 

shown in Fig. 3.3, by sending the charge current in 𝑥 direction and constraining external 

magnetic field 𝐵⃗ 𝑒𝑥𝑡 in the 𝑥-𝑧 plane. Also, The magnitude of 𝐵⃗ 𝑂𝑒 can be estimated in this 

bilayer structure by 

                                           |𝐵⃗ 𝑂𝑒| =  𝐽𝐶
𝜇0𝑑

2
~(

3.2×10−2𝑚𝑇

1×106 𝐴

𝑐𝑚2

) × 𝐽𝐶 .                                    (3.4) 

If compared to the spin torque term, which is about (
3×10−1𝑚𝑇

1×106 𝐴

𝑐𝑚2

) × 𝐽𝐶 , the Oersted field is 

one order of magnitude smaller than the spin torque term (in the Ta/CoFeB/MgO 

structure), and hence can also be eliminated for simplicity.  

 

Fig. 3.3 Schematic drawing of the (4 nm)Ta/(1 nm)CoFeB bilayer structure. 

 Also, in the 𝑥-𝑧 plane, 𝐵⃗ 𝑎𝑛 can be expressed by   

                                  𝐵⃗ 𝑎𝑛 = −𝐵𝑎𝑛
0 (𝑚̂ − 𝑚𝑧𝑧̂) =  𝐵𝑎𝑛

0 𝑐𝑜𝑠𝜃𝑧̂ ,                (3.5) 

where 𝐵𝑎𝑛
0  is the perpendicular magnetic anisotropy field [1]. Then, Eq (3.3) can be 

further simplified to  
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                  0 = 𝑦̂ ∙ [−𝑚̂ × (𝐵𝑎𝑛
0 𝑐𝑜𝑠𝜃𝑧̂ + 𝐵⃗ 𝑒𝑥𝑡) +

ℏ

2𝑒𝑀𝑆𝑡
𝐽𝑆(𝑚̂ × 𝜎̂ × 𝑚̂)],        (3.6) 

which is  

                           0 = −𝐵𝑎𝑛
0 sin 𝜃𝑐𝑜𝑠𝜃 + 𝐵𝑒𝑥𝑡sin (𝜃 − 𝛽) +

ℏ

2𝑒𝑀𝑆𝑡
𝐽𝑆.              (3.7) 

Eq (3.7) will be used to determine the perpendicular magnetic anisotropy 𝐵𝑎𝑛
0  and the 

current density 𝐽𝑆 in chapter 4 and 5. The latter value is used to calculate spin Hall angle 

by 𝜃𝑆𝐻 =
𝐽𝑆

𝐽𝐶
⁄ . 

 

3.4 Tunnel magnetoresistive (TMR) effect 

In 1975, the French physicist Julliere [9] discovered the tunneling 

magnetoresistance (TMR) effect when he measured an MR ratio of 14% at 4.2 K in a 

Fe/Ge-O/Co MTJ stack. As seen in Figure 3.4, the tunneling resistance of the junction, 

which consists of two ferromagnetic electrodes separated by a thin insulator, is lower 

when the magnetizations of the two electrodes are parallel (Fig. 3.4 a) than when the 

magnetizations are antiparallel (Fig. 3.4 b). The size of resistance change is measured by 

𝑀𝑅 = 
𝑅𝑎𝑝−𝑅𝑝

𝑅𝑝
, which is called the magnetoresistance (MR) ratio.  

In 2004, Parkin et al. at IBM [10] and Yuasa et al. at AIST Japan [11] 

independently reported giant Tunneling MR (close to 200% at RT) effects in MgO-based 

MTJs fabricated by sputtering and molecular beam epitaxial (MBE) methods, 

respectively. This TMR number reaches 600% at room temperature and 1100% at 4.2 K 

in 2008[12]. The huge TMR effect in MgO-based MTJs has propelled a surge in research 

of spintronics and MTJs.  
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Fig. 3.4 Schematic of Tunneling Magnetoresistance: when the polarizations of two ferromagnetic layers 

(separated by an insulator) are parallel (a) or antiparallel (b), it exhibits lower or higher resistance.  

In a simple model proposed by Julliere, the TMR effect is due to spin-dependent 

tunneling [9], and the tunneling current of spin-up and spin-down electrons are 

considered two independent processes. According to this model, the MR ratio can be 

expressed in terms of the spin polarization P of two ferromagnetic electrodes 

                                                     𝑀𝑅 = 2𝑃1𝑃2/(1 − 𝑃1𝑃2) ,                                        (3.8) 

where                                            𝑃𝛼 = (𝐷𝛼↑ − 𝐷𝛼↓)/(𝐷𝛼↑ + 𝐷𝛼↓)  .                             (3.9) 

Here 𝑃𝛼 is the spin polarization of a ferromagnetic electrode (α=1 or 2), and 𝐷𝛼↑ and 𝐷𝛼↓ 

are the densities of states (DOS) of the electrode at the Fermi energy (EF) for the 

majority-spin and minority-spin bands, as shown in Figure 3.4. For instance, the spin 

polarizations of 3d ferromagnetic metals and alloys made of iron (Fe), nickel (Ni), and 

cobalt (Co) are found to be in the range from 0 and 0.6 below 4.2 K [13-14]. These 

measured spin polarization values can be substituted into Eq. 3.8 to estimate the 
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theoretical MR ratios, which agree well with the experimental MR values in the MTJ 

systems. 

According to the Julliere's model, an MR ratio of about 70% at RT is close to the 

limit for the 3d ferromagnetic-alloy electrodes. Thermal spin fluctuation at finite 

temperature would reduce the spin polarization, thus the MR values would decrease with 

rising temperatures according to Eq. 3.8. In order to achieve significantly large MR ratio 

(greater than 70%) at room temperature, scientists turned their attention to a new class of 

ferromagnetic materials, also known as half metals. The spin polarization in such metals 

is close to one, and the ferromagnetic layers fabricated by half metals may produce an 

infinite MR ratio based on first principle calculations. Such studies have been done in 

different MTJ systems at low temperature but improvements at room temperature are still 

needed [15-16]. 

 

3.5 Summary 

The theories in this chapter will be utilized in the experimental research in the 

following chapters. The macrospin model is important to quantitatively determine the 

spin Hall angle and spin transfer torque. Also, since the anomalous Hall effect could be 

due to different mechanisms, including skew scattering, side-jump and intrinsic 

mechanism, the experimental study in Fe-Pt alloy will tend to reveal the mechanism and 

may provide better understanding in the underlying physics in such high spin-orbit-

coupling system. The MgO-based Magnetic Tunneling Junction has the promising 

performance in both magnetic field sensing and memory applications due to the large 

tunnel magnetoresistance. A combination of the Giant Spin Hall Effect and Magnetic 
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Tunneling Junction will be even more promising in the application of future STT-MRAM 

which features much lower switching current density and hence lower power 

consumption.  
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Chapter 4 

Beta tungsten thin films- structure, 

electron transport and giant spin Hall 

effect 
 

4.1 Introduction 

Highly resistive beta () tungsten characterized by a large spin-orbit coupling 

(SOC) exhibits giant spin Hall effect (GSHE) [1-3]. Its spin Hall angle approaches 0.40 

[3], the largest among transition elements, and it converts charge current into spin current 

efficiently [3]. Robust perpendicular magnetic anisotropy (PMA) has been realized in a 

layer structure combining the elusive, metastable -W and a Co40Fe40B20 thin film [3]. 

The GSHE yields, after suitable thermal magnetic annealing, a very low critical current 

density for magnetization switching [3].  However, fabricating -W films is challenging. 

Although W metallization process is used for the very-large-scale-integrated (VLSI) 

circuits, it is the stable and conductive -W phase that meets the requirement of 

semiconductor processing [4]. Tomorrow’s spintronic MRAM [5] and spin-logic devices 

[6] could increasingly rely on the newly discovered GSHE in -W films. It is, therefore, 

imperative to understand the properties and fabrication of the -W solid. To date, much 

effort has been made to stabilize the -W phase [4, 7-15]. Nevertheless, very little work 

is available on the -W solid in the context of GSHE [1-3] and on its basic properties.  
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4.2 Experimental 

In this work, we prepare a series of -W thin films with a broad range of 

thickness (3.0-26.7 nm) using a simple magnetron sputtering process. Based on the 

process, we achieve PMA and a large spin Hall angle (0.40) [3] in the bulk -W in a 

structure of -W/ Co40Fe40B20 /MgO. We examine the effect of thermal annealing on the 

structure of the W films. We find that the metastable -W and -W/Co40Fe40B20/MgO 

structures can be easily fabricated, making them technologically promising. We measure 

the temperature dependence of resistivity and normal Hall effect of the -W films down 

to the lowest temperature of 10 K. These basic properties of -W are elucidating in the 

understanding of this large SOC solid.  

We prepare the W films on thermally oxidized Si wafers under ambient 

conditions using a homemade high vacuum magnetron sputtering system equipped with a 

cryopump. The face-up sputtering guns have a diameter of 5 cm and use an NdFeB 

permanent magnet ring. The target-substrate distance is 9 cm. The face-down substrates 

are thermally oxidized single crystal Si wafers (5-cm diameter), which rotate at about 50 

rpm during deposition for achieving thickness uniformity. The off-center distance is 3 cm 

between the center of a substrate and that of a target. The base pressure is less than 2×10-8 

Torr and the Ar sputtering pressure is ~2.2 mTorr. For the formation of -W, we apply a 

low dc sputtering power of only 3W intermittently to keep a low deposition rate of 0.02 

nm/s.  The films are patterned using photolithography into standard Hall bars for both 

Hall effect and resistivity measurements, with longitudinal dimensions of 20×55 µm2 in 

area. In addition to these as-deposited samples, we also prepare a corresponding set of 
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samples that are annealed at 280°C for 1 min with 2 h of ramping up and 6 h of natural 

cooling in vacuum (1×10-6 Torr) and under a perpendicular magnetic field (0.45 T) to the 

films. We used the Quantum Design Physical Property Measurement System to measure 

resistivity and Hall effect as functions of temperature between 10 K and 360 K. The 

Bruker D8 Discover X-ray Diffraction (XRD) System is used for structural measurement.  

 

Fig. 4.1.  - 2 x-ray diffraction patterns for as-deposited and annealed W thin films with various 

thicknesses 

Figure 4.1 shows the XRD patterns for the as-deposited and the annealed W films 

with thickness in the range of 14.5 to 26.7 nm. All as-deposited films have single phase 

β-W, which is an A3B solid with the A15 type crystal strcuture.  The annealed films 

remain in the β-W phase up to a critical thickness (tc) of 22.1 nm. Above 22.1 nm, films 

are transformed into the -W phase, which has the bcc crystal structure. For β-W films, 

we calculate the average lattice constant based on the (200), (210), and (211) peaks. For 

-W films, the lattice constant is obtained from the (110) peak.  Figure 4.2(a) shows the 

lattice constant as a function of film thickness, which reveals clearly the effect of 
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annealing. Up to the largest thickness of 26.7 nm, the lattice constant of the as-deposited 

β-W films remains unchanged.  However, post-annealing and beyond tc, the lattice 

constant becomes that of the α structure. Therefore, if the GSHE of β-W is intended for 

spintronic devices which typically require magnetic thermal annealing, the actual 

thickness of the β-W film must be smaller than tc. We note that the spin diffusion length 

(sf ) in β-W film [3] is 3.5 nm, which is much smaller tc. Therefore the full strength of 

the GSHE of β-W film can be exploited as long as thickness is less than tc, but larger than 

sf. 

 

Fig. 4.2. (a) Lattice constant determined from x-ray diffraction as a function of W film thickness for as-

deposited and annealed samples; (b) Grain size determined by using the Scherrer equation (see text) as a 

function of W film thickness. 

XRD data provides us with an estimate on the size of crystallites, or grain size. 

According to the Scherrer equation[16], which relates the grain size to the broadening of 

a diffraction peak, the average grain size is given by Kλ/βcosθ, where K is a shape factor 

(typically about 0.9), λ is the X-ray wavelength, β is the width of a diffraction peak at half 

maximum intensity, and θ is the Bragg angle. The Scherrer equation remains valid to the 

extent that the peak broadening is primarily due to the grain size rather than other 
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inhomogeneities. Based on our XRD data, we obtain the grain size estimated using the 

Scherrer equation, as shown in Fig. 4.2(b) as a function of W film thickness for the as-

deposited and the annealed samples. In both cases, the grain size is smaller than, but 

increases with, the film thickness. Annealing increases the grain size by about 50 to 70%. 

It is noted the grain size in all samples is much larger (by a factor of 2 to 4) than the sf 

=3.5 nm in β-W [3]. Therefore, sf is not predominantly affected by the gain size, but is 

more dependent on the local structures within the β-W crystallites (such as atomic and 

lattice disorders).  

 

FIG. 4.3. (a) Temperature dependence of resistivity for -W and -W thin films between 10 K and 380 K; 

(b) Resistivities at 300 K and 10 K versus inverse film thickness (1/t) for -W films (3.0 nm – 26.7 nm). 

The solid straight line is the theoretical fit using Eq. (1) within 3.0 nm and 22.1 nm based on the finite-size 

effect of thin film resistivity. 

Next, we focus on the electron transport properties of the films. Figure 4.3(a) 

shows the resistivities of the W films as functions of temperature (T = 5 K to 380 K). The 

as-deposited β-W films (3.0 to 24.1 nm) are characterized by very large resistivities of 

183.5 to 204.8 -cm at 300 K. Also noteworthy is that the temperature coefficient of 



 

 

 

- 75 -  

resistivity, (1/)/T, is very small for the β-W films over the whole T range. For 

example, for the 14.5 nm-thick β-W film, its resistivity remains nearly constant (variation 

less than 1%) at 190.0 -cm from 5 K to 380 K. This property is advantageous if β-W 

is used to generate spin current based on the GSHE. It would mean that the magnetic 

switching power will not depend on T, hence, providing a wide T range of operation for 

the spintronic devices.  

For a continuous thin film with a thickness t much larger than the effective 

electron mean free path eff, the thin film resistivity can be expressed as [17]  

3
( ) /

8
B B efft t     ,                      (4.1) 

where B is the bulk resistivity. Figure 4.3(b) shows the resistivities of the β-W thin films 

versus the inverse thickness (1/t).  Within the range of 3.0 to 22.1 nm, Eq. (1) can fit the 

resistivity data marginally. From the fit, we obtain that B(300 K)195±3 -cm and eff 

(300 K)  0.45±0.26 nm, B(10 K) 192±8 -cm and eff (10 K)  0.95±0.52 nm for the 

bulk β-W film. The thermally induced resistivity,  = B(300 K)  B(10 K)  < 9 -

cm, is insignificant, indicating that the electron-phonon inelastic scattering is relatively 

weak compared with the disordered elastic scattering. We note that the B(300 K)  5.33 

-cm for the pure -W bulk solid [18], which is much smaller than resistivities of any 

of our β-W thin films.  The value eff is much smaller than the thickness and the grain 

size of the film by a factor of 5 to 10. Therefore, the finite-size effect and the grain 

boundary scattering are not sufficient to account for the large resistivity of the β-W film. 

It has been suggested that β-W phase is probably stabilized by small amounts of oxygen 

[4, 15]. Further work, particularly theoretical study, is needed to evaluate whether small 
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amounts of oxygen is responsible for electron disordered scattering either from charge-

dependent impurity scattering or spin-orbit scattering. Judging from the large spin Hall 

angle observed in β-W films [1-3], we conjecture that the disordered spin-orbit scattering 

plays a significant role in the resistivity of the β-W films. Above 22.1 nm, as shown in 

Fig. 4.3(b), the resistivities drop significantly from Eq. (4.1).  We believe that these 

thicker films may have a small mixture of -W phase, which has a much smaller 

resistivity than β-W phase. For the annealed films, we observe that resistivity remains 

large (100-260 -cm) for films that remain β-W phase.  

We note that, when the thickness of β-W is smaller than 14.5 nm, the resistivity of 

the films is slightly larger at 10 K than at 300 K. This behavior indicates the appearance 

of a weakly thermally activated electron transport, complicating any analysis on the 

electron-phonon contribution. Also, in the thin-film limit, e.g., ~3 nm, the thickness is not 

much larger than the extracted eff, and the validity of Eq. (4.1) is weakened. Therefore, 

the eff value is somewhat uncertain in the thin-film limit. 

After annealing, the 24.1 nm and 26.7 nm films are transformed into the -W 

phase. We found that (300 K)  36.7 -cm and (10 K)  27.7 -cm for the 26.7 

nm-thick -W thin film. Comparing with β-W, the resistivity of the -W phase is much 

more dependent on temperature. For example, in the 26.7 nm-thick -W film, the 

thermally induced resistivity,  = B(300 K)  B(10 K)   9.0 -cm,  indicating a 

significant contribution from the electron-phonon scattering.  

