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Abstract: Artificial spin ice was invented in 2006 by Peter Schiffer's group as a large-scale model of pyrochlore spinice. Their system, an array of
mesoscopic magnets with submicron dimensions, offered a way to observe the physics of ice rules at the level of individual, albeit large, spins.
Today we have artificial magnetic arrays that follow the ice rules amost flawlessly, which makes them better ice models than their natural
counterparts. We will highlight both similarities and differences between natural and artificial versions of spinice. Large differences are expected in
the dynamics of these systems. Mesoscopic spins easily transfer energy to internal degrees of freedom. Putting them in motion typically requires

driving the system far from equilibrium. Thus, in some aspects, artificial spin iceis closer to granular matter and random magnets than to a regular
magnetic solid.& nbsp;
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Outline

® Spin ice in pyrochlore oxides.
® Dipolar interactions and magnetic charge.
® Artificial spin ice in arrays of nanomagnets.
® Square ice.
® Kagome ice.
® Thermal and externally driven dynamics.

® Origin of the ice rules in driven ice.
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“Natural” spin ice
) HO Dy, Ti,O7

Bernal and Fowler Bramwell et al. J
(1933) (1997)
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M.J.P. Gingras,
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in Introduction to Frustrated Magnetism,
eds. C. Lacroix, Ph. Mendels, and F. Mila
(Springer, 201 ). arXiv:0903.2772
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Ground states and excitations

Two spins point in, two point out of every tetrahedron
(Bernal-Fowler rule translated for spin ice).

~ (3/2)N/? possible configurations in a lattice with N spins
(Pauling’s estimate of entropy ice).

Pirsa: 12060033 Page 6/49



“Natural” spin ice
L H,O Dy, TinO7

Bernal and Fowler Bramwell et al. J
(1933) (1997)
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Dumbbell model of spin ice

Ground state: zero magnetic charge on every tetrahedron.

Excitations carry magnetic charge.
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Ground state: zero magnetic charge on every tetrahedron.

Excitations carry magnetic charge.

Pirsa: 12060033 Page 9/49



Dumbbell model of spin ice

Ground state: zero magnetic charge on every tetrahedron.

Excitations carry magnetic charge.




Magnetic charge
Lo m; -m; — 3( m,; - )( f',j)
l ZZ :

_ [ B, /an _ o / By /1; s Pr)p(r’)
J \I‘-I‘

o=V -H=-V -M. V-B=0

We can recast the dipolar energy as Coulomb interactions of
magnetic charges defined as sources of H.

A magnetic charge can be computed as the flux of M into a given
volume.

The dipolar energy is a positive definite quantity that is minimized
absolutely when there are no magnetic charges.

Pirsa: 12060033 Page 11/49



What's cool about spin ice:
excitations!

Spin ice in one spatial dimension:
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Fundamental degrees of freedom are magnetic dipoles.
Excitations are magnetic monopoles.

Fractionalizaion of excitations is a common theme in one-
dimensional systems.
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What'’s cool about spin ice:
excitations!

Spin ice in two spatial dimensions:

B I
=H - |I 1 H
O |I I—I

Again, excitations are magnetic monopoles. Fractionalization is not
common in two and three spatial dimensions.
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What'’s cool about spin ice:
excitations!

Spin ice in two spatial dimensions:

|__| ﬂ I || H
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Again, excitations are magnetic monopoles. Fractionalization is not
common in two and three spatial dimensions.
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Mesoscopic spin ice

® An array of ferromagnetic islands.
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IN ICE
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Square ice
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=>30% of sites violate the ice rule in experiment.

R.F. Wang et al. (2006).
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Microscopic and mesoscopic ice:
similarities and differences

Microscopic Mesoscopic
Ice rules Yes Yes
Origin of ice rules Energy !
Dimensionality 3 2
Energy Conserved Dissipated
Dynamics Intrinsic Extrinsic*

Thermal equilibrium Yes* No*
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Barriers to thermal
equilibration

Reversing a “spin” requires going over an energy barrier.
Relevant physical variables:

Magnetization length M = 10 A/m.

Element width w = |00 nm.

Element thickness t = 10 nm.
Energy barrier A = (uo/4m)M?t*w = 1077 ] = 106 K.
Relaxation rate [' = [0 exp(— A/ksT) is very slow at T = 300 K.

Bottom line: Spins in artificial spin ice don’t feel like fluctuating.
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Lowering the barriers
A = (L/4mtM? 2w = 106 K
for M =106 A/m,t= 10 nm,w = 100 nm.
Reduce thickness.
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Lowering the barrier
A = (L/4mt)M? 2w = 106 K
for M =10°A/m,t= 10 nm,w = 100 nm.
Reduce thickness.
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Lowering the barrier
A = (L/4mt)M? 2w = 106 K
for M =10 A/m,t = 10 nm,w = 100 nm.
Reduce thickness and magnetization length.
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V. Kapaklis et al. (2012).
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Lowering the barrier
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Shaking spins

Rotation
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An ac external field drives the dynamics of magnetization
in 2 manner reminiscent of shaken granular matter.

