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Tunnel Magnetoresistance (TMR)

➢ Quantum mechanical phenomenon in magnetic tunnel 
junctions

➢ Resistance changes based on relative magnetization 
orientation

➢ Spin-dependent tunneling effect

➢ Ideal MTJ resistance follows cosine dependence

𝑹 𝜃FL, 𝜃RL ∝ 𝑐𝑜𝑠 𝜃FL − 𝜃RL

Key Principles

➢ Low resistance when magnetizations are parallel

➢ High resistance when magnetizations are anti-parallel

➢ Non-volatile magnetic state

MTJ Architecture

➢ Free Layer: Rotates with external field

➢ Reference Layer: Fixed magnetization direction

➢ Barrier Layer: Insulating tunnel barrier

➢ Synthetic Antiferromagnet: Coupled layers for stability

Tunnel Magnetoresistance
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Figure 1: Multilayer MTJ structure
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Simulation Approach

➢ SW macrospin model with energy minimization

➢ Each magnetic layer → one macrospin

➢ Python GUI for interactive parameter sweeps

Capabilities

➢ Linear field sweeps → hysteresis & operating windows

➢ Angular sweeps → response curves & error analysis

➢ Julliere model → resistance from magnetization angles

➢ Design optimization → predict performance before 
fabrication

Simulation Methodology and Field Sweep Analyses
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Figure 2: Field sweep showing M/MSAT and RR/RXX vs. magnetic field H

Field Sweep Procedure

➢ Sweep field from negative to positive values

➢ Record magnetization response M/Msat

➢ Measure resistance variations R/Rmax

➢ Identify coercive fields

𝐸 𝜃, 𝜙, 𝐻, 𝜑𝐻 = 𝑔 𝜃, 𝜙 − 𝜇0𝑀𝑠𝐻 𝑐𝑜𝑠 𝜃 − 𝜃𝐻
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Angular Sweep Concept

➢ Method: Field rotation 0-360° at constant H

➢ Resistance Calculation: Based on relative angle 
φ = 𝜃FL − 𝜃RL:

Δ𝑅 𝜃𝐻
𝑅⊥

= −
TMR

2
cos 𝜑

Differential Resistance Error

Δ𝑅 𝜃𝐻 ≡ 𝑅 𝜃𝐻 − 𝑅cosine 𝜃𝐻

Angle Reconstruction

𝜃𝐻 = arctan
𝛿𝑅𝑦

𝛿𝑅𝑥

Simulation: Angular Response Single TMR Element

4

Figure 4: Angular error analysis for H=300 Oe

Figure 3: Comparison of single-element and Wheatstone bridge angular responses
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Microfabrication Process Overview
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Figure 5: Overview of the microfabrication process Figure 6: Six-probe Wheatstone bridge measurement configuration
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Bridge Output Measurements

➢ Excellent sinusoidal behavior for both signals

➢ Consistent amplitude across full rotation

➢ Clean 90° phase shift confirmed

➢ Minor variations from element mismatches

Angle Reconstruction

𝜃reconstructed = arctan
𝑉sine
𝑉cosine

Angular Error

Δ𝜃 = 𝜃reconstructed − 𝜃expected

Experimental Results and Analysis
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Figure 8: Reconstructed angle (left) and error (right)

Key Findings

✓ Four-peak pattern (second-harmonic distortion)

✓ Consistent with simulation predictions

✓ Error structure matches SW model behavior

Figure 7: Measured sine-cosine bridge outputs
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