We have also measured the Hall effect which is an integral part of the electron 

transport of a metal. An investigation of both the resistivity and Hall effect and their 

temperature dependence provides insight into the β-W solid with a strong SOC. Figure 
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4.4 shows the temperature dependence of the Hall effect of the β-W and -W thin films. 

The Hall coefficent for β-W thin film is RH(300K) = 1.62×10-8 -cm/T = 1.62×10-10  

m3/C. RH(T) always carries a negative sign, and is linearly dependent on T between 10 K 

 

Fig. 4.4 Temperature dependence of normal Hall coefficient of -W (26.7 nm) and -W (24.1 nm 

and 26.7 nm). Normal Hall effect is measured between -5 T and +5 T. Note the sign change at about 130 K 

for -W. 

and 300K. At 10 K, the magnitude of RH(10 K) (1.14×10-8 -cm/T) is reduced by 30% 

from the room temperature value. Overall, the charge carriers are predominantly 

electrons in the β-W thin film.  For -W thin films, RH(300K) is 1.91×10-9 -cm/T = 

1.91×10-11 m3/C, consistent with  literature19. It carries a negative sign and is about 5 

times smaller than the bulk value (RH(300K) = +8.6×10-11  to +11.8×10-11  m3/C) [18, 

20]. RH(T) for -W thin films is also linearly dependent on temperature. However, RH(T) 

changes sign from negative to positive as temperature is reduced below 130 K, indicating 

a competition between electron and hole carriers from multi-bands in -W thin films. 

The Hall effect data presented in Fig. 4.4 provide valuable input into any theoretical 
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effort to understand the effects of band structure, scattering mechanisms, and possibly, 

surface electronic states of β-W and -W thin films incorporating the inherently strong 

SOC. Small amounts of oxygen in β-W or -W thin films may also have some effect on 

the Hall effect and its temperature dependence.  

 

FIG. 4.5. Current-induced magnetic-switching curves in the (6.0)W/(1.0)Co40Fe40B20/(1.6)MgO/ (1.0)Ta 

sample, under an in-plane magnetic field Bext of +/ 2 mT (+ parallel, and  antiparallel to current 

direction). Magnetic swithcing in the PMA (1.0)Co40Fe40B20 layer is sensed by measuring the anomalous 

Hall voltage in the layer as current is sweeped in the Hall bar sample. 

Using sputtering method described above, we make a layered structure in the 

form of (t)W/(1.0)Co40Fe40B20/(1.6)MgO/(1.0)Ta (number in the units of nm). The 

(1.0)Ta capping layer is used to prevent the oxidation of the active layers from 

atmosphere. After annealing, the (1.0)Co40Fe40B20 develops PMA [3] while the W layer 

remains in β-phase. Figure 4.5 shows the magnetic switching of the (1.0)Co40Fe40B20 
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layer by the spin current generated in the (6.0)β-W layer. We detect the switching by 

measuring the anomalous Hall effect of the (1.0)Co40Fe40B20 layer. Under an in-plane 

magnetic field of 2 mT,  the sample  (6.0)W/(1.0)Co40Fe40B20/(1.6)MgO/(1.0)Ta can be 

magnetically switched with a critical current (IC) of 2.2 mA, corresponding to a critical 

current density (JC) of 1.2×106 A/cm2 in the W layer, about 1 order of magnitude smaller 

than those obtained in other similar structures [2,5,21-22]. 

 

4.3 Conclusion 

In conclusion, β-W thin films have been fabricated using a simple magnetron 

sputtering process. The as-deposited films are all in β-W phase from 3.0 to 26.7 nm. In 

order to obtain PMA in a layered structure of -W/Co40Fe40B20 /MgO, high vacuum 

thermal magnetic annealing is required at a temperature of 280°C. Upon annealing, β-W 

is transformed into the -W phase  above a critical thickness of 22.1 nm, which is much 

larger than the spin diffusion length (3.5 nm) for β-W thin films. The stabilization of β-W 

up to 22.1 nm after annealing makes it possible to exploit the full GSHE in β-W thin 

films. In our films, the typical grain size is about one third to one half of the thin film 

thickness. The room temperature resistivity of the bulk β-W film is 195 -cm and the 

electron mean free path is very short at 0.45±0.26 nm. Interestingly, the resistivity of β-W 

is insensitive to temperature and thickness. At 14.5 nm, the temperature coefficient of 

resistivity is nearly zero between 10 and 360 K. This property is highly desirable for 

spintronics applications, since the magnetic switching power from GSHE does not 

depend on temperature. Finally, the normal Hall coefficient for β-W thin films has been 
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measured between 10 K and 300 K. Although the Hall coefficient has the same 

magnitude as bulk -W, it carries a negative sign. This observation provides a useful 

input into any theory on the electronic structure of β-W incorporating the large SOC. 

Using our sputtering and magnetic thermally annealing process, PMA and low switching 

current density can be achieved in the layered structure of -W/Co40Fe40B20 /MgO.  
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Chapter 5 

 

Giant Spin Hall Effect in beta-W 

 

5.1 Introduction 

Recently, the Spin Hall Effect (SHE) [1-3] has received much attention. 

Particularly noteworthy is the phenomenon of the Giant Spin Hall Effect (GSHE) [4-13] 

in non-magnetic metals with strong spin-orbit coupling (SOC). Very large spin Hall 

angles (have been discovered in solids ranging from simple SOC solids of Pt 

(|, Ta (0.15) [9], W (0.30) [10-11] to topological insulators, Bi2Se3 (2.0-

3.5) [12] and BiSbTe3 (1.4-4.25) [13]. With a large a metal can convert efficiently a 

longitudinal electrical charge current (Jc) to a transverse spin current (Js), which can be 

used to manipulate magnetization states in spintronic devices [6, 9, 14]. GSHE has 

brightened the prospect of magnetic random access memory (MRAM) and spin-logic 

(SL) devices. One promising embodiment of the new MRAM is to prepare an interface 

between a GSHE solid and a ferromagnetic thin film (FM) with perpendicular magnetic 

anisotropy (PMA), commonly referred to as a free layer.  The injected spin current from 

the GSHE solid yields a spin-transfer torque (STT) inside the free layer to effect a 

magnetization switching [15-16]. The magnetic states representing the digital bits are 

sensed by an integrated magnetic sensor, e.g., a magnetic tunneling junction (MTJ) [9] or 

a Tunneling magnetoresistive (TMR) element [17]. The conjectured STT-MRAM with 



 

 

 

- 84 -  

PMA has the advantages of low power consumption, high reliability and durability, and 

data non-volatility, over earlier generations of MRAM.  

Among the limited number of GSHE solids uncovered so far, tungsten in its high 

resistivity and metastable beta () phase is fundamentally interesting for its large SOC, 

and potentially useful in applications. Having the largest spin Hall angle (0.3) among 

transition metals, its preparation is compatible to modern semiconductor fabrication 

processes. However, structures of -W/FM with PMA have not been obtained. Although 

PMA can be enabled by inserting a Hf layer into the bilayer, as in -W/Hf/CoFeB [10], 

the Hf layer has the deleterious effects of lowering the effective Hall angle and increasing 

fabrication complexity. Furthermore, -W itself has not been well studied, for example, 

the intrinsic spin Hall angle and spin diffusion length in bulk -W remain undefined.  

In this letter, we report the achievement of -W/CoFeB/MgO with robust PMA 

without the need of any insertion layer. We have successfully extended the thickness of 

-W to 9 nm in this structure, which has allowed us to explore the variation of spin Hall 

angle over a broad range of -W thickness. As a result, we have determined that the bulk-

limit spin Hall angle is 0.40 and the spin diffusion length is 3.5 nm for -W.  Both 

parameters are key to the understanding of the -W in the context of GSHE, and to the 

development of STT-MRAM and spin-logic incorporating -W and FM with PMA.  The 

STT-induced switching current for magnetization reversal is of the order of 106A/cm2, 

one order of magnitude smaller than other similar structures [9-10]. 
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5.2 Sample Preparation and Characterization 

We have prepared our layered structures (stacks) on thermally oxidized Si wafers 

using a high vacuum magnetron sputtering system. The base pressure is less than 2×10-8 

Torr and the Ar sputtering pressure is ~2.2 mTorr. For each sample, the whole stack was 

sequentially deposited in the order of W/CoFeB/MgO/Ta. The capping layer, (1)Ta with 

the thickness value in the units of nanometer (nm), is used to prevent oxidation of the 

active layers from atmosphere. The DC sputtering power for CoFeB was kept at 10W. 

The thickness of the Co40Fe40B20 layer was always fixed at 1 nm, allowing CoFeB to 

develop the PMA. For the formation of -W, we applied a low DC sputtering power of 

only 3W intermittently to keep the deposition rate below 0.02 nm/s.  Multiple stacks have 

been made with W thickness in the range of the 2.5 to 9.0 nm. These stacks were 

patterned using photolithography into standard Hall bars for both Hall Effect and 

resistivity measurements, with the longitudinal dimensions of 20×55 µm2 in area. Finally, 

the stacks were annealed at 280°C for 1 min with two hours of ramping up and six hours 

of natural cooling in vacuum (1×10-6 Torr) and magnetic field (0.45 Tesla) which is 

perpendicular to the stacks. We performed magnetotransport measurements on these 

stacks using an electromagnet at room temperature. We used the Quantum Design® 

Physical Property Measurement System (PPMS) to measure the saturated magnetization 

(Ms) of the stacks at room temperature. Ms for (1)CoFeB in the stacks is about 1100 

emu/cm3. To confirm the phase of -W, we measured the sheet resistance (R) of the 

stacks denoted by (t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta. Fig. 5.1 shows the value of R as 

a function of W thickness from 2.5 to 9.0 nm. The solid line is the best fit to the data 
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based on extracted resistivities of W≈210 -cm and FeCoB≈80 -cm, according to the 

relationship 

         R= (
𝝆𝑾

𝒕
∙
𝝆𝑪𝒐𝑭𝒆𝑩

𝒕𝑪𝒐𝑭𝒆𝑩
)/(

𝝆𝑾

𝒕
+

𝝆𝑪𝒐𝑭𝒆𝑩

𝒕𝑪𝒐𝑭𝒆𝑩
).              (5.1) 

Typical resistivities for the stable -W phase and the metastable -W phase are 

below 40 -cm and above 150 -cm, respectively. The high resistivity that we 

obtained indicates that we have -W in all samples presented here. We have also used X-

ray diffraction to confirm the -W structure in a film with thickness of 9 nm. 

 

FIG. 5.1 Sheet resistance (R) of (t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta (thickness number in nm) multilayer 

stacks as a function of W thickness t (2.5-9.0 nm). The solid line is the best fit to the data based on 

extracted resistivities of W≈210 -cm and FeCoB≈80 -cm. 

 

5.3 Results and discussion 
 

The conditions for the magnetotransport measurement are illustrated in the 

schematic Fig. 5.2(a). We sent in a DC current along the y-axis of a Hall-bar sample, and 

measured the Hall voltage along the x-axis. We applied the external magnetic field (Bext) 
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in the yz plane with an angle  between the field and y-axis. The resulting magnetization 

vector (M) is also in the yz plane at an angle  from the y-axis.  Fig. 5.2(b) shows the 

anomalous Hall resistance (RH) as a function of magnetic field applied perpendicularly to 

the sample plane ( =90°) for a series of samples with varying W thickness (3-9 nm), 

(t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta. The square hysteresis loops for every sample reveal 

the attainment of PMA in the W/CoFeB without the need of an insertion layer between W 

and CoFeB. The switching field, or coercivity Hc, ranges from 5 Oe to 22 Oe.  

 

FIG. 5.2 (a) A schematic of W/CoFeB bilayer in the Hall bar configuration for magnetotransport 

measurement under an external magnetic field (Bext) and an excitation DC current (I). Jc is the charge 

current density in the W layer, and Js is the SHE converted spin current density into the CoFeB layer. (b) 

Anomalous Hall resistance versus cycling external magnetic field applied perpendicular to the stacks of 

(t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta (t: 3.0-9.0 nm). (c, d) Current-induced magnetic switching curves in 

the (7.0)W/(1)CoFeB/(1.6)MgO/(1)Ta sample, under either a positive ( =0°) or a negative ( =180°)  

external field Bext (0.2, 0.4, 0.7, 2 mT). From each switching curve, critical current (IC) can be obtained as 

shown. 

The anomalous Hall Effect (AHE) provides a sensing mechanism to measure the 

magnetization state of the CoFeB layer. From here on, we investigate how this state 
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responds to an excitation current (I) in the W layer and Bext. Fig. 5.2(c) shows current-

induced magnetic switching behavior of a representative sample, (7.0)W/(1.0)CoFeB, 

under a series of positive (𝛽 = 0°) or negative (𝛽 = 180°) in-plane fields (Bext = 0.2, 0.4, 

0.7, and 2 mT). The bi-stable states of (M up and down) are accessible by cycling the 

current in both directions through a critical value (Ic), under either a positive or negative 

Bext. We define the critical current (Ic) as the average of the positive and negative 

switching current. The values of switching current are somewhat different for 𝛽 = 0° and 

𝛽 = 180°. This is due to the hysteretic nucleation process which is stochastic.  For 

(7.0)W/(1.0)CoFeB, Ic≈2.8 mA for 𝛽 = 0°  and 3.4 mA for 𝛽 = 180° , yielding an 

average  Ic≈3.1 mA. Based on W≈210 -cm and FeCoB≈80 -cm, we estimated that 

the critical current and the critical current density in the W layer are Ic(W)≈2.3 mA and 

Jc(W)≈1.6×106 A/cm2, respectively, under an in-plane field of 2 mT. In this particular 

sample, the current passing through the W layer is 82.1% of the total current through the 

stack (7.0)W/(1.0)CoFeB. This critical current density is about one order of magnitude 

smaller than what were obtained in other PMA structures: Ta/CoFeB [9,18-19], 

Pt/Co[20], and W/Hf/CoFeB [10].  

The current-induced magnetic switching in PMA structures has been explained by 

the spin-transfer torque mechanism due to the injected spin current density (JS) from the 

SOC solid with GSHE [20]. Under the measurement conditions of Fig. 5.2(a), the 

equilibrium orientation (𝜃 ) of M in the PMA CoFeB layer is determined from the 

condition that the net torque on M is zero [20], i.e., 

0 0ˆ ( ) sin( ) sin cos 0tot ST ext an ST ext anx B B                 ,  (5.2) 
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where 0

2
ST S

s

J
eM t

   is the torque per unit moment, and 0

anB is the perpendicular 

anisotropy field. This macrospin model predicts the current-induced magnetic switching, 

as shown in Fig. 5.2(c), at sufficient current density (>Jc) or corresponding spin-transfer 

torque 0

ST per unit moment.  

In the coherent spin rotation regime, Eq. (5.2) has also been used as a method to 

measure 0

ST , hence, the converted spin current density JS from which the spin Hall angle 

can be derived (Js/Jc) [20]. In Eq. (5.2), the angle (𝜃) can be obtained from the 

anomalous Hall resistance, RH/R0 = sin, where R0 is the maximum Hall resistance when 

M is perpendicular to the sample plane. According to Eq.(5.2), as Bext approaches zero or 

infinity,  reaches 0 or 90°, respectively. Under an intermediate Bext,  is dependent on 0

ST

, Bext, and
0

anB , as demonstrated in Fig. 5.3(a) which shows how the RH or sin varies as a 

function of Bext under a positive or a negative current of 2 mA. It can be seen in Fig. 

5.3(a) that, at an arbitrary sin, there exist two Bext values, B+() and B-(), corresponding 

to the positive and negative current, respectively. From Eq.(5.2), 

0 0( ) ( )sin( ) sin cos 0ST S anJ B B              (5.3) 

0 0( ) ( )sin( ) sin cos 0ST S anJ B B          .    (5.4) 

By solving the simultaneous equations using combination of (3)±(4), one obtains 

0[ ( ) ( )] / sin( )STB B               (5.5) 

0[ ( ) ( )] 2 sin cos / sin( )anB B B         ,    (5.6) 

where 
0

ST =
0 ( )ST SJ   0 ( )ST SJ  =2

0 ( )ST SJ . The experimental procedure implied in 

Fig. 5.3(a) generates the quantities of ( )B  , ( )B  , and  . Then, using Eq. (5) and (6), 



 

 

 

- 90 -  

one can calculate 
0 ( )ST SJ and 0

anB . Fig. 5.3(b) shows [ ( ) ( )]B B   as a function of 

1/ sin( )  , based on the data in Fig. 5.3(a). As predicted by Eq. (5.5), linear relations 

are confirmed for various current values, and the slope is 0

ST for each supplied current. 

