Micromagnetics on curved geometries using rectangular cells:

error correction and analysis

Michael J. Donahue Robert D. McMichael

NIST, Gaithersburg, Maryland, USA

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.1/46

Outline

• Staircase artifact • 1D correction • General case • Local subgrid • Correction tests • Edge mode resonance • Vortex expulsion • Analytic model

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.2/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.3/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.4/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.5/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.6/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.7/46

General Geometries

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.8/46

Demag field

H_{demag}(r) = − 1 4π ∫ V ∇ · M(r^′) r − r^′ |r − r^′|^3 d^3r^′ + 1 4π ∫ S n̂(r^′) · M(r^′) r − r^′ |r − r^′|^3 d^2r^′.

Assume M uniform in each cell gives ⟨H_{demag,i}⟩ = − ∑ j N_{i,j} M_j .

where formulae for N_{i,j} are given in Newell, Williams & Dunlop, “A generalization of the demagnetizing tensor for nonuniform magnetization,” J. Geophysical Research-Solid Earth, 98, 9551 (1993.)

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.9/46

Demag field (cont.)

If cells are identical on a uniform grid, then ⟨H_{demag,i}⟩ = − ∑ j N_{i,j}M_j becomes ⟨H_{demag,i}⟩ = − ∑ j N_{i−j}M_j

where FFT can be used to evalute H_{demag,i}. (Note: Uniform grid; |M_i|’s can vary cell-to-cell.)

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.10/46

Porter & Donahue, “Generalization of a two-dimensional micromagnetic model to non-uniform thickness,” JAP, 89, 7257 (2001).

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.11/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.12/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.13/46

Single cell stray field

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.14/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.15/46

Infinite plate

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.16/46

Infinite plate

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.17/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.18/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.19/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.20/46

General case

Decompose H_{demag,i} = − ∑ j N_{i,j}M_j

into

H_{demag,i} = − ∑ j∈Ω_{local}

N_{i,j}M_j − ∑ j∈Ω_{far}

N_{i,j}M_j

Handle Ω_{far} via modified M_s and FFT, Ω_{local} some other way.

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.21/46

General case (cont.)

Concept:

• Far field computed efficiently via FFT. • Near field computed accurately. • Restricted size keeps Ω_{local} O(N).

García-Cervera, Gimbutas, & E, “Accurate numerical methods for micromagnetics simulations with general geometries,” J. Comp. Physics, 184, 37 (2003).

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.22/46

Local field computation

Problem: Implementing Ωlocal not so simple. Idea: Use existing demag code to compute Ωlocal,

but on a local, refined grid.

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.23/46

Local field computation

• Compute N^{fine}_i′_{−j}′ for fine mesh on Ω_{local} (once)

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.24/46

Local field computation

• Compute N^{fine}_i′_{−j}′ for fine mesh on Ω_{local} (once) • For i, j near boundary, compute ⟨ H^{fine}_{demag} ⟩ i,j

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.25/46

Local field computation

• Compute N^{fine}_i′_{−j}′ for fine mesh on Ω_{local} (once) • For i, j near boundary, compute ⟨ H^{fine}_{demag} ⟩ i,j • H^{fine}_{demag} − H^{coarse}_{demag} define correction factors K_{i,j}

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.26/46

Local field computation

• Compute N^{fine}_i′_{−j}′ for fine mesh on Ω_{local} (once) • For i, j near boundary, compute ⟨ H^{fine}_{demag} ⟩ i,j • H^{fine}_{demag} − H^{coarse}_{demag} define correction factors K_{i,j} • NOTE: Done once during initialization!

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.27/46

Local field computation

During simulation run:

• Compute H_{demag} as usual, with volume-modified |M|.

• For cells near boundary, include local corrections

H_{corr,i} = − ∑ j∈Ω_{locali}

K_{i,j}M_j

• Correction is O(N_{boundary})

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.28/46

Local correction, pushed

Energy of correction is

E_{i,j} ∝ m^T_i K_{i,j}m_j = m^T_i K_{i,j}(m_j − m_i) + m^T_i K_{i,j}m_i.

If |m_j − m_i| is small (exchange), then E_{i,j}^∼∝ m^T_i K_{i,j}m_i which is a local anisotropy.

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.29/46

Local correction, pushed So H_{demag,i} ≈ − ∑ j N_{i−j}M_j − K_iM_i

where K_i = ∑ j∈Ω_{local,i}

|M_j| |M_i|

K_{i,j}.

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.30/46

FMR simulations

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.31/46

FMR spectrum

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.32/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.33/46

Key points

• Edge mode sensitive only to edge effects • Quantitative • Robust quantity, does not involve critical field • Experimentally relevant

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.34/46

Vortex Expulsion Test

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.35/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.36/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.37/46

Edge cell adjustment

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.38/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.39/46

Summary

• Staircase demag artifact effectively corrected. • Efficient far-field computation via FFT. • Local correction coefficients computed using usual demag code.

• Local corrections have minimal run-time cost. • Edge resonance test examined.

• Simple analytic + empirical edge anisotropy correction introduced.

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.40/46

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.41/46

Local field computation

• Compute N^{fine}_i′_{−j}′ for fine mesh on Ω_{local} (once) • For i, j near boundary, compute ⟨ H^{fine}_{demag} ⟩ i,j • H^{fine}_{demag} − H^{coarse}_{demag} define correction factors K_{i,j} • NOTE: Done once during initialization!

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.42/46

Exchange (uniform ℓ_{ex})

Usual exchange expression: H_{ij} = 2A μ_0Δ^2_{ij}M_s

(m_j − m_i)

Volume-modified M_s causes trouble if M_s ≈ 0. Instead, define ℓ_{ex} = √ 2A μ_0M^2_s

(fixed) and H_{ij} = ℓ^2_{ex}M_s(m_j − m_i)/Δ^2_{ij}.

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.43/46

Edge mode refinement

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.44/46

Edge mode refinement

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.45/46

Spinwaves

Micromagnetics on curved geometries using rectangular cells: error correction and analysis – p.46/46