R. EFWang et al. (2006). X. Ke et al. (2008).
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Square ice
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Mesoscopic kagome ice

A honeycomb network of mesoscopic ferromagnetic wires.
(Kagome is the medial lattice of a honeycomb.)

Y. Qi, T. Brintlinger, and J. Cumings.
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Mesoscopic kagome ice

A honeycomb network of mesoscopic ferromagnetic wires.
(Kagome is the medial lattice of a honeycomb.)

‘Iym

Y. Qi, T. Brintlinger, and J. Cumings.
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Mesoscopic kagome ice

Electrons in a magnetized wire are deflected sideways by a
Lorentz force.The location of a dark stripe on the side of the
wire indicates which way its magnetization points.

Y. Qi, T. Brintlinger, and J. Cumings (2008).
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Mesoscopic kagome ice

At each junction we have one of these configurations:
2inand | out

or | inand 2 out.

This is the Bernal-Fowler ice rule for kagome ice reflecting the
principle of minimization of magnetic charge (in magnitude).

Y. Qi,T. Brintlinger, and ). Cumings (2008).
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Spin ice on kagome
I 2 A
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() (b) ';
3 spins on a triangle.
Ground states with Q = 1. Ordered magnetic charges!’
Charges persist at low T, facilitating fast dynamics.

A.S.Wills, R. Ballou, and C. Lacroix (2002).
G. Moller and R. Moessner (2009). G.W. Chern, P. Mellado,and OT (201 I).
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Spin ice on kagome
A k k
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(b) *
3 spins on a triangle.
Ground states with Q = 1. Ordered magnetic charges!’
Charges persist at low T, facilitating fast dynamics.

(a)

A.S.Wills, R. Ballou, and C. Lacroix (2002).
G. Moller and R. Moessner (2009). G.W. Chern, P. Mellado,and OT (201 I).
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Building a model

®Dynamics of magnetization in magnetic
nanowires is inherently dissipative. Energy
flows from magnetic degrees of freedom to the
lattice.

®|n that respect, artificial spin ice in an ac
magnetic field = driven granular matter. Energy
is not conserved, so a thermal distribution
should not be expected.

®Energy is not important, forces (energy
gradients) are.
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Main actors

® Magnetization vectors of individual links.
®Magnetic charges at vertices.

® Domain walls propagating along links.
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®Magnetization dynamics is mediated by domain
walls of magnetic charge Q = £2 in the units of
magnetization flux M t w.

®unctions, too, carry magnetic charge:
eQ =0,%2, or £4 in square ice,
®Q = %I or 3 in honeycomb ice.

® A junction emits a domain wall when the local
field H exceeds a critical value H..
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®Magnetization dynamics is mediated by domain
walls of magnetic charge Q = £2 in the units of
magnetization flux M t w.

®Junctions, too, carry magnetic charge:
¢Q =0,%2, or £4 in square ice,
®Q =*| or 3 in honeycomb ice.

® A junction emits a domain wall when the local
field H exceeds a critical value H..
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Dissipative dynamics

® The system travels straight downhill in the
energy landscape until it reaches a minimum.

®Neglect spin waves and formulate the theory in
terms of a few mesoscopic degrees of freedom.

O.A. Tretiakov et al. (2008).
D.). Clarke et al. (2008).

l Ol) nsec, ). Miltat et al, U. Paris XI Orsay ‘
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terms of a few mesoscopic degrees of freedom.

O.A. Tretiakov et al. (2008).
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Dissipative dynamics

® The system travels straight downhill in the
energy landscape until it reaches a minimum.

®Neglect spin waves and formulate the theory in
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Single vertex
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Micromagnetic simulation (commf)
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Single junction
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Micromagnetic simulation (oommf)

Pirsa: 12060033

Page 40/49



Single junction
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Micromagnetic simulation (commf)
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Single junction
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Micromagnetic simulation (commf)
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Single junction

Micromagnetic simulation (oommf)
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Critical field estimate
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Critical field estimate

a ~ w (width of the wire)

20 Q 1 Q:z

F = poQH =

4ma?
| (24 M tw Mt
H e 5 — 5 ~J
4ma“ 4ma“ 4w
Estimate: I8 mT for t = 23 nm,w = | |0 nm, permalloy.

Micromagnetic simulations: 50 mT.
Samples of Cumings et al.: 35 mT.
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Critical field estimate

a

(1%s2) H a ~ w (width of the wire)

—_—
) ().
F = poQoH = o1 922
4ma“
| (21 Mtw Mt
H — — = 5 ~
4ma? dmra? 4w
Estimate: I8 mT for t =23 nm,w = | |0 nm, permalloy.

Micromagnetic simulations: 50 mT.
Samples of Cumings et al.: 35 mT.
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No g = £3 vertices

Requires a very high magnetic field, of order 3H..
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Artificial spin ice

e Artificial spin ice combines micromagnetics with
frustrated magnetism.

®Major players are mesoscopic “spins” and
magnetic charges residing on vertices.

®Magnetization dynamics is dissipative, mediated
by the motion of magnetically charged domain
walls, and sometimes involves avalanches.

®Magnetic Coulomb forces and quenched
disorder play major roles.
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