Using this method, we have determined the spin-transfer torque per unit moment 

0 ( )ST SJ versus current in our samples with varying W thickness, as shown in Fig. 5.3(c). 

We also determined that the anisotropy field 
0

anB  is 214 mT for the sample used in Fig. 

5.3(b). 

 

FIG. 5.3(a) Normalized Hall resistance (i.e., sin 𝜃) as functions of nearly in-plane magnetic field Bext ( 

=4°) under a positive or negative current (±2mA). 𝜃 is the angle between the magnetization vector M and 

the y-axis. ( )B  and ( )B   are the magnetic fields required to rotate the M to 𝜃 corresponding to the 

positive and the negative current, respectively. (b) Linear relationships between 𝐵+(𝜃) − 𝐵−(𝜃) and 

1
sin (𝜃 − ß)⁄  under different excitation current (0.5-2 mA). The slope for each fitted straight line is the net 

spin-transfer torque per unit moment, 
0

ST , between the positive and negative excitation current.  (c) 
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Spin-transfer torques (
0

ST ) per unit moment as functions of excitation currents for 

(t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta (t: 3.0-9.0 nm). All the torques are linear in current and vanish as 

current approaches zero. Thicker W generates more torque per unit of current. (d) Magnetic switching 

phase diagram of (7.0)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta, in the parameter space of Bext and critical current 

(Ic) or critical current density (Jc). The arrows (↑ or ↓ ) denote the directions of the M vector in various 

regions. Ic is the net current into the Hall bar, and Jc is the corresponding current density only in the W 

layer. The lines connecting the data are guides to the eyes. 

Based on data in Fig. 5.3(c), we calculated the spin Hall angle according to 

Js/Jc=
02

( )( / )s
ST c

eM t
J . Fig. 5.4 shows the spin Hall angle as a function of W 

thickness (t) from 3 nm to 9 nm for the (t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta system with 

PMA. At 9.0 nm, the spin Hall angle is 0.35±0.04. In thinner limit, spin Hall angle 

decreases, as the W thickness becomes comparable to the spin diffusion length(𝜆𝑠𝑓). The 

variation of the Hall angle versus W thickness allows us to obtain ()=0.40±0.03 and  

𝜆𝑠𝑓 = 3.5 ± 0.3 𝑛𝑚  in the bulk -W film, according to  
𝐽𝑠(𝑡)

𝐽𝑠(∞)
=

Θ(𝑡)

Θ(∞)
= 1 −

sech (
𝑡

𝜆𝑠𝑓
) [21] which is used to fit the data in Fig. 5.4. In comparison, 

(5.2nm)=0.33 ±0.06  was obtained in W/CoFeB/MgO with in-plane magnetic 

anisotropy, and effective (4nm)=0.34 ±0.05  in W/Hf/CoFeB/MgO with Hf-induced 

PMA. Our determination of the bulk () and 𝜆𝑠𝑓  for -W is beneficial to further 

theoretical understanding of this important SOC solid and to the design of spintronic 

devices by selecting appropriate -W thickness. Moreover, PMA can be achieved in 

W/CoFeB/MgO without the need of any insertion layer which reduces spin Hall angle 

[10].  
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As shown earlier in Fig. 5.2 (c), with sufficient current (i.e., spin-transfer torque), 

M of the CoFeB layer will undergo switching which can also be described by Eq. (5.2). 

Based on results in Fig. 5.2(c), we have obtained the magnetic switching phase diagram, 

shown in Fig. 5.3(d), for a representative sample (7.0)W/(1.0)CoFeB/(1.6)MgO (area 

20×55 µm2). The critical switching current density (JC) in the W layer decreases rapidly 

and linearly with increasing field (Bext) up to a characteristic field B0~1 mT, and at a 

slower rate when Bext > B0. As a comparison, B0~15 mT and 300 mT have been measured 

for two other PMA systems, (5)Ta/(0.6 nm)CoFe/(1.8)MgO (area 1.2×15 µm2) [22] and 

(2)Pt/(0.6)Co/AlOx (20×200 µm2) [20], respectively. The significantly lower B0 obtained 

 

FIG. 5.4 Spin Hall angles versus W thickness for (t)W/(1.0)CoFeB/(1.6)MgO/(1.0)Ta (t: 3.0-9.0 nm). The 

line represents theoretical fitting to the data assuming a finite spin diffusion length in the -W film. For the 

bulk -W film, spin Hall angle is determined to be 0.40±0.03  and spin diffusion length is 3.5 ± 0.3 𝑛𝑚 at 

room temperature. 

in our PMA system bodes well for achieving reliable switching under a small external 

field. In STT-MRAM or spin-logic applications, a low biasing field can be much more 
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easily implemented than a ten-time larger field. It is noted that B0 is of the magnitude of 

the nucleation field in our system (see coercivity values in Fig. 5.2(b)). From Fig. 5.2(c), 

we have obtained the lowest JC ~1.6×106A/cm2 at 2 mT, about 5 to 10 times smaller than 

other PMA systems. [9-10, 18-20]. Our insight is that this is partly due to the GSHE, and 

partly to the low coercivity in our samples which we developed through meticulous 

optimization of magnetic thermal annealing.  

 

5.4 Conclusion 
 

We have observed GSHE in -W/CoFeB/MgO system with perpendicular 

magnetic anisotropy. We have determined that the spin Hall angle is 0.40±0.03 and spin 

diffusion length is 3.5 ± 0.3 𝑛𝑚 in bulk -W film at room temperature. It is the largest 

spin Hall angle among elemental solids with a large spin-orbit coupling [4-11, 23-24]. 

We have obtained the magnetic switching phase diagram of the PMA CoFeB driven by 

spin-transfer torque from the -W. Under an in-plane biasing field of only 2 mT, the 

switching current density is about 1.6×106A/cm2 which is the lowest among other PMA 

systems with GSHE. We have demonstrated that, without the need of any tricks such as 

the use of insertion layer, thick -W films can be integrated with the well-known CoFeB 

ferromagnetic film to achieve a robust PMA. The large Hall angle and acquired PMA 

makes -W an ideal candidate for STT-MRAM and spin-logic applications, with the 

added advantage of its compatibility to modern semiconductor fabrication. We also note 

that the long spin diffusion length would require somewhat thicker -W film to take full 

advantage of its GSHE. This tends to increase the total current, which, coupled with the 

high resistivity of the -W film, may require more power for magnetic switching. 
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Chapter 6 

 

Temperature Dependence of Giant Spin 

Hall Effect in Beta-Ta 
 

6.1 Introduction 

During the last few years, Giant Spin Hall Effect (GSHE) [1-14] has received 

much attention for its fundamental magnetotransport property and promising potential for 

spintronics applications, particularly in magnetic random access memories (MRAM), 

spin logics (SL), RF devices, and magneto-optical components. Solids with large atomic 

numbers and resistivities, such as Pt [4-8], -Ta [9], and -W [10-12], exhibit a very 

large spin Hall angle (SHA), a key and characterizing parameter of GSHE. The 

metastable  forms of Ta and W display much larger intrinsic resistivities than their 

corresponding stable  forms. The origin of GSHE is the enhanced spin-orbit coupling 

(SOC), based on which the search on solids with even larger SHA continues. Recently, it 

has been shown that some topological insulators are capable of generating phenomenally 

large GSHE [13, 14]. However, transition metals with GSHE have the advantages of 

compatibility to semiconductor fabrication process and ability to sustain larger bulk 

current densities. These transition metals typically carry a SHA in the range of 0.1 to 0.4 

[9-12, 15-18]. 

A common method to study the GSHE is to use a bi-layer structure consisting of a 

thin film with large SOC and a ferromagnetic thin film (FM) whose magnetization (M) is 
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perpendicular to the bi-layer, a property called perpendicular magnetic anisotropy 

(PMA). A normal longitudinal current density in the SOC film induces a large transverse 

spin current, which exerts a spin-transfer torque (STT) on the M of the FM. Above a 

critical current density (Jc) inside the SOC film, M switches its direction abruptly via 

domain wall motion, which is experimentally measured by using the Anomalous Hall 

Effect (AHE) of the FM layer [9-10, 12]. To make GSHE useful for MRAM or SL 

applications, Jc must be reduced as much as possible by virtue of the large SHA and the 

interfacial match between the SOC and FM layers.  A lower Jc reduces power 

consumption and improves durability in spintronic devices.  

In this work, we conducted a comprehensive study on the electron transport, 

magnetotransport, and magnetic properties of the -Ta/Co40Fe40B20/MgO system over a 

wide temperature range (5K-300K). The ferromagnetic thin film Co40Fe40B20 has the 

composition of Co40Fe40B20. We focused our study on the unique configuration in which 

the Co40Fe40B20 displays a robust PMA achieved under an optimal magnetic thermal 

annealing process.  We have obtained the strength of SHA, magnetic anisotropy, 

magnetization as functions of temperature. We have also measured the magnetic 

switching phase diagram, which allowed us to observe the lowest switching current 

density among similar systems. Our approach shows that a systematic study on multiple 

properties in this type of systems is highly beneficial to the understanding of the GSHE 

and its spin-orbit coupling mechanism. 
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6.2 Experimental 

 
We deposited a series of (t)Ta/(1)Co40Fe40B20/(1.6)MgO (thickness number in 

nanometer, nm) multilayer stacks on thermally oxidized Si wafers in a homemade high 

vacuum magnetron sputtering system with a base pressure less than 2×10-8 Torr and Ar 

sputtering pressure ~2 mTorr. The face-up sputtering guns have a diameter of 5 cm and 

use an NdFeB permanent magnet ring. The target-substrate distance is 9 cm. The face-

down substrates are thermally oxidized single crystal Si wafers (5-cm diameter), which 

rotate at about 50 rpm during deposition for achieving thickness uniformity. The off-

center distance is 3 cm between the center of a substrate and that of a target. A capping 

layer of (1)Ta was deposited on top of the MgO layer to prevent oxidation of the metal 

layers from atmosphere. The growth rate of Ta was about 0.5Å/s under a DC sputtering 

power of 10W, and the substrates were kept at ambient temperature. The thin-film stacks 

were patterned using photolithography into standard Hall bars (20×55 µm2 in area) for 

both Hall effect and resistivity measurements. Before measurements, the patterned 

samples were annealed in vacuum (1×10-6 Torr) at different temperatures for 1 hour with 

two hours of ramping up and six hours of natural cooling under a magnetic field of 0.45 

Tesla perpendicular to the sample planes. We used the Quantum Design® Physical 

Property Measurement System (PPMS) for magnetization and transport measurement in 

the temperature range of 5K to 300K. We also used a few other transport measurement 

instruments equipped with electromagnets for some measurements.  
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6.3 Results and discussion 

 
To determine the resistivities of Ta and Co40Fe40B20 films, we measured the sheet 

resistance (R) of Ta/ Co40Fe40B20 bilayers with different Ta thickness (4  t  8 nm). The 

analysis on the thickness dependent data of R  provides the resistivity of the Ta layer 

(Ta≈200 -cm) and the resistivity of the Co40Fe40B20 layer (CoFeB≈100 -cm) post-

annealing. The high resistivity of Ta is indicative of its  phase, as its α phase has a 

typical resistivity of ~50 -cm [19, 20]. Fig. 6.1 shows the temperature dependence of 

resistivities for both Ta and Co40Fe40B20 layers from 5 K to 300 K. The resistivity of the 

Co40Fe40B20 layer is weakly dependent on temperature (3% variation), ranging from 103 

-cm at 5K to 100 -cm at 300 K.  The resistivity of the -Ta layer also changes little 

(9% variation) from 218 -cm at 5 K to 200 -cm at 300 K. Therefore, the 

temperature dependent electron-photon scattering is not the main mechanism for 

resistivity. Disorder scattering in Co40Fe40B20, which is temperature independent, is 

responsible for its resistivity. The thickness of Co40Fe40B20 is only 1 nm which sets a limit 

on the electron mean-free-path. The as-prepared Co40Fe40B20 has an amorphous structure. 

After post-deposition magnetic annealing, Co40Fe40B20 retains some of its structural 

disorder as implied by its high resistivity. The slight increase in the resistivity of the -Ta 

layer at low temperatures is interesting. It is not clear what the mechanism is for the 

resistivity upturn. Low temperature can induce lattice strain on the 4nm -Ta thin film 

and change its band structure somewhat. The resistivity upturn may also be due to some 

thermally activated electron transport processes. It is noted that the weakly temperature 

dependent resistivities bode well for spintronics application with regard to thermally 
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stable operation. However, the large resistivity in -Ta layer does pose a challenge in that 

the power consumption is somewhat large in order to generate sufficient spin-polarized 

current using -Ta.   

   

 

FIG. 6.1 Resistivities of -Ta (4 nm thick) and CoFeB (1 nm thick) as functions of temperature 

In our bilayer structures, the Co40Fe40B20 layer is always fixed at 1 nm which is 

required for surface-induced PMA. We investigated the magnetic stability of this thin 

Co40Fe40B20 layer as a function of temperature. Fig. 6.2 (a) shows the in-plane 

magnetization versus magnetic field curves (up to +/- 2T) measured at various 

temperatures between 5 and 300K for the (4)Ta/(1)Co40Fe40B20/(1.6)MgO sample. A 

large magnetic field of the order of 0.5T is required to saturate the magnetization. By 

extrapolating the magnetization curve within the region of 1 to 2T to zero field, we 

extracted the spontaneous magnetization, Ms, which is displayed in Fig. 6.2(b) versus 

temperature.  Within 5 and 300 K, Ms decreases about 23% linearly with temperature, 

rather than following the Bloch’s law of T3/2 dependence based on three dimensional 
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(3D) spin wave excitations. The linear temperature dependence in Ms is due to the 2D 

nature of our 1 nm-thick Co40Fe40B20. It is consistent with observations in other and 

similar ultrathin ferromagnetic films [21,22]. The measurement of Ms(T) is necessary to 

study the thermal effect on GSHE to be presented later. 

 

FIG. 6.2 (a) Magnetization of (4)Ta/(1)CoFeB/(1.6)MgO stack as a function of temperature; (b) Extracted 

spontaneous magnetization (MS) as a function of temperature. 
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FIG. 6.3 The anomalous Hall resistance of (4)Ta/(1)CoFeB/(1.6)MgO stacks versus magnetic field applied 

perpendicularly to the stacks for samples annealed at different temperatures. 

Fig. 6.3 shows the magnetic hysteresis loops (in the format of AHE resistance 

which is proportional to magnetization) of a series of (4)Ta/(1)Co40Fe40B20/(1.6)MgO 

stacks annealed in vacuum at different temperatures under a perpendicular field of 0.45T. 

The as-deposited sample exhibits magnetic in-plane anisotropy. Increasing the annealing 

temperature cultivates the emergence of a perpendicular magnetic anisotropy (PMA). At 

220°C, a robust PMA is established with a nearly perfect square hysteresis loop. The 

coercivity Hc is 12 Oe.  For our chosen layer structure, 220°C seems to be the optimized 

temperature for PMA, as further annealing (270°C) brings back the dominance of in-

plane magnetic anisotropy again (see Fig. 6.3). At 350°C, the AHE disappears due to the 

possible disintegration of the layered structure. Our results show that the magnetic 

thermal annealing has a profound influence on the magnetic quality and the PMA of the 

Ta/Co40Fe40B20/MgO system. It seems that a robust PMA is sustained in a well ordered 

Ta/Co40Fe40B20/MgO structure developed under magnetic annealing at 220°C. The as-

prepared sample has sharp but disordered interfaces, which are unable to support the 
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PMA. On the other hand, higher annealing temperatures (> 220°C) are also deleterious to 

PMA, most likely, due to significant diffusion in the interfacial region. Our finding of the 

optimal annealing condition is consistent with previous study [23, 24]. From here on, we 

will focus on the (4)Ta/(1)Co40Fe40B20/(1.6)MgO stacks annealed at 220°C.  

 

FIG. 6.4 (a) Schematic drawing of Ta/CoFeB bilayer in the Hall bar configuration for magnetotransport 

measurement under an external magnetic field (Bext) and total excitation current (I) along the x-axis; (b) and 

(c) Current induced magnetic switching curves in (4)Ta/(1)CoFeB/(1.6)MgO stack under a positive ( =0°) 

and a negative ( =180°) external field Bext of 5mT. The average total critical current IC is determined to be 

2.7 mA; (d) Magnetic switching phase diagram of (4)Ta/(1)CoFeB/(1.6)MgO in the parameter space of Bext 

and total critical current IC or critical current density JC (only in the Ta layer). 

To measure the SHE in Ta, we measured the magnetotransport of the 

(4)Ta/(1)Co40Fe40B20/(1.6)MgO Hall bar according to the schematic shown in Fig. 6.4(a). 

We applied a charge current I along the length of the Hall bar (x-axis).  As a result, a spin 

current is generated perpendicular to the Ta layer (along the z-axis). An external magnetic 
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field, 𝑩𝒆𝒙𝒕, was applied to the sample within the z-x plane at an angle 𝛽 to the x-axis. The 

direction of magnetization vector, M, of the Co40Fe40B20 layer is controlled by 𝑩𝒆𝒙𝒕 and 

the spin-transfer torque (STT) of the SHE-induced spin current. The angle of M, defined 

by the angle  to the x-axis, is determined by measuring the AHE resistance, i.e., sin = 

RH/R0.  R0 is the maximum Hall resistance when M is perpendicular to the sample plane. 

The equilibrium condition for M is,  

0 0ˆ ( ) sin( ) sin cos 0tot ST ext an ST ext anx B B                       (6.1) 

where 
0

2
ST S

s

J
eM t

  , and 
0

anB is the perpendicular anisotropy field [25]. According to 

this macrospin model, a magnetic switching would occur at a critical current density (Jc) 

which corresponds to a critical STT (
0

ST ). Fig. 6.4(b) and (c) show two special cases for 

such magnetic switching under Bext = 5mT and -5mT (along x-axis), respectively. The 

switching current at approximately 2.7 mA in the bi-layer of Ta/Co40Fe40B20 corresponds 

to a charge current density in Ta layer of Jc≈2.3×106 A/cm2. Under a comparable Bext, this 

observed Jc is the smallest critical current density ever reported in Ta/Co40Fe40B20/MgO 

and Pt/Co/AlOx systems [9, 13, 16, 25-26].  

Fig. 6.4(d) shows our experimentally observed magnetic switching phase diagram 

of the (4)Ta/(1)CoFeB/(1.6)MgO structure under the influence of Bext (along x-axis) and 

current (or current density in the Ta layer only). It can be seen that, as we reduce Bext, a 

larger critical current is required to provide complete switching between Mz and -Mz. At 

Bext =0, consecutive cycling in current leads to partial switching between various 

magnetic domain states.  The switching current density at zero field is determined to be 

4.2×106 A/cm2, which is much smaller than previously reported values [13, 17-18, 27]. 
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To achieve reliable and complete switching, a small field of Bext = 5 mT along the x-axis 

is sufficient.  

 

FIG. 6.5 (a) Hall resistance as a function of in-plane magnetic field along x-axis under ±3 mA excitation 

currents. 𝜃 is the angle between the magnetization vector M and the x-axis and can be obtained from the 

relationship sin 𝜃 =RH/R0 where R0 is the Hall resistance with M perpendicular to sample plane; (b) Linear 

relationships between [𝐵+(𝜃) − 𝐵−(𝜃)] and 1 sin (𝜃 − 𝛽)⁄ as expected from Eq. (6.4); (c) Linear 

relationships between [𝐵+(𝜃) + 𝐵−(𝜃)] and sin cos / sin( )     as expected from Eq. (6.5); (d) The 

spin-transfer torque as a function of total excitation current in the Ta/CoFeB/MgO stack. The slope of the 

linear curve provides the torque per unit of total charge current. 

To measure quantitatively the induced STT (
0

ST ) and spin current (Js) for a given 

charge current (Jc), we bring our system as shown in Fig. 6.4(a) into the coherent spin 

rotation regime, where the M rotates from 90° to 0° coherently under an increasing Bext 

along the x-axis (see Fig. 6.5(a)) and a positive or negative charge current. At such 

moderately high fields (up to 375 mT), we do not need to be concerned with domain wall 
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formation or thermally activated processes. The macro-spin model of Eq. (6.1) is fully 

valid. Fig. 6.5 (a) shows the RH (= R0 sin) of the Co40Fe40B20 layer as a function of Bext 

under a positive and a negative current of 3 mA (in Ta/CoFeB bilayer). At an arbitrary R0 

sin, two Bext values exist, B+() and B-(), corresponding to the positive and negative 

current, respectively.  From Eq. (6.1), 

0 0( ) ( )sin( ) sin cos 0ST S anJ B B              (6.2) 

0 0( ) ( )sin( ) sin cos 0ST S anJ B B          .    (6.3) 

By solving the simultaneous equations using the combinations of (2)±(3), one obtains 

0[ ( ) ( )] / sin( )STB B               (6.4) 

0[ ( ) ( )] 2 sin cos / sin( )anB B B         ,    (6.5) 

where 
0

ST =
0 ( )ST SJ  

0 ( )ST SJ  =2
0 ( )ST SJ . The experimental procedure implied in 

Fig. 6.5(a) generates the quantities of ( )B 
 , ( )B 

and . Then, using Eq.(6.4) and (6.5), one 

can calculate 
0 ( )ST SJ and 0

anB . Fig. 6.5(b) shows [ ( ) ( )]B B   as a function of 

1/ sin( )  , and Fig. 6.5(c) shows [ ( )B  + ( )B 
] as a function of 𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜃)/

𝑠𝑖𝑛(𝜃 − 𝛽) based on the data in Fig.6.5(a). The value of 𝛽 in our setup is measured to be 

2°. As predicted by Eqs. (6.4) and (6.5), the slopes in Figs. 6.5(b) and (c) are 
0

ST and 2

0

anB , respectively. Fig. 6.5(d) shows the STT values, 
0 ( )ST SJ , under various charge 

currents. As predicted, the STT is proportional to the current. The magnetic anisotropy 

constant, 0

anB , remains independent of current. Using the formula for SHA, 

Js/Jc=
02

( )( / )s
ST c

eM t
J ,                                   (6.6) 
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we calculated the spin Hall angle (for the 4nm-thick Ta, which is 0.11±0.01 at 300 K. 

The main source of uncertainty is in the thicknesses of our films.  Also, using Eq. (6.5), 

we obtained the magnetic anisotropy constant 0

anB , which is 260 ± 5 𝑚𝑇 at 300 K.  

 

FIG. 6.6 (a) Determined spin Hall angle of -Ta versus temperature; (b) Scaling relation between SHA and 

Ta
2. 

We have repeated the measurement and analysis over the temperature range of 

5K-300K to study the thermal effect on GSHE. Fig. 6.6(a) shows the SHA as a function 
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of temperature. SHA steadily increases (27%) from 0.11 at 300K to 0.14 at 5K. In metals 

with spin orbit coupling, the anomalous Hall effect scales with resistivity () linearly or 

quadratically (2). The former is due to the extrinsic skew scattering and the latter due to  

 

 

FIG. 6.7 (a) Square Hysteresis loops ( =90°) at different temperatures; (b) Coercivity of (4)Ta/(1) 

Co40Fe40B20/(1.6)MgO multilayer as a function of temperature. 

the extrinsic side jump or intrinsic mechanism in spin-orbit coupling[28]. In metals with 

high resistivity, the scaling relation of Hall angle 2 is most likely. Fig. 6.6 (b) shows 



 

 

 

- 111 -  

the spin Hall angle of our samples as a function of 2, which explains our data better than 

a linear correlation. Due to limited variations in our spin Hall angle and  data, more 

studies are needed to confirm the exact correlation be between the spin Hall angle and . 

However, our observation does indicate a positive correlation between the GSHE and 

high resistivity. 

 Next, we focus on the thermal effect of the magnetic properties of the 

(4)Ta/(1)Co40Fe40B20/(1.6)MgO structure, in particular, the coercivity (Hc) and the 

magnetic anisotropy constant. These are important parameters for applications, because 

they influence the thermal stability of the magnetic elements such as memory cells. Fig. 

6.7(a) shows the hysteresis loops (measured as AHE resistance) between 5K and 300 K 

in the 𝛽 =  90°  configuration. Robust PMA is sustained over the whole temperature 

range, with square-like hysteresis loops. Between 150K and 300 K, Hc is low at 10-20 

Oe. Below 150 K, Hc increases significantly, reaching 300 Oe at 5K. The strong 

temperature dependence in Hc is an indication of the mechanism of thermally activated 

domain wall (DW) motion, which predicts the following form,  

                                                      Hc=H0(1-aT1/2)      (6.7) 

where H0 is the coercivity at 0K and the constant a depends on the activation energy of 

DW motion [29-31]. Fig. 6.7(b) shows that between 5K and 150K, Eq. (6.7) can account 

for the temperature dependence of Hc in our sample. Interestingly, between 150K and 

300K, there exists another mechanism for Hc (~15 Oe) which is nearly independent of 

temperature. The weakly temperature dependent Hc near room temperature is beneficial 

to applications.  
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FIG. 6.8 (a) Normalized anomalous Hall resistance (~𝑠𝑖𝑛𝜃) versus nearly in-plane magnetic field ( ~0°) 

at different temperatures. Switching is caused by the nonzero  angle (slight tilting); (b) The Bext as a linear 

function of 𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜃)/𝑠𝑖𝑛(𝜃 − 𝛽) with slope equal to the anisotropy field strength
0

anB  according to 

Eq. (6.5); (c) The extracted 
0

anB as a function of temperature using Eq. (6.5) and (6.8). 
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 There are two ways to extract the magnetic anisotropy constant
0

anB . The first 

method is given by Eq.(6.5), in which a finite charge current is supplied to the Hall bar. 

In the second method, one can reduce the charge current to nearly zero. Then, Eq. (6.5) is 

reduced to 

                                   𝐵𝑒𝑥𝑡 = 𝐵𝑎𝑛
0 𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜃)/𝑠𝑖𝑛(𝜃 − 𝛽) .                             (6.8) 

Fig. 6.4(a) shows the normalized AHE resistance (RH/R0), which is 𝑠𝑖𝑛(𝜃), as a function 

of an in-plane magnetic field Bext, measured at multiple temperatures between 5K and 

300K. As Bext is varied from -1 T to 0, M rotates coherently from  ~ - 180° to - 90°. As 

Bext increases into the positive field region, above a critical field (H*), M switches 

abruptly to  ~ + 90°, and then coherently rotates toward  ~ 180° with increasing field 

strength. The existence of H* is due to the fact the sample plane is slightly tilted in such a 

way the in-plane field is not precisely within the plane (i.e., Hc=H* 𝑡𝑎𝑛𝛽). Based on Fig. 

6.8(a), we plot Bext as a function of 𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜃)/𝑠𝑖𝑛(𝜃 − 𝛽) in Fig. 6.8(b). As expected 

from Eq. (6.8), at every temperature, complete linear relationship is observed. The slopes 

of these lines are 
0

anB (T). Using both methods, we have determined 
0

anB (T) as shown in 

Fig. 8(c). The results from the two methods are consistent between each other.  
0

anB (T) is 

0.475 T at 5 K and decreases monotonically to 0.260 T at 300 K. 

The large variation of 
0

anB (T) (73%) within 5K and 300 K is the result of 

increasing magnetic surface anisotropy constant Ks, which opposes the increasingly large 

magnetic shape anisotropy (larger Ms) at low temperatures. 
0

anB (T) consists of two terms, 

one from magnetic shape anisotropy and the other from PMA, i.e., 

0

anB (T)=
2𝐾𝑠(𝑇)

𝑡𝑀𝑠(𝑇)
 −4𝜋𝑀𝑠(𝑇)                                    (6.9) 
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FIG. 6.9 Perpendicular magnetic surface anisotropy constant (Ks) in (4)Ta/(1)CoFeB/(1.6)MgO as a 

function of temperature. 

In Eq. (6.9), In Eq. (6.9), 0

anB (T) and   𝑀𝑠(𝑇) have been determined as shown in Fig. 

6.8(c) and Fig. 6.2(b), respectively. The thickness (t) of Co40Fe40B20 is 1nm. Therefore, 

from Eq.(6.9), we can calculate 𝐾𝑠(𝑇), which is shown in Fig. 6.9. Over the whole 

temperature range studied (5K-300K), Ks is linearly dependent on temperature, increasing 

85% from 0.84 erg/cm2 at 300 K to 1.55 erg/cm2 5 K. It is reported in the 

(2)MgO/(t)Co40Fe40B20/(5)Ta/(10)Ru layered structure, the Ks is 1.03 erg/cm2 at 300K. 

[32]. The value of Ks is comparable for both systems which share the same interface 

(MgO/CoFeB) on one side and somewhat different interface on the other side (CoFeB/-

Ta, versus CoFeB/Ta/Ru). Therefore, the MgO/CoFeB interface seems to contribute the 

most to the PMA (Ks). It is a coincidence that both Ks(T) and Ms(T) depend linearly on 

temperature in our layered structure. We note that Ms(T) is due to the thermally excited 

spin waves in the confinement of a thin film, and is characterized by the exchange 
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coupling and the dimensionality. On the other hand, Ks(T) is characterized by the spin-

orbit coupling at the interfaces of a magnetic thin film. 

 

6.4 Conclusion 
 

In conclusion, we have performed a comprehensive study on the GSHE and 

magnetic properties of the (4)Ta/(1)Co40Fe40B20/(1.6)MgO spin-orbit coupled system 

over a wide temperature range between 5K and 300 K. We have optimally annealed the 

system in high vacuum and in a strong magnetic field, to develop a robust perpendicular 

magnetic anisotropy. The spin Hall angle in Ta is very large with a value of 0.14 at 5K 

and 0.11 at 300 K. We have determined the magnetic anisotropy field of 0.475 T at 5K 

and 0.260 T at 300K. We have achieved a low switching current density of 2.3×106 

A/cm2 in the presence of 5 mT in-plane magnetic field. This is the lowest switching 

current density among all studies reported on the Ta/Co40Fe40B20/MgO systems. The 

resistivities of the -Ta and the Co40Fe40B20 are weakly dependent on temperature, 

indicating the dominance of electron elastic scatterings from disorder (intrinsic or 

interfacial) and/or spin-orbit interaction. The spontaneous magnetization of the 1nm-thick 

Co40Fe40B20 layer exhibits linear temperature dependence, rather than following the 

Bloch’s law of spin wave excitations in a 3D system. The GSHA in Ta combining with a 

ferromagnetic layer with PMA have provided us with a fertile platform to study a 

plethora of spin dependent transport and magnetic properties. Our results may benefit 

future spintronic devices such as MRAMs, spin logics, or RF oscillators. 
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Chapter 7 

Anomalous Hall Effect in Fe-Pt Alloy 

 

7.1 Introduction 

The rich spin-orbit interaction in Pt-based alloys has offered the platform for 

studying the ferromagnetic Anomalous Hall effect (AHE) and for understanding the 

underlying physics [1]. Compared to ordinary Hall effect, the AHE enhances the 

magnetic field sensing capability by almost two or three orders of magnitude, making 

AHE sensors practical for relevant sensing applications [2-3]. Although people have 

reported works in FexPt100-x alloys [4], there has been a lack of a systematic study 

focusing on the AHE at different temperature, Fe concentration and alloy thickness. 

Understanding how the properties changes with different sample thickness and Fe 

concentration will help us find the optimal combination that associates with higher Hall 

coefficient, larger Hall angle or lower noise level. Also, temperature dependent study will 

provide the guidance for applying proper AHE sensors in different temperature 

environment and achieve the highest AHE. Most importantly, we hope this systematic 

study will complete our understanding in the physics and mechanisms in AHE. Hence, 

we investigated in the FexPt100-x alloys in various combinations of Fe concentration from 

27% to 47% and thickness from 18 Å to 300 Å at temperatures from 2 K to 300 K. This 

work confirmed our previous results in Ref. [5] as FexPt100-x alloy with 29% Fe 
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concentration presents largest Hall slope, and also discovered temperature and thickness 

dependence on this Fe-Pt system. Another important factor of AHE that we focus on is 

Hall angle (𝜌𝑥𝑦/𝜌𝑥𝑥) which indicates the percentage of converting longitudinal current to 

transverse current. The enhancement of Hall angle could significantly improve the 

efficiency of AHE sensors for practical magnetic field sensing applications [6]. 

Meanwhile, we examined the scaling law between Hall coefficient 𝑅𝑠  and longitudinal 

resistivity 𝜌𝑥𝑥 (𝑅𝑠 ~ 𝜌𝑥𝑥
𝑛 ) by varying temperature from 2 K to 300 K in different FexPt100-

x samples and investigated the intrinsic and extrinsic mechanisms that give rise to the 

AHE in Fe-Pt system [7-8].  

The Fe-Pt based AHE sensors caught a lot of attention due to their fantastic 

advantages including GHz operating frequency [9], easy fabrication process and low-

noise performance when compared to the semiconductor Hall sensors. Although 

semiconductor Hall sensors could offer higher sensitivity to 1000V/AT [10] which is 

about one or two orders of magnitude larger than our best AHE sensor, our Fe-Pt thin-

film sensor exhibits better noise performance since the semiconductor Hall sensor always 

suffers from the random telegraph noise especially when operating current gets larger 

[11]. Thus, the noise level of AHE sensor could be one or two orders of magnitude 

smaller than semiconductor Hall sensors, and thus performs equally well or even better in 

terms of signal-to-noise ratio compared to semiconductor Hall sensor in a certain 

frequency range. The Noise-equivalent Field  (noise spectrum density divided by 

sensitivity in a 1 Hz bandwidth) of our best Fe-Pt Hall sensor is 7 µT at 1 Hz and 0.05 µT 

at 1k Hz [12].  
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In addition, the fabrication procedure of AHE Hall sensors takes only one step Fe-

Pt deposition after photolithography pattern and one lift-off step, making it easy and fast 

to produce. Our samples are fabricated using magnetron sputtering in vacuum 

environment below 1 × 10−7 𝑇𝑜𝑟𝑟, and the sputtering rates of Pt and Fe are separately 

controlled to achieve different Fe concentrations in the alloy after careful calibrations. 

Thermally oxidized Si substrates are utilized and pre-patterned with photoresist before 

sputtering FexPt100-x. Hall and longitudinal resistivity are first done by four-probe 

measurement in a perpendicular magnetic field at room temperature; Both the 

temperature dependent measurements and the magnetic property measurements are 

performed by Physical Property Measurement System (PPMS). Vibrating Sample 

Magnetometer (VSM) is well calibrated using standard Palladium before and after 

measurements, both showing smaller than 1.6% error. Besides, as we have noticed that 

annealing process (at 320 °C) always tends to reduce the AHE by as much as 50%, all 

samples in this study are not annealed. 

 

7.2 Experimental 

We first study the magnetic properties of FexPt100-x alloys with different 

thicknesses and Fe concentrations at varying temperature. In Fe29Pt71 Hall bars of 

different thicknesses ranging from 40 Å to 300 Å, as plotted in Fig. 1(a), we observe that 

saturation field decreases with the inverse of thickness at every temperature from 2K to 

300K. Linear curves are fitted for each set of data. Clearly, thinner samples have reduced 

saturation field because of larger perpendicular anisotropy. Higher temperature also leads 
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to lower saturation field, implying that thermal fluctuation enhances the magnetic 

moment to be aligned with external magnetic field. Furthermore, by extending the fitted 

lines to the zero saturation field (X axis), we extract the critical thickness of Fe29Pt71 

without ferromagnetism as 1.72 nm at room temperature and 1.13 nm at 2 K. Besides, in 

Fig. 7.1(b), Fe concentration also indicates linearly dependent saturation field for all 300 

Å FexPt100-x samples. This is predictable since higher Fe concentration in the same sample 

volume (Hall bar area times thickness) contains proportionally more magnetic moment 

that needs to be saturated. 

 

Fig. 7.1 (a) Linear relationship between saturation field of Fe29Pt71 and the inverse of the sample thickness 

at different temperatures. Extensions of linear fitting curves indicate critical thickness of Fe29Pt71 with full 

perpendicular anisotropy. The critical thicknesses are 1.13 nm and 1.72 nm at 2 K and 300 K respectively. 

(b) Linear relationship between saturation field of FexPt100-x and Fe concentration x, with x equals to 29, 35, 

41, 47 respectively. 

To better understand the magnetic properties, we also study the temperature 

dependent on the magnetizations of the FexPt100-x thin-film samples. According to the 

Bloch’s law, 

                                                     𝑀𝑠(𝑇)/𝑀𝑠(0) = 1 − 𝐴𝑇3/2,                                    (7.1) 
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magnetization declines with increasing temperature in the behavior expressed in Equation 

(7.1) which is also plotted in Figure 7.2.(a). It can be seen that 𝑀𝑠(𝑇) declines faster in 

thinner FexPt100-x samples. Further examination of the magnetization 𝑀𝑠(𝑇) and curve 

fitting to extract the Bloch coefficient 𝐴 provides the information of spin-wave stiffness 

constant 𝐷. It can be calculated using the equation 

                                                       𝐴 =  2.612(
V

S
)(

𝑘𝐵

4𝜋𝐷
)3/2,                                          (7.2) 

where V is the volume per magnetic (Fe) atom,  S is the spin, and 𝑘𝐵 is the Boltzmann 

constant [13]. Since Equation (7.1) only holds at temperature much smaller than Curie 

temperature, we only conduct linear curve fitting before 𝑀𝑠(𝑇) drops more than 80% of 

𝑀𝑠(0) to obtain more accurate Bloch coefficient 𝐴. When thickness is the only variable 

with Fe concentration fixed at 29%, Fig. 7.2(b) shows how the spin-wave stiffness 

constant increases with increasing thickness in a power-law-like trend. This power-law 

behavior originates from the linear relationship between 𝑀𝑠(0)  and inverse of film 

thickness as well as the power-law in Equation (7.2), consistent with analysis and 

experimental work done in Ref. [14], where the Bloch coefficient  𝐴  is found to be 

inversely proportional to the sample thickness 𝑡. Therefore, according to Equation (7.2), a 

linear relationship between 𝐷−3/2 and 1/𝑡 could be plotted, which is shown in Fig. 7.2 

(c). Furthermore, the interception of the linear curve fitting gives an estimate spin-wave 

stiffness constant for bulk material of Fe29Pt71, which is about 130 𝑚𝑒𝑉Å2. This number 

is close to the reported values for the Fe based alloys in the range from 110 𝑚𝑒𝑉Å2 to 

197 𝑚𝑒𝑉Å2[15-16]. Meanwhile, when keeping the FexPt100-x sample thickness the same 

at 300 Å and considering Fe concentration as the only variable, we noticed that the spin-
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wave stiffness constant shows upward-like trend with increasing Fe concentration (Fig. 

7.2(d)). According to relevant proposed theories, the behavior of spin-wave stiffness 

constant at different impurity concentration in an alloy could be rather complicated [17], 

so more experiments and data might be required to show the relation between 𝐷 and Fe 

concentration clearly. 

Fig. 7.2. (a) The magnetizations 𝑀𝑠(𝑇) normalized by 𝑀𝑠(0) as a function of 𝑇3/2; (b) Power law 

relationship between spin-wave stiffness constant 𝐷 and sample thickness 𝑡 of Fe29Pt71. (c) Linear relation 

between 𝐷−3/2 and 1/𝑡, also the estimation of the spin-wave stiffness constant for Fe29Pt71 from the 

intercept of the fitted linear curve is indicated next to the arrow, 𝐷0 = 130.4 𝑚𝑒𝑉Å2 . (d) Spin-wave 

stiffness constant versus Fe concentration with constant thickness at 300 Å. 

Next, we examine the transport properties of Fe-Pt AHE samples at room 

temperature by using standard four-probe measurement in the presence of a perpendicular 
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magnetic field. Fig. 7.3(a) shows that the longitudinal resistivity  𝜌𝑥𝑥 of Fe-Pt alloy 

steadily increases with reducing sample thickness  𝑡 , following a 1/𝑡  behavior. These 

results are consistent with previous reports [2]. Also, at room temperature, we achieve the 

highest Hall slope of 16.6 µΩ ∙ cm/T in 200 Å Fe29Pt71. This is close to the value reported 

in Ref. [5] and efficiently large for field sensing application at room temperature. 

Furthermore, we investigate the Hall angles ( 𝜌𝑥𝑦/𝜌𝑥𝑥 ) for samples with different 

thickness and Fe concentration combinations, which show the clear trend of increasing 

Hall angle with increasing thickness (Fig. 7.3(b)). The highest Hall angle at room 

temperature is about 0.05 for 300 Å Fe35Pt65, comparable with results reported by other 

groups in Pt-based system [18-20]. Also, it can be inferred that smaller longitudinal 

resistivity is related to larger Hall angle, both due to stronger spin-orbit interaction. At 

room temperature, in our thickest 300 Å AHE samples, Fe35Pt65 presents the largest Hall 

angle, while Fe29Pt71 presents the least, although it provides the largest Hall slope 

compared to FexPt100-x samples with higher Fe concentration. 

 

Fig. 7.3. (a) Inverse thickness dependence of the longitudinal resistivity 𝜌𝑥𝑥 of Fe29Pt71 at room 

temperature. (b) Hall angles of FexPt100-x for different sample thickness and Fe concentration combinations 

at room temperature. Highest Hall angle reaches 0.05 in 300 Å Fe35Pt65. 
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Meanwhile, since varying temperature could also introduce different transport 

properties in the Fe-Pt system, we further study the AHE for FexPt100-x samples by using 

the PPMS. Fig. 7.4 (a)-(d) shows Hall resistivity 𝜌𝑥𝑦  as a function of applied 

perpendicular magnetic field up to ±2T in 300 Å Fe29Pt71, 50 Å Fe29Pt71, 300 Å Fe41Pt59, 

and 300 Å Fe47Pt53 at varying temperature from 2 K to 300 K, as plotted in colors. The 

max 𝜌𝑥𝑦  either increases or decreases with reducing temperature, depending on Fe 

concentration, and the largest 𝜌𝑥𝑦 is 6.02 µΩ ∙ cm, given in 300 Å Fe41Pt59 sample at 300 

K. 

 

Fig. 7.4. (a)-(d) Hall resistivity (𝜌𝑥𝑦) measured in the range of ±2 Tesla magnetic field in 300 Å Fe29Pt71, 50 

Å Fe29Pt71, 300 Å Fe41Pt59, and 300 Å Fe47Pt53 from 2 K to 300 K. Test current is 1 mA. 

Different from Hall resistivity, the longitudinal resistivity  𝜌𝑥𝑥  in all FexPt100-x 

samples increases with increasing temperature, faster for thicker sample and slower for 

thinner sample as indicated in Fig. 7.5(a), all falling in the range of 85 µΩ ∙ cm~130 µΩ ∙
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cm. The variance of 𝜌𝑥𝑥 from 2 K to 300 K enables us to study the correlation between 

Hall coefficient and resistivity which we will address later in this paper. Fig. 7.5(b) 

shows that the maximum Hall angle is about 0.05 at room temperature for 300 Å Fe35Pt65 

and about 0.058 at 2 K for 300 Å Fe29Pt71. Meanwhile, 300 Å thickness sample tends to 

give the highest Hall angle at all temperatures when comparing with thinner Fe29Pt71 

samples, consistent with our previous results in room temperature measurements shown 

in Fig. 7.3(b). According to this result, thicker Fe-Pt AHE samples tend to have larger 

Hall angle, while Fe29Pt71 gives relatively higher Hall angle below room temperature and 

Fe35Pt65 gives higher Hall angle only at room temperature. This implies that for magnetic 

field sensing applications, thicker Fe-Pt AHE sample is preferable and the Fe 

concentration should be chosen appropriately according to different temperature 

application.  

Fig. 7.5. (a) Longitudinal resistivity 𝜌𝑥𝑥 (b) Hall angle (𝜌𝑥𝑦/𝜌𝑥𝑥) as a function of temperature from 2 K to 

300 K in FexPt100-x alloys of different thicknesses and Fe concentrations 

Since the longitudinal resistivity  𝜌𝑥𝑥 varies with the temperature change in the 

region of 2 K to 300 K, we are able to further investigate in the correlation between either 

𝜌𝑥𝑦 or 𝑅𝑠 and 𝜌𝑥𝑥 in order to find the origin of the AHE effect in Fe-Pt system. Here, 



 

 

 

- 128 -  

however, the scaling law relationship between 𝜌𝑥𝑦  and 𝜌𝑥𝑥  is not suitable because the 

magnetization of FexPt100-x is inevitably reduced by as much as 40 % due to temperature 

changing as shown in  Fig. 7.2(a) and the influence of changing magnetization on 𝜌𝑥𝑦 

could not be neglected. As such, given the equation  

𝜌𝑥𝑦 = 𝜌0𝐻 + 4𝜋𝑅𝑠𝑀𝑠                                                    (7.3) 

we could investigate the correlation between 𝜌𝑥𝑥  and 𝜌𝑥𝑦/4𝜋𝑀𝑠 , which gives Hall 

coefficient 𝑅𝑠 considering that 𝜌0 is relatively small in this system and can be neglected. 

Moreover, the plot of 𝑅𝑠~𝜌𝑥𝑥
𝑛  is more preferred, where 𝑛 = 1  indicates extrinsic skew 

scattering mechanism or 𝑛 = 2 indicates extrinsic indicates side-jump/intrinsic Karplus-

Luttinger (Berry phase) mechanism [21]. In Fig. 7.6, we plotted 𝑅𝑠~𝜌𝑥𝑥  in a log-log 

scale and fitted the plots by 𝑅𝑠 = 𝐶𝜌𝑥𝑥
𝑛 . We noticed that all the exponents 𝑛 are close to 

2, consistent with previous result in the spin Hall effect study of Pt which proposed a side 

jump origin [22]. Different theories and experiments have also proposed and compared 

between intrinsic and extrinsic mechanisms in ferromagnetic films that leads to exponent 

of 𝑛 = 2 [7, 21, 23]. Consistently, the longitudinal resistivity 𝜌𝑥𝑥 about 100 µΩ ∙ cm in 

all of our FexPt100-x samples falls in the regime far away from high-conductivity regime 

where skew scattering mechanism dominates. In out Fe-Pt system, the expected side-

jump mechanism and Berry phase mechanism dominate as our sample is close to the 

good-conductivity regime (𝜌𝑥𝑥~1 − 100 µΩ ∙ cm). Besides, we would like to emphasize 

that the exponent of 𝑛 = 2 is found in our system instead of 1.6~1.8 which is commonly 

found in poor-conductivity regime (𝜌𝑥𝑥 > 100 µΩ ∙ 𝑐𝑚), implying that the Fe-Pt system 

in this study is still out of the dirty metallic regime or the hopping regime. [7, 24-26] 
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Fig. 7.6. Hall coefficient 𝑅𝑠 as a function of longitudinal resistivity 𝜌𝑥𝑥 indicating 𝑅𝑠 ~ 𝜌𝑥𝑥
2  behavior.  

 

7.3 Conclusion 

To summarize, we systematically studied the AHE in FexPt100-x alloys at different 

magnetic concentration, thickness and temperature. Study of saturation fields as a 

function of the sample thickness has shown more significant changes in thinner sample, 

and we found the critical thickness of Fe-Pt thin-film with non-ferromagnetism from 

curve fitting at various temperature. This will be helpful for further studying the AHE in 

Fe-Pt system with thinner thickness. In addition, we investigated in the spin-wave 

stiffness constant at different Fe concentrations and thicknesses. A linear relationship 

between 𝐷−3/2 and 1/𝑡 is found, and extracting from the intercept in the linear curve 

fitting provides an estimated spin-wave stiffness constant 𝐷  of about  130 𝑚𝑒𝑉Å2  in 

Fe29Pt71 alloy which is consistent with previous study in Fe-based alloys. Besides, the 
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Hall angle dependences on thickness and Fe concentration at different temperatures will 

provide useful guide for application, as Hall angle is directly related to the efficiency of 

converting longitudinal charge current to transverse Hall current. We found that thicker 

sample gives higher Hall angle at all temperatures, even though Hall angles are reduced 

by increasing temperature. Also, higher Fe concentration will inverse the trend of Hall 

angle as a function of temperature, leading to higher Hall angles at room temperature 

than low temperature. Moreover, study of the correlation between 𝑅𝑠 and  𝜌𝑥𝑥
𝑛   indicates 

both intrinsic mechanism and side-jump mechanism contribute in Fe-Pt AHE sample as 

all samples have given an average exponents of  𝑛 = 2. This result is consistent with 

previous experimental work and proposed theories regarding ferromagnetic transition 

metals. Our study not only provides useful information for better understanding in the 

physics of AHE in the Fe-Pt system, but also is of significant importance for magnetic 

field sensing applications based on AHE thin-film sensors with the possibility of 

replacing semiconductor Hall sensors in the future. 
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Chapter 8 

 

Low Frequency Noise in Fe-Pt Alloy Thin 

Film 

 
8.1 Introduction 

The Anomalous Hall Effect (AHE) in ferromagnetic metals and alloys due to 

spin-orbit interaction (SOI) has drawn great attention lately as a potential candidate for 

magnetic field sensing applications [1-2]. The sensitivity of such thin film sensors have 

been improved greatly to 1200𝑉/𝐴𝑇 [3] and even 12000𝑉/𝐴𝑇 [4] at room temperature, 

which are comparable to that of a commercial semiconductor Hall sensors without 

resorting to geometrical enhancement. The benefits of thin film sensor, typically Pt-based 

ferromagnetic alloy, include easy fabrication, high operation frequency and low noise 

performance. However, as different kinds of thin-film sensors are well studied at present 

especially in the aspect of increasing the sensitivity of Hall sensors, very few studies 

focus on the noise performance of such Hall sensors. In order to comprehensively 

characterize the performance and capability of the Hall sensors, we conduct the noise 

measurement together with the sensitivity of the AHE sensor to reveal its intrinsic 

sensing capability.  

In this chapter, we focused on the FexPt100-x alloys at different Fe concentration 

and thickness, as experiments have found large Hall angel and Hall slope in Pt [5-7], 

which means potentially large sensitivity. Samples are prepared using Magnetron 
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sputtering technique [8] with single step lift-off lithography process; the transport 

properties are measured in the standard four-probe method in an out-of-plane magnetic 

field [9] and the noise spectrums are measured in a two-channel time cross-correlation 

method 10]. It is worth noting that the Noise-Equivalent Field, which is calculated as 

noise spectrum density (in the unit of 𝑉/√𝐻𝑧 ) divided by sensitivity (in the unit of 𝑉/𝑇), 

indicates the intrinsic capability that a Hall sensor could sense magnetic field assuming a 

signal-to-noise ratio of 1.  

 

Fig.8.1. Hall slopes as a function of sample thickness and Fe concentration. 

To obtain the sensitivity, four point Hall measurements are first performed and 

Hall slopes of FexPt100-x alloys with different thickness and Fe concentration are obtained 

and plotted in Fig.8.1. Fe29Pt71 samples have higher Hall slopes than FexPt100-x with other 

Fe concentrations and the highest Hall slope is 16.6 µΩ ∙ 𝑐𝑚/𝑇 for 200 Å Fe29Pt71 at 

room temperature, which is consistent with previous report [9]. Best sensitivity in our 

AHE samples reaches 23.6 𝑉/𝐴 𝑇 at room temperature, which is one or two magnitude 
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smaller than that of reported semiconductor Hall sensors [11-12]. However, as it will be 

shown later, the low-noise performance of thin-film Hall sensor still makes it a good 

candidate for magnetic field sensing applications. 

 

8.2 Experimental 

The noise of a thin-film Hall sensor mainly includes the 1/𝑓  noise and the 

Johnson noise. Thus, noise spectrum can be simply characterized by three parameters: 

noise at 1Hz, the knee frequency 𝑓𝑘𝑛𝑒𝑒 and the noise floor (Johnson noise). Knee 

frequency separates the high frequency Johnson noise region and the low frequency 1/𝑓 

noise region. Obviously, Hall voltage (signal) is proportional the input current, therefore 

the first problem is that whether increasing input current also magnifies the noise level 

and affects the signal-to-noise ratio. As we find out, the noise floor is independent of 

input current as long as the current density is not too large (typically106 − 107 𝐴/𝑐𝑚2) 

to significantly heat-up the thin-film sample or even break it. Fig.8.2 (a) shows that the 

noise floor of 200 Å Fe29Pt71 sample remains constant while input current increases from 

0.01 mA to 8.9 mA. This is understandable since Johnson noise is only determined by the 

resistance of the thin-film sample at room temperature:  

                                                                𝑆𝑉

1
2⁄ = √4𝑘𝐵𝑅𝑇                                            (8.1) 

, where 𝑅 is the two-point Hall resistance (output resistance), 𝑘𝐵 is Boltzmann constant 

and 𝑇 is temperature. So in the high frequency region, Noise-Equivalent Field of the thin 

film sensor can be easily improved by increasing input current as long as it does not 

introduce over-heating and sample breakage.  
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However, this is not the case for the 1/f noise which increases significantly when 

the input current exceeds a critical value. As shown in Fig. 2(b), we are able to 

characterize the 1/f noise by examining the knee frequency 𝑓𝑘𝑛𝑒𝑒. In this log-log scale 

plot, the two regions where knee frequency is almost independent of input current and 

where the power-law relationship between knee frequency and input current exists are 

separated by a critical current. Curve fitting on the scaling law behavior reveals an 

exponent of 1.88, close to 2, which reminds us that the 1/𝑓  noise has quadratic 

dependence on bias voltage: 

                                                            𝑆𝑉 = 
𝛼𝑉2

𝑁𝑓𝛾                                                            (8.2) 

and knee frequency is determined by 

                                                 4𝑘𝐵𝑅𝑇 =
𝛼𝑉2

𝑁𝑓𝑘𝑛𝑒𝑒
𝛾 ,     𝑓𝑘𝑛𝑒𝑒

𝛾
= 

𝛼𝑉2/𝑁

4𝑘𝐵𝑅𝑇
                                (8.3) 

Here, α is Hooge constant, exponent 𝛾 is an empirical number typically in the range of 

0.9 to 1.4, and N is the number of fluctuators, which is proportional to the volume of Fe-

Pt Hall bar. The quadratic relationship between knee frequency and input current beyond 

a critical value (Fig. 8.2(b)) implies that voltage V in Equation (8.2) results from the 

misalignment between both sides of the Hall bar and is proportional to the input current 

by a misaligned resistance 𝑅0, which is typically about 0.3 Ω. Meanwhile, fitted exponent 

of 1.88 indicates the exponent 𝛾 is equal to 1.06, close to 1. We assume the number of 

fluctuators is about the number of charge carrier, which could be calculated from charge-

carrier density (3 × 1027𝑚−3 as we calculated) extracted from normal Hall effect. From 

the 50 Å Fe29Pt71 Hall bar, we obtain the Hooge constant α to be 1.7 × 10−3. With the 

knowledge that applying input current larger than a critical value will both significantly 
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increase the 1/𝑓 noise and the knee frequency, we always apply input current close to the 

critical number to optimize the Noise-Equivalent Field. 

 

Fig.8.2.(a) Independence of Johnson noise in a Fe/Pt alloy on input current (red line indicates theoretical 

value); (b) Knee frequency as a function of input current with input current (red dash line is guided for eye, 

red solid line is exponential curve fitting); (c) 1/f noise as a function of sample thickness, indicating that 

𝑆𝑣
1/2

~𝑁−0.5~𝑡−0.5. (Data are averaged from 1/f noise power density at 1 Hz to 10 Hz); (d) Output 

resistance 𝑅 as a function of sample thickness in a power law behavior with exponent close to -1. 

 If we focus on the region of small input current where 1/f noise is nearly constant 

as shown in Fig. 8.2 (b), we could examine the relationship between the 1/f noise and 

different sample thickness t.  Curve fitting of the 1/f noise from frequency range of 1 Hz 

to 10 Hz (using Fe29Pt71 samples with 5 different thicknesses) indicates a relation of 

𝑆𝑣
1/2

~𝑡−0.50±0.04 in Fig. 8.2(c). According to Equation (8.2), 1/f noise is a function of the 

number of fluctuators 𝑁  which is proportional to the volume of sample, 
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implying 𝑆𝑣
1/2

~𝑁−0.5~𝑡−0.5. Hence, one can conclude the 1/f noise is only a function of 

𝑡−0.5  as long as the operating current does not exceed critical current. Therefore, 

determining the critical current for different FexPt100-x samples becomes important.  We 

show in Fig. 3 that the critical current is proportional to the sample cross-section area, 

which is calculated as thickness times Hall bar width. Linear curve fitting demonstrates 

the critical current density of the Fe29Pt71 sample is about 1.7×106 A/cm2, and this 

number is an intrinsic parameter of Fe29Pt71 alloy, independent of Hall bar dimension, 

input current and sample thickness.  

 

Fig.8.3. Linear relationship between critical current and the cross-section area for Fe29Pt71 AHE sample, 

giving a critical current density of 1.7 × 106𝐴/𝑐𝑚2. 

With the knowledge of the noise spectrum dependence on input current, we 

further examine the Noise-Equivalent Field of the FexPt100-x sample, which is calculated 

by noise level over sensitivity. As plotted in Fig. 8.4, the Noise-Equivalent Field of 40 Å 

Fe29Pt71 decreases with increasing input current, until the critical current of 1.86 mA is 
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applied, when Noise-Equivalent Field in low frequency region starts to increases even 

though the Noise-Equivalent Field in high frequency region keeps decreasing. This 

behavior results from the significantly increased 1/f noise that scales with squared input 

current 𝐼2 as shown in Fig. 8.2 (b). Hence, with a well-defined critical current applied, 

the Noise-Equivalent Field of a thin-film Hall sensor is optimized, even though further 

increasing input current still enhances the output signal (but not the Noise-Equivalent 

Field). According to definition, the Noise-Equivalent Field can be calculated by  

                           𝑁𝐸𝐹 =  
𝑁𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙

𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
= 

𝑁𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙
𝑅𝑠

𝑡⁄ ×𝐼𝑐
~

𝑁𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙

𝑅𝑠×𝐽𝑐
,                          (8.4) 

where 𝑅𝑠 is the Hall slope, t is the sample thickness, 𝐼𝑐 is the critical current and 𝐽𝑐 is the 

critical current density. Notice 𝐽𝑐 is proportional to 𝐼𝑐/𝑡 according to the results from Fig. 

8.3. Better Noise-Equivalent Field can be achieved at lower noise level and larger Hall 

slope assuming a constant critical current density. In the high frequency region, noise 

level is Johnson noise which depends on the two-point output resistance 𝑅 so Equation 

(8.4) can be rewritten as  

                                                                𝑁𝐸𝐹ℎ𝑖𝑔ℎ 𝑓~
√4𝑘𝐵𝑅𝑇

𝑅𝑠×𝐽𝑐
                                         (8.5) 

To study the relationship between output resistance and sample thickness, we plotted and 

fitted the curve in Fig. 8.2(d). Accordingly, the output resistance  𝑅  is a power-law 

function of thickness t with the exponent of -1.1. Hence, we conclude that Johnson noise 

level is proportional to 𝑡−0.5 and Equation (8.4)-(8.5) can be further simplified as  

                       𝑁𝐸𝐹ℎ𝑖𝑔ℎ 𝑓 = 
𝐶𝑜𝑛𝑠𝑡

𝑅𝑠×𝑡1/2                          (8.6)  

Since the Hall slope is demonstrated to be achieved at maximum for Fe29Pt71 alloy, so 

thicker Fe29Pt71 sample is more preferred for better (smaller) Noise-Equivalent Field in 
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high frequency application. According to Fig.8.1, the Hall slopes 𝑅𝑠 in Fe29Pt71 samples 

of all thicknesses are in the same order of magnitude; hence the Noise-Equivalent Field 

of Fe29Pt71 alloy in high frequency range should be proportional to 𝑡−0.5. This result is 

demonstrated by the plots in Fig. 8.5(a), and fitted exponent is -0.54, close to -0.5. The 

lowest Noise-Equivalent Field is achieved in 300 Å Fe29Pt71 about 0.05 𝑢𝑇 at 1k Hz. 

 

Fig. 8.4 Noise-Equivalent Field as a function of input current, showing an input current of 1.5 mA optimize 

the performance.  

 Similarly, in the case of low frequency region where 1/𝑓 noise dominates, Noise-

Equivalent Field could be expressed as 

                                                        𝑁𝐸𝐹𝑙𝑜𝑤 𝑓 =  𝐶𝑜𝑛𝑠𝑡′ ×
1

𝑓 ⁄ 𝑛𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙

𝑅𝑠
                      (8.7) 

According to above analysis and Fig. 8.2(c), 1/𝑓 noise is a function of sample thickness 

in a power-law behavior of 𝑆𝑣
1/2

~𝑡−0.5 as long as the applied current is below the critical 

value. Therefore, the Noise-Equivalent Field  𝐷𝑙𝑜𝑤 𝑓  of AHE sample is a function of 

𝑡−1/2, which means thicker sample provides better Noise-Equivalent Field. Lower 1/𝑓 
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noise is preferable not only because it enhances the low-frequency Noise-Equivalent 

Field, it also reduces the knee frequency and thus broadens the high-frequency region 

where the noise performance is much better compared to low-frequency region. Fig. 

8.5(b) indicates the Noise-Equivalent Field as a function of sample thickness, and the 

fitted exponent is −0.62 , close to theoretically calculated −0.5 . The best Noise-

Equivalent Field at low frequency region is achieved in 300 Å Fe29Pt71, which is about 

7 𝑢𝑇 at 1 Hz. In addition, because of lower hall slopes, other AHE samples with higher 

Fe concentrations present much higher Noise-Equivalent Fields (Fig. 8.5(a)(b)), which is 

consistent with our analysis.  

Fig.8.5 (a),(b) Noise-Equivalent Field as a function of thickness at 1k Hz and 1 Hz, respectively. Curve 

fitting indicates the dependence of Noise-Equivalent Field on thickness t is a power law with exponent 

close to -0.5 for Fe29Pt71 AHE Hall sensor. 

Furthermore, we examine the influence of external magnetic field on the noise 

performance of the AHE samples. DC perpendicular magnetic field ranging from 0 𝑂𝑒 to 

3500 𝑂𝑒 is applied seperately on 50 Å Fe29Pt71 (saturation field is about 3600 𝑂𝑒) and 

noise spectrum is measured at input current well below critical current. Fig. 6 shows that 

the Johnson noise does not change with applied magnetic field while the knee frequency 

and the noise level at 1 Hz increases with magnetic field, indicating that perpendicular 
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external magnetic field increases the1/𝑓 noise but not the Johnson noise. Further curve 

fitting analysis shows that noise at 1Hz increases with magnetic field in a scaling law of 

𝑆𝑣
1/2(𝑓 = 1) = (

𝛼𝑉2

𝑁
)1/2~𝐵0.14, and the knee frequency increases with the magnetic field 

in a scaling law of 𝑓𝑘𝑛𝑒𝑒 ~ 𝐵0.29. Notice that the knee frequency  𝑓𝑘𝑛𝑒𝑒 can be extracted 

from Equation (8.3), and is proportional to (
𝛼𝑉2

𝑁
)1/𝛾. Therefore, we obtain the exponent 𝛾 

to be 0.97, close to 1 and consistent with the 𝛾 extracted from above knee frequency vs 

current curve fitting. Also we conclude that the term 
𝛼𝑉2

𝑁
  is proportional to 𝐵0.29. Since 

the input current is well below the critical current, we attribute the 1/f noise increase to 

the changes of the number of fluctuators 𝑁 in the presence of an external magnetic field, 

in a scaling-law behavior of  𝑁~𝐵−0.29 . This is understandable because the applied 

perpendicular magnetic field is smaller than the saturation field, larger field leads to less 

possibility of the aligned spin to flip and thus the less number of fluctuators 𝑁.  

When comparing with the commercial semiconductor Hall sensor which suffers 

from the Random Telegraph Noise (RTN) [13] as larger input current increases noise in 

scale of increased sensitivity, the thin-film sensor benefits from larger input current 

which only increases signal output but not the noise level as long as input current is 

chosen optimally near below critical current. Therefore, even the sensitivity of AHE thin-

film sensors are one or two orders of magnitude lower than that of semiconductor Hall 

sensor, it is possible that AHE sensor could outperform in terms of Noise-Equivalent 

Field. In Fig. 8.7 (a), we compared the noise spectrum of a typical semiconductor Hall 

sensor with one of our Fe/Pt Hall sensors. The semiconductor Hall sensor behaves an 

increased noise level in scale of increasing applied current, while the 200 Å Fe29Pt71 Hall 
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sensor indicates one or two orders of magnitude lower noise. Hence, even though the 

semiconductor Hall sensor has higher sensitivity as 173 𝑉/𝐴 𝑇 while 200 Å Fe29Pt71 Hall  

 

Fig.8.6. (a) noise floor, (b) knee frequency and (c) noise at 1 Hz as a function of applied magnetic field 

perpendicular to AHE sample surface. Johnson noise is independent on magnetic field; knee frequency and 

noise at 1 Hz are in a scaling law with magnetic field with the exponents of 0.14 and 0.29, respectively. 
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sensor has only 8.2 𝑉/𝐴 𝑇 sensitivity, the Noise-Equivalent Field comparison between 

the two still indicates a better performance for thin-film sensor in the frequency range 

between 3 Hz to 1500 Hz. According to previous analysis, the Noise-Equivalent Field of 

thin-film Hall sensor could be improved (but not too much due to the 𝑡−1/2 scaling law 

behavior) using thicker sample.  

 

Fig.8.7.Comparison of the (a) noise spectrum and (b) Noise-Equivalent Field between 200 Å Fe29Pt71 AHE 

Hall sensor and commercial semiconductor Hall sensor indicates that AHE Hall sensor outperforms the 

semiconductor Hall sensor in frequency range of 3 Hz to 1500 Hz. 

 

8.3 Conclusion 

In conclusion, we proposed a more comprehensive parameter, Noise-Equivalent 

Field that better describes the capability and performance of Hall sensors than the biased 

parameter like sensitivity. As a function of noise level and sensitivity, Noise-Equivalent 

Field depends on the noise performance, sample thickness, Hall slope and critical current 

density. Based on our analysis, Noise-Equivalent Field of thin-film Hall sensor is only 

the function of sample thickness for a given Hall slope and intrinsic critical current 
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density. Also, as Noise-Equivalent Field depends linearly with inverse of Hall slope, our 

Fe29Pt71 tends to perform better in terms of Noise-Equivalent Field due to relatively large 

Hall slope at 29% Fe concentration, which agrees with results in previous work [9]. The 

best Noise-Equivalent Field in our Hall sensors is 0.05 𝑢𝑇 at 1k Hz and 7 𝑢𝑇 at 1 Hz. In 

the presence of external magnetic field that applied perpendicular to Hall sensor, we 

found out that magnetic field tend to increase 1/𝑓 noise in a scaling law because of the 

decreased number of fluctuators in the Fe/Pt system. When comparing with the 

semiconductor Hall sensor, our 200 Å Fe29Pt71 AHE sensor outperforms in the frequency 

range 3-1500Hz. Due to the easy fabrication procedure and low noise level, we believe 

that thin-film Hall sensor is also a promising candidate for the low field sensing 

application. Further improvement could be achieved by finding the maximum Hall slope 

in thicker AHE samples.  
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Chapter 9 

MgO-based Magnetic Tunnel Junction: 

Magneto-transfer Curve Study 
 

9.1 Introduction 

Over the past decade, significant effort has been dedicated to the development of 

devices and technologies based on discoveries from the emergent field of spin-based 

electronics (spintronics) [1-3]. With the discovery of large magnetoresistance (MR) 

effects at room temperatures, magnetically-engineered thin-film devices were studied 

extensively as the basis for advanced magnetic sensors and high-density non-volatile 

magnetic random access memories (MRAMs) [4-5]. Among all the devices developed to 

date, magnetic tunnel junctions (MTJs) have generated perhaps the greatest interest due 

to their significant tunnel magnetoresistance (TMR). Consisting of layered 

heterostructures with two ferromagnetic layers separated by an insulating layer, the 

comparatively simple design of an MTJ lends itself well to potential applications in the 

next-generation of spintronic devices [6-7]. Moreover, aside from their capacity for 

practical applications such as magnetic field sensing, MTJs are also attractive as a 

platform for advanced studies of fundamental spin-dependent tunneling effects and 

transport properties [8]. At present, one of the defining factors for both practical and 

basic applications of MTJs is the upper limit of the TMR ratio. Thus, the attainment of 

the maximal value possible for the TMR ratio is of paramount importance. Recent studies 
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have demonstrated that the use of a highly-textured MgO barrier significantly increases 

the TMR ratio due to coherent tunneling processes [9-11]. Thus, we have focused solely 

on MgO-based MTJs. 

More importantly, the development of MTJ is a demand for integration with Giant 

Spin Hall Effect solids which was studied in great details as described in Chapter 4-6, 

where it was the AHE that has been utilized to sense the Giant Spin Hall Effect. The MTJ 

as a sensor or a memory unit will perform even better in device integration and 

development because of the large MR and simpler three-terminal design. Therefore, we 

also put great effort into the research of MTJ and its electron transport measurement 

which will be detailed in this chapter. 

We have divided our efforts to improve the performance of MgO-based MTJs into 

two areas. First, the parameters and techniques to fabricate the MTJ multilayer structure, 

including MgO-barrier thickness, free layer structure and thickness, deposition pressure, 

and annealing temperature, were analyzed to systematically optimize the devices. 

Second, comprehensive methods for measuring the intrinsic magnetic properties were 

developed. We focused on maximizing the low-field magnetic sensitivity, the free layer 

and pinned layer coupling, and the signal-to-noise ratio. For example, it has been proved 

that a series of MTJs could lower the noise floor and improve the sensitivity in 

comparison to a single MTJ [12]. 

To extract the magnetic parameters of our devices, we developed a series of novel 

measurement methods. Traditionally, the most basic magnetoresistive transfer curve is 

the so-called “linear transfer curve” (LTC). The resistance is measured as a function of 

magnetic field along a particular axis. From an LTC, one can readily obtain the magnetic 
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coercivity (HC). But this method cannot determine either the free layer anisotropy 

orientation and strength or the pinning direction and strength of the pinned layer. Without 

prior knowledge of the pinning direction, this method cannot even measure the total 

magnetoresistance precisely. Another commonly-used measurement, the so called 

“asteroid curve”, is helpful in providing information about the free layer but is not able to 

determine the pinned layer properties [13]. Thus, a more complete magnetic 

characterization technique was developed, based on earlier work from Saffron, et al. [13]. 

Here, we will introduce the new technique of magnetoresistive transfer curve 

characterization via the manipulation of a two-dimensional external magnetic field. We 

will use computational simulation and analysis to extract a plethora of magnetic 

parameters for both the pinned layer and the free layer of MTJ structures with different 

internal magnetic configurations.  

 

9.2 Magnetoresistive Transport Curve Study  

In the layered structure of our fabricated MTJ, (as shown in Fig. 9.1),  

:Substrate/Co50Fe50(30)/Ir22Mn78(180)/Co50Fe50(30)/Ru(8.5)/Co40Fe40B20(30)/ 

MgO(t)/Co40Fe40B20(30)/Ta(3)/Conetic(Ni77Fe14Cu5Mo4)(400) (numbers in parenthesis in 

Angstroms), the most critical layers are the MgO barrier and the two adjacent 

ferromagnetic electrodes. All layers are deposited sequentially using a high vacuum 

sputtering system [14-16]. The Co50Fe50 layer acts as a seeding layer to improve the 

deposition of the Ir22Mn78 antiferromagnetic (AFM) layer [17]. The AFM layer ensures 

the adjacent ferromagnetic layer is well-pinned over the operating temperature of the 
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device via an exchange bias coupling mechanism. To further enhance the stability of the 

device, a composite tri-layer structure of CoFe/Ru/CoFeB, referred to as the synthetic 

anti-ferromagnetic (SAF) layer, is used instead of the more-common single, thin 

ferromagnetic layer. The increased exchange bias strength and magnetic stability of this 

tri-layer is due to the coupling of the two magnetic layers through the Ru spacer via 

short-range RKKY interactions. After annealing, the combination of the Ir22Mn78 layer 

and SAF layer is sufficiently strong as a foundation for a pinning layer over the normal 

operating magnetic field range (approximately a few hundred Gauss) of an MTJ. 

 

Fig.9.1 Schematic drawing of an MgO-based magnetic tunnel junction. Arrows indicate the orientation of 

the magnetization of the free layer and the pinned layer. 

The most critical process in the generation of an MJT stack is the deposition of a 

pinhole-free and smooth MgO layer, whose thickness (t) can be selectively varied from 

10 to 22 Å. This highly-oriented MgO barrier with a (001) texture is a prerequisite for 

large TMR ratios [18]. The free layer in our MTJ consists of a CoFeB/Ta/Conetic stack. 

CoFeB is the primary component necessary for magneto-tunneling, while the Conetic 
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layer serves to make the free layer magnetically “softer”, thereby increasing its 

susceptibility and response to an external magnetic field [19]. The entire MTJ multilayer 

stack was sputtered in a single run under a high vacuum (~10-8 Torr) before wet 

processing and standard high-temperature magnetic annealing. The magnetic annealing 

process determines the pinning direction of the pinned layer. It allows an MTJ sample to 

be made in one of the two commonly-used spin configurations. In the “switch” 

configuration, the pinning direction is parallel to the free layer anisotropy direction. In 

the “sensor” configuration, the two directions are orthogonal to each other.  

9.2.1 Magneto-transfer Curve Measurements 

Linear Transfer Curve and Circular Transfer Curve 

The linear transfer curve is the most common magnetoresistive transfer curve 

measurement used to extract magnetic information about a magnetic device. It is obtained 

by measuring the resistance of the device versus a uniaxial external magnetic field (Fig. 

9.2). Consider the “switch” configuration. As shown in Fig. 9.2, when the magnetic field 

is along the anisotropy orientation, the free layer magnetization is either anti-parallel or 

parallel to the pinning direction, giving rise to two resistance values: Rap and Rp. From 

the linear transfer curve, the Rap, Rp, and coercivity HC can be extracted directly, while 

magnetoresistance and sensitivity can be calculated indirectly. The linear transfer curve 

also serves as basis for further magnetic property analyses, including plotting asteroid 

curves and sensitivity mapping. For the case shown in Fig. 9.2, HC is 14.5 Oe, Rap is 

20.376 kΩ, and Rp is 8.717 kΩ. 
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Fig. 9.2 Linear transfer curve of an MTJ sample. The anti-parallel state and the parallel state are achieved 

by applying 100 Oe and -100 Oe magnetic fields, respectively. In both cases, only the free layer is 

responding to external magnetic field. 

An angle-dependent resistance measurement, the “circular transfer curve”, is 

performed by rotating the in-plane magnetic field 360° with constant magnitude (Fig. 

9.3). During the rotation, the free layer magnetization correlates to the magnetic field in 

two dimensions. For a large magnetic field enough to overcome the free layer anisotropy, 

the magnetization will rotate with the field, giving a nearly sinusoidal resistance curve. 

Such a curve is shown in Fig. 3. Rap and Rp are 20.638 kΩ and 8.672 kΩ, respectively. 

Note that both the linear transfer curve and the circular transfer curve are taken from the 

same sample. The differences between the two measurements arise from the fact that the 

linear transfer curve, although assumed to be taken along the free layer anisotropy 

orientation, cannot be guaranteed to be perfectly aligned so as to obtain precise values for 

Rap and Rp. In contrast, rotating the magnetic field will always sample the two positions 

where the free layer magnetization is parallel and anti-parallel to the pinning direction as 
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long as the amplitude of the magnetic field is sufficiently large. Consequently, a more 

precise magnetoresistance can be obtained by the equation 

            𝑀𝑅 = 
𝑅𝑎𝑝−𝑅𝑝

𝑅𝑎𝑝
 .                                    (9.1) 

 In the case shown in Fig. 9.3, this relation yields an MR ratio of 138%. As 

predicted, the free layer magnetization follows the direction of the magnetic field; the two 

positions on the curve with extreme resistance values denote the pinning direction of 

pinned layer. In Fig. 9.3, the two corresponding angles are 177° and 357°. So, the pinning 

direction is 177°, where Rp is achieved. 

 

Fig. 9.3 Circular transfer curve of an MTJ. By fixing the magnetic field magnitude at 100 Oe and rotating 

the field 360º in the sample plane, the anti-parallel and the parallel states are observed at approximately 

177º and 357º, respectively. 
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Remnant Resistance Curve  

A magnetic particle in the “switch” configuration has two energy minima parallel 

to the pinning direction, corresponding to two different resistance values. Thus, its free 

layer anisotropy direction can be determined by another magnetoresistive transport curve 

measurement called the “remnant resistance curve” (RRC) [20]. This curve is obtained by 

applying a large magnetic field (sufficient to saturate the free layer magnetization) and 

then reducing the field to zero before measuring the angularly-dependent resistance. 

Because of the free layer anisotropy, the magnetization will parallel or anti-parallel to the 

anisotropy direction after removing the external field. According to the Stoner-Wohlfarth 

(S-W) model, the free layer magnetization favors the direction that forms a minimum  

 

Fig. 9.4 Plots of a circular remnant resistance curve, which is obtained by relaxing a 50 Oe magnetic field 

and measuring the resistance for all angles within the sample plane. The locations of the two quasi-

asymptotic features indicate the angles perpendicular to the free-layer anisotropy orientation. Averaging the 

two angles gives the anisotropy direction. 
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angle with the magnetic field. Thus, for all angles, there will be only two states that are 

stable leading to two resistance values with sharp transitions between them (Fig. 9.4). 

In the example curve given in Fig. 9.4, the two angles where the resistance drops 

dramatically, about 100° and 280°, denote the angles perpendicular to the anisotropy 

direction. Therefore, by averaging these two values, we can get the anisotropy angle, 

190°, which agrees with our fabrication process result (180°) allowing for 10° variance 

due to probable sample patterning offsets. 

Asteroid Curve 

Theoretically, for a single domain magnetic particle, an asteroid curve based on 

the S-W model is determined by minimizing the free energy equation 

 𝐺 (𝜃) =  −𝐻𝑀 cos(𝜃 − 𝜃𝐻) + 𝐾𝑎𝑠𝑖𝑛
2(𝜃 − 𝜃𝑎) − 𝐻0𝑥𝑀𝑐𝑜𝑠𝜃 − 𝐻0𝑦𝑠𝑖𝑛𝜃     (9.2) 

with respect to the magnetic moment 𝑀 , the free layer anisotropy strength Ka and 

direction 𝜃𝑎 , and the internal offsets 𝐻0𝑥  and 𝐻0𝑦  (See Fig. 9.5) [21]. Within the area 

enclosed by the asteroid curve, four energy extremes can be achieved, including two 

maxima and two minima. Outside the asteroid, there are two energy extremes, one 

maximum and one minimum. Thus, the asteroid curve is a well-defined boundary 

separating the region where two energy minimum exist from that where only one exists. 

Thus, only one magnetization direction is possible when 𝐻 is outside the asteroid, while 

two possible magnetization directions exist when 𝐻 is inside the asteroid.  
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Fig. 9.5 Schematic of an asteroid curve and the free layer magnetization 𝑀 orientation in the presence of an 

applied magnetic field 𝐻. According to the S-W model, the equilibrium orientations of the magnetization 

have to meet two requirements: (1) they must be parallel to the lines (red dashes) that are tangent to the 

asteroid and pass through the tip of the 𝐻 arrow; (2) they must make the smallest angles possible with 

respect to the easy-axis direction. As shown in the figure, the magnetization directions are geometrically 

determined, and are labeled 𝑀 and 𝑀′. 

The free layer magnetization direction can also be obtained by geometrically 

finding the direction(s) parallel to the tangential lines passing through the tip of the 

external magnetic field 𝐻 that make(s) the smallest angles with the easy axis (labeled as 

𝑀 and 𝑀′, respectively, in Fig. 9.5). When H is outside the asteroid, only one line makes 

the smallest angle with respect to the easy axis; when H is inside the asteroid, two lines 

possess smaller angles, corresponding to the two equilibrium states. 

Therefore, taking the linear transfer curve means that the field𝐻 is uniaxially 

increasing or decreasing, making two interceptions with the asteroid curve. The distance 
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between these two interceptions, by definition, is twice the value of the coercivity. When 

the magnetic field is large in both directions, the magnetization direction tends to align 

with the magnetic field in one or the other direction, giving rise to anti-parallel and 

parallel states. Taking the RRC means that the free layer magnetization is close to the 

initial applied magnetic field direction and then aligns with the anisotropy direction 

which takes the smallest angle after the magnetic field is removed. Hence, two energy 

states and two resistance values are obtained after applying the field in all 360 degrees. 

Consider a circle transfer curve with large magnetic field that has no interceptions with 

the asteroid curve. The free layer magnetization rotates in 360 degrees and generates a 

sine-like resistance curve. However, if the magnetic field is small enough and no 

interceptions with the asteroid curve occur, the free layer magnetization cannot complete 

an entire 360-degree rotation, but will rotate harmonically within a certain range [22]. In 

this case, a sine-like resistance curve is also obtained. Things are quite different in the 

transition range between these two situations, as the magnetic field magnitude happens to 

intercept the asteroid curve. This phenomenon can be observed by measuring circle 

transfer curves while subsequently increasing magnetic field amplitude, as we will 

discuss later. 

Typically, there are two methods to record an asteroid curve: “fixed bias field” 

and “fixed-angle”. In the former method, transfer curves are taken repeatedly under 

different fixed orthogonal bias fields. Therefore, for each bias field value, there are two 

points on the transfer curve that have the largest derivative, (
𝑑𝑅

𝑑𝐻
). These points correspond 

to the two switching fields. Plotting these values for all fixed bias fields yields the 
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asteroid curve as in Fig. 9.6. In the latter method, transfer curves are taken from 0 to 180 

degrees. Finding the switching fields and plotting them also gives the asteroid curve. 

 

Fig. 9.6 Experimentally-measured asteroid curve of a sample MTJ by “fixed-bias” method. 

Several magnetic parameters are extracted from the asteroid curve shown in 

Fig.9.6, including the following: the offset of the asteroid center, (𝐻0𝑥 , 𝐻0𝑦 ) =

(0.08,−4.04)𝑂𝑒  ; the free layer anisotropy strength,  𝐾𝑎 = 𝐿𝑥 = 42 𝑂𝑒  , where 𝐿𝑥  is 

half the length of the asteroid axis perpendicular to the easy axis direction; and the 

anisotropy direction 𝜃𝑎 = 6.2° with respect to 𝑋 axis. All these parameters are required 

for further circular transfer curve analysis and pinning direction calculations, as well as 

theoretical simulation. 

3D Magnetoresistive Transfer Curve Contour 

Different external magnetic field magnitudes yield different circular transfer curve 

behaviors, due to the interceptions between the asteroid curve and the different-scale 

circles formed by the rotating magnetic field. The field dependence of the CTC 
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fundamentally differs from a “switch” to a “sensor”. Without an external magnetic field, 

for a “switch” configuration the free layer magnetization and pinning direction can be 

either anti-parallel or parallel. This is not the case for the “sensor” configuration, in 

which the free layer magnetization is orthogonal to the pinning direction. Each of these 

cases was analyzed independently. 

Case (1): “Switch” Configuration (pinning direction parallel to anisotropy direction) 

To better understand the magnetic field magnitude dependence of the circular 

transfer curves, we plot the 3D magnetoresistive transfer curve contour (Fig. 9.7 and Fig. 

9.8) with two different initial states: anti-parallel (AP) or parallel (P). Starting from the 

AP state, a dip in the anti-parallel resistance occurs at approximately 15 Oe when 

sweeping the rotating magnetic field magnitude from 1 Oe to 80 Oe (Fig. 9.7). This dip 

suggests that the energy gaps between the magnetization of a domain switching from the 

AP state to the P state and from the P state to the AP state are different, with the former 

energy gap being smaller than the latter one. These gaps imply that the critical magnetic 

field required to switch the domain from the AP state to the P state is smaller than that 

needed to flip the magnetization back from the P state to the AP state. Due to the large 

scale of our sample, about 50×100 μm2, a multi-domain structure is formed in the 

presence of an external magnetic field. When the switch is initially in the AP state and 

the rotating magnetic field amplitude increases, the system first encounters the lower 

critical field region. The field is sufficiently large to switch some of the domains from the 

AP state to the P state, but not large enough to switch them back resulting in the observed 

drop in the Rap resistances on each circular transfer curve. Afterwards, when the magnetic 

field increases to the higher critical field region and is able to switch the domain back 
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from the P to the AP state, the Rap rapidly increases to its possible maximum value, and 

then remains almost constant while the magnetic field keeps increasing. 

 

Fig. 9.7 3D magnetoresistive circular transfer curve contour of a sample in the “switch” configuration, with 

initial AP state 

However, when the system is initially in the P state, no such Rap resistance dip is 

observed (Fig. 9.8). While below 15 Oe, when the magnetic field comes to the lower 

critical field that can switch the domain from the AP to the P state, nothing happens as 

most of the domains are in the P state. After, when the magnetic field reaches the higher 

critical field value, which is able to switch domains from P state to AP state, more and 

more domains respond while the magnetic field keeps increasing. When the field is larger 

than 15 Oe, the curve behavior is the same, regardless of the initial states of the system. 
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Fig. 9.8 3D magnetoresistive circular transfer curve contour of a sample in the “switch” configuration, with 

initial P state 

By comparing the Rap behaviors of the two different initial conditions (Fig. 9.9 

(a), (d)), the only difference is observed below the critical field of 15 Oe. Different from 

AP state-initial system, there is a small peak around 15 Oe in the Rp curve in P state-

initial system (Fig. 9.9 (b) (e)). Before the magnetic field reaches the critical field, Rp 

increases slightly due to a small number of domains switching from the P to the AP state. 

The subsequent decrease in Rp suggests an increasing number of domains that switch 

from the AP to the P state. In both situations, as shown in Fig. 9.9 (c) (f), the MR 

similarly changes from almost 0% up to over 80%. Overall, the different behaviors 

between different initial states only happen at low magnetic field. When the magnetic 

field is larger than 45 Oe, no significant change in these characteristics suggests that the 

free layer is saturated. This field is close to the measured saturation field in the asteroid 

curve method. 
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Fig. 9.9 (a)-(c) are the maximum resistance (Rap), the minimum resistance (Rp), and the MR of each 

magneto magnetoresistive circular transfer curve dependent on the magnetic field with an initial AP state. 

(d)-(f) are the maximum resistance (Rap), the minimum resistance (Rp), and the MR of each 

magnetoresistive circular transfer curve, dependent on the magnetic field with an initial P state. 

Case (2): “Sensor” Configuration (pinning direction orthogonal to anisotropy direction) 

The 3D magnetoresistive transfer curve contour of a “sensor” configuration is 

shown in Fig. 9.10. As rotating field magnitude increases, Rap (Rp) increases (decreases) 

continuously at low fields (<20 Oe), leading to a significant increase in the MR ratio. 
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When greater than 50 Oe, the magnetic field saturates the sensor leading to no changes in 

these three characteristics (Fig. 9.11). In the region from 10 to 20 Oe (Fig. 9.11 (c)), the 

MR ratio change is almost linear, suggesting a potential method of precisely identifying 

the external rotating magnetic field magnitude. 

 

Fig. 9.10 3D magnetoresistive circular transfer curve contour of a sample in the “sensor” configuration, 

dependent on field amplitude 

Despite the observed differences between the circular transfer curve behaviors of 

the “switch” and the “sensor” configurations under mid-range magnetic fields, they have 

the same trends at the extremes. At low field, both circular transfer curves appear to be 

perfect sinusoids because the free layer magnetization only swings within a small range 

around the easy axis. At large field, both curves approach a sinusoidal pattern, since the 

magnetization is almost aligned with the external magnetic field and rotates 360 degrees 

with it. The ranges of “very low” and “very large” can be defined by considering the 
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regions where the rotating magnetic field circle has no interceptions with the sample 

asteroid curve. 

 

Fig 9.11 (a)-(c) are the maximum resistance (Rap), the minimum resistance (Rp), and the MR of each 

magnetoresistive circular transfer curve dependent on the magnetic field (sensor). 
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9.2.2 Theoretical Simulations 

A theoretical simulation of the circular transfer curve based on the S-W model is 

shown in Fig. 9.12 (in red).  This result is obtained by minimizing the free energy 

equation (9.2) and calculating the conductance using the equation 

 𝑔(𝜃) =  𝑔0[1 + 𝑃2 cos(𝜃 − 𝜃𝑃)],                        (9.3) 

where P  is the spin polarization of tunneling electrons. Parameter P  is calculated by 

measuring the MR ratio from the circular transfer curve and by using the equation 

𝑀𝑅 = 
2𝑃2

1−𝑃2 .       (9.4) 

𝑔0 is a constant extracted from the experimental circular curve by waveform curve fitting 

as we assume the resistance behaves sinusoidally at large magnetic fields (100 Oe). The 

pining direction 𝜃𝑃, affected by the external magnetic field 𝐻, is subject to the equation 

𝜃𝑃 = 𝑡𝑎𝑛−1(
𝐻𝐸𝑠𝑖𝑛𝜃𝐸+𝐻𝑠𝑖𝑛𝜃𝐻

𝐻𝐸𝑐𝑜𝑠𝜃𝐸+𝐻𝑐𝑜𝑠𝜃𝐻
),    (9.5) 

where 𝐻𝐸  is the pinning strength and 𝜃𝐸  is its original orientation. The parameters used in 

the simulation are as follows: 𝐾𝑎 = 42 𝑂𝑒, 𝜃𝑎 = 6.2° , 𝐻0𝑥 = 0.08 𝑂𝑒, 𝐻0𝑦 = −4.04 𝑂𝑒, 

𝜃𝐸 = 3°, 𝐻𝐸 = 2500 𝑂𝑒, 𝑃 = 0.597, 𝑔0 = 0.001038 𝑆. 

When modeling the pinned layer magnetic properties, we need to include the 

influence of the external magnetic field on the pinned layer, which may rotate slightly 

due to the external magnetic field. Thus, the circular transfer curves at different rotating 

magnetic field magnitudes also differ due to the slight rotation of the pinning direction of 

the pinned layer. Although the variance is small, it has been detected from the phase shift 

on measured circular transfer curves, and has helped to determine both the pinning 
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strength and direction in Safron and Ben’s earlier work [13]. In our case, the circular 

transfer curves taken from a “sensor” configuration at 40 Oe and 80 Oe have a 1 degree 

detectable phase shift.  

 

Fig. 9.12 Theoretical simulation (in red) based on parameters extracted from an experimental circular 

transfer curve measurement. 

The theoretical simulation of the field magnitude dependence of the circular 

transfer curve illustrates similar behaviors (Fig. 9.13) when compared with experimental 

3D circular curve contours. Although the pinning strength is 2500 Oe (compared to the 

external magnetic field of only 80 Oe), a detectable phase shift of the circular curves is 

observed, which is consistent with experiments. The theoretical simulations exhibit pure 

sinusoidal behavior at the extremes of the field (below 7 Oe and above 50 Oe). The 
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presence of this phenomenon in both the experimental and theoretical results suggests it 

is physically consistent and deserving of further study. 

 

Fig. 9.13 3D simulated magnetoresistive circular transfer curve contour of a sample in the “sensor” 

configuration, dependent on field amplitude on the basis of the parameters extracted from the experiment. 

 

9.3 Conclusion 

In this chapter, a suite of different magnetoresistive transfer curve measurement 

techniques have been developed in order to meet different measurement requirements and 

to obtain a more exhaustive set of magnetic device parameters than that obtainable from 

conventional methods. These parameters include magnetoresistance, sensitivity, 

coercivity𝐻𝐶 , internal offset fields 𝐻0𝑥and 𝐻0𝑦 , free layer anisotropy strength 𝐾𝑎 , free 

layer anisotropy direction 𝜃𝑎, pinning strength 𝐻𝐸 and pinning direction 𝜃𝐸 . 
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Of all the methods developed, the magnetoresistive circular transfer curve 

technique is the most comprehensive means of determining the free layer anisotropy 

strength and direction and pinning direction and strength of the pinned layer based on 

prior knowledge of  𝐻0𝑥 and  𝐻0𝑦 , which can be extracted from standard asteroid 

measurements. Importantly, the circular transfer curve provides information about the 

pinned layer, which cannot be extracted from the asteroid curve measurement. Moreover, 

the field-magnitude-dependence of the circular transfer curves provides far more detailed 

information, such as the approximate exchange bias orientations and magnitudes, than 

linear transfer curves. These capabilities were particularly useful in revealing the 

different behaviors between the “switch” and the “sensor” configurations at the extreme 

of small magnetic fields. Used in conjunction with the circular transfer curve 

measurements, the remnant resistance curve provides a powerful method of obtaining 

free layer anisotropy information. The combination of these magnetoresistive transfer 

curve measurements provides a complete magnetic property characterization of a 

magnetic device. 

Along with the experimental measurements, theoretical simulations based on the 

S-W model were conducted. Parameters extracted from the experimental data allowed the 

minimization of the least-chi square fit and successive improvements to the parametric 

curves. Through the minimization of the free layer energy equations (accounting for the 

slight effect of the external magnetic field on the pinned layer), the physical mechanism 

underlying the device behaviors exhibited at different magnetic fields in the circular 

transfer curves was revealed. This suite of measurements presents myriad possibilities for 

practical applications. Beyond calculating the basic magnetic parameters, the 
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magnetoresistive transfer curves can also demonstrate the two-dimensional sensitivity as 

well as the anisotropy orientation dispersion of a device consisting of junction arrays. As 

a result, this technique can serve as a detailed guide for further improvements to both 

single and multiple MTJ devices, ultimately leading to superior performance. 
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Chapter 10 

Summary 

In search of the ideal candidates for spintronic applications such as non-volatile 

magnetic random access memory (MRAM) and high-performance magnetic sensor, this 

thesis work includes the study of Giant Spin Hall Effect (GSHE), Anomalous Hall Effect 

(AHE) and Magnetic Tunnel Junctions (MTJs). By studying the magnetic and transport 

properties in solids with GSHE, AHE and MgO-based MTJs, we are able to explore the 

characteristics of these devices at a fundamental level. We hope this work will help us 

better understand underlying physics, explore for potential applications of spintronic 

devices with performance such as non-volatile, low-power consumption, high-reliability, 

low noise and ultrafast response. 

Taking advantage of the thin film solids with large spin-orbit coupling, we have 

successfully fabricated GSHE devices with perpendicular magnetic anisotropy (PMA). 

We achieved this by carefully controlling the material thicknesses as well as the post 

annealing conditions. The multilayer GSHE solids/CoFeB/MgO structure with PMA 

enables us to switch the magnetization vector through an applied charge current in the 

presence of a small magnetic field. The Spin Hall Angle in β-W is -0.4 (in the bulk limit) 

at room temperature, which is the largest among transition metals. The lowest critical 

current density to induce the magnetization switching is about 1.6*106A/cm2 under 2 mT 

constant magnetic field in the W/Co40Fe40B20/MgO structure. Also, we researched the 

formation of β-Ta and β-W using magnetron sputtering technique. It turns out that the 
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extremely low sputtering rate (<0.02nm/s) is critical to for this highly-resistive metastable 

state. Using the beta-Ta/CoFeB/MgO structure with PMA, we developed a methodology 

to calculate spin Hall angle of beta-Ta and conducted more experiments on this 

multilayer structure to understand annealing effects and temperature dependence. We 

found the existence of an optimal annealing condition (temperate range 220±20 °C) in 

order to achieve PMA in our structure. Temperature dependence study revealed the 

correlation between beta-Ta resistivity and spin Hall angle, which is useful for revealing 

the underlying mechanism of the GSHE. Also, we developed a systematic method to 

achieve beta phase W in a wide range from 3 nm to 26.7 nm which is confirmed by both 

resistivity and XRD measurement. It also shows a post annealing process under 280 ºC 

for 1 minute will transform the beta-W to alpha-W when the film is thicker than a critical 

thickness~ 22 nm. Previous study has revealed that the spin diffusion length of beta-W is 

3.5 nm which is much lower than this critical thickness. Therefore, in the attempt of 

integrating beta-W into spintronic devices where post annealing process is required, the 

W thickness has to be within the range defined by these two values.  

The Anomalous Hall Effect (AHE) sensor is further studied based on the Fe-Pt 

alloy. We developed a common rotation method in order to achieve high quality Fe-Pt 

alloy with variable composition. We studied Extraordinary Hall Effect in Fe-Pt alloy: its 

properties in various temperatures and noise performances in different thicknesses and Fe 

concentrations combinations. The Quantum Design Physical Property Measurement 

System (PPMS) enables us to conduct transport and magnetic measurements in the 

temperature range from 2 K to 300 K in ±2 Tesla. This temperature dependence study 

reveals the correlation between longitudinal resistivity and Hall resistivity, which is 
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helpful to understand the underlying mechanism that leads to the AHE in Fe-Pt system, 

which we found out to be the combination of Berry-phase mechanism and side-jump 

mechanism. We also found the hall slope is maximized when Fe concentration is 29%, 

which is consistent with previous study.  The very large Hall slope (16.6 µΩ ∙ cm/T at 

room temperature) indicates its great potential in magnetic sensing applications.  

The noise performance of the Fe/Pt alloy-based AHE sensor is equally important 

to the Hall slope. We demonstrated that our Fe/Pt alloy sensor is much better than some 

semiconductor Hall sensor because of metallic nature of the Fe-Pt in terms of low-

frequency noise performance.  In spite of relative low sensitivity, the minimum detectable 

field of our thin-film hall sensor can be as low as 1uT at 1Hz and 0.07 uT at 1k Hz. It 

even outperforms the semiconductor Hall sensor by one order of magnitude in a certain 

frequency range (3Hz to 1500Hz). 

Finally, we studied the Magnetic Tunnel Junction in fast magneto-transport 

measurements. First of all, we develop the transfer curves and circle transfer curves 

methods to efficiently extract all essential parameters of the MTJs. Compared to the 

traditional transport measurements, we are able to characterize the junctions fast and 

automatically through Labview programs and NI-DAQ techniques. Besides, the Circle 

Transfer Curve measurement enables us to accurately find TMR and Easy Axis of the 

MTJ junction within one signal run. Most importantly, we improved the capability of 

characterizing the MTJ through asteroid curve on the basis of Stoner-Wohlfarth theory 

and extract the curve within only a couple of seconds, which used to take at least 10 

hours by the old technique. Meanwhile, a 3D magneto-transfer curve measurement is 

invented, and the fast measurement also takes only a couple of seconds. We believe these 
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transport measurement study is useful for characterizing the properties of MTJ systems 

and guiding for the design or applications of MTJ-based devices. Especially, the 

integration of MTJ (with PMA) and GSHE structure has the great potential for future 

applications in spintronic devices. 


