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Example: Superconductivity

Perfect conductor Perfect diamagnet

[Meissner & Ochsenfeld, Sci. Nat. 1933]
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(n + 1) s

<latexit sha1_base64="dNHd5GeHbgbJbOAx2ejsg4GWmkQ="></latexit>

n p1=2

<latexit sha1_base64="kbCInJzC4tBB/ETQ/REoA7ZAfCI="></latexit>

n p3=2

<latexit sha1_base64="1is8zmDsJyy+OulfLtIVxxN55P8="></latexit>

(n + 1) s1=2

<latexit sha1_base64="NgxyEp0GsPQQXx3j6pys3oK1OJY="></latexit>

small ~L · ~ff

Topological insulator:

[Kane, Mele, PRL ’05] 

[König et al., Science ’07]

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

Topological insulator Normal insulator

<latexit sha1_base64="lH7kjZX+nZN1Gn4PCD6wGEaNg/w="></latexit>

np3=2

<latexit sha1_base64="xJ+gBSCzJeGrwuRQwkE2vdKaXiY="></latexit>

(n + 1)s1=2
<latexit sha1_base64="lH7kjZX+nZN1Gn4PCD6wGEaNg/w="></latexit>

np3=2

<latexit sha1_base64="xJ+gBSCzJeGrwuRQwkE2vdKaXiY="></latexit>

(n + 1)s1=2

<latexit sha1_base64="zKQkpzzA6Span8syLM+Pt3faZ6k="></latexit>

large ~L · ~ff



Ingredient #1: Topology

25

metallic

insulating

Band inversion:

<latexit sha1_base64="rfq5P06e68lmjJhRtSQafFriIDs=">AAACM3icbVDLSgMxFM34rONbN4KbYBFcSJkRUZdCNy4rWBU6Re5k7mgwyQxJRilDv8GtfogfI+7Erf9gOq1gqwcCh3PuJeeeOBfc2CB486amZ2bn5msL/uLS8srq2vrGpckKzbDNMpHp6xgMCq6wbbkVeJ1rBBkLvIrvmwP/6gG14Zm6sL0cuxJuFU85A+uktor2aX6zVg8aQQX6l4QjUicjtG7Wva0oyVghUVkmwJhOGOS2W4K2nAns+1FhMAd2D7fYcVSBRNMtq7R9uuuUhKaZdk9ZWqm/N0qQxvRk7CYl2Dsz6Q3E/7xOYdOTbslVXlhUbPhRWghqMzo4nSZcI7Oi5wgwzV1Wyu5AA7OuIN+PNCp8ZJmUoJIySkFy0UswhULYfhmZ9IePBTKgqkSDW0zfd12Gk839JZcHjfCocXh+WD9tjlqtkW2yQ/ZISI7JKTkjLdImjHDyRJ7Ji/fqvXsf3udwdMob7WySMXhf300vqyQ=</latexit>

n p

<latexit sha1_base64="mGrEIgI4a/bH6OXabzzzyNfBhgk="></latexit>

(n + 1) s

<latexit sha1_base64="dNHd5GeHbgbJbOAx2ejsg4GWmkQ="></latexit>

n p1=2

<latexit sha1_base64="kbCInJzC4tBB/ETQ/REoA7ZAfCI="></latexit>

n p3=2

<latexit sha1_base64="1is8zmDsJyy+OulfLtIVxxN55P8="></latexit>

(n + 1) s1=2

<latexit sha1_base64="NgxyEp0GsPQQXx3j6pys3oK1OJY="></latexit>

small ~L · ~ff

Topological insulator:

[Kane, Mele, PRL ’05] 

[König et al., Science ’07]

<latexit sha1_base64="7qZyxDtW69j8Kf0X3+SvAdx33Fc="></latexit>

"F

<latexit sha1_base64="iNtKoyisx87hZq9AIGsE3iZVcqU=">AAACOXicbVDLSsNAFJ3Ud3xWN4KbYBFclUQUXQrduFSwtdAUuZnc6OA8wsykUkI/w61+iF/i0p249QecthF8HRg4nHMv98xJcs6MDcMXrzYzOze/sLjkL6+srq1v1Dc7RhWaYpsqrnQ3AYOcSWxbZjl2c40gEo5XyV1r7F8NUBum5KUd5tgXcCNZxihYJ/XiAWjMDeNKXm80wmY4QfCXRBVpkArn13VvO04VLQRKSzkY04vC3PZL0JZRjiM/LgzmQO/gBnuOShBo+uUk8yjYc0oaZEq7J20wUb9vlCCMGYrETQqwt+a3Nxb/83qFzU76JZN5YVHS6aGs4IFVwbiAIGUaqeVDR4Bq5rIG9BY0UOtq8v1Yo8R7qoQAmZZxBoLxYYoZFNyOythkX/xHIANykmj8FzPyXZfR7+b+ks5BMzpqhheHjdNW1eoi2SG7ZJ9E5JickjNyTtqEEkUeyCN58p69V+/Ne5+O1rxqZ4v8gPfxCcyMrnQ=</latexit>

"

Topological insulator Normal insulator

<latexit sha1_base64="lH7kjZX+nZN1Gn4PCD6wGEaNg/w="></latexit>

np3=2

<latexit sha1_base64="xJ+gBSCzJeGrwuRQwkE2vdKaXiY="></latexit>

(n + 1)s1=2
<latexit sha1_base64="lH7kjZX+nZN1Gn4PCD6wGEaNg/w="></latexit>

np3=2

<latexit sha1_base64="xJ+gBSCzJeGrwuRQwkE2vdKaXiY="></latexit>

(n + 1)s1=2

<latexit sha1_base64="zKQkpzzA6Span8syLM+Pt3faZ6k="></latexit>

large ~L · ~ff

C = 1 C = 0



Ingredient #2: Frustration

?

Antiferromagnetic interaction:

<latexit sha1_base64="DdWssxgtnOoqmVNYzFfFrYeoXvo=">AAACM3icbVDLSgMxFM34rONbN4KbYBFclRlRdCUFQcSVgq2FTpE7mTs1mGSGJKOUod/gVj/EjxF34tZ/MK0VtHogcDjnXnLuiXPBjQ2CF29icmp6ZrYy588vLC4tr6yuNU1WaIYNlolMt2IwKLjChuVWYCvXCDIWeBXfHg/8qzvUhmfq0vZy7EjoKp5yBtZJjTN6RIPrlWpQC4agf0k4IlUywvn1qrcRJRkrJCrLBBjTDoPcdkrQljOBfT8qDObAbqGLbUcVSDSdcpi2T7edktA00+4pS4fqz40SpDE9GbtJCfbGjHsD8T+vXdj0sFNylRcWFfv6KC0EtRkdnE4TrpFZ0XMEmOYuK2U3oIFZV5DvRxoV3rNMSlBJGaUgueglmEIhbL+MTPrNfwUyoIaJBreYvu+6DMeb+0uau7VwvxZc7FXrJ6NWK2STbJEdEpIDUien5Jw0CCOcPJBH8uQ9e6/em/f+NTrhjXbWyS94H59MsaqU</latexit>

J > 0

26

<latexit sha1_base64="QF0ROQwqDJUiCSWrBm7EZqV70kM="></latexit>

Hi j = JS
z
i S

z
j



Ingredient #2: Frustration

?

Antiferromagnetic interaction:

<latexit sha1_base64="DdWssxgtnOoqmVNYzFfFrYeoXvo=">AAACM3icbVDLSgMxFM34rONbN4KbYBFclRlRdCUFQcSVgq2FTpE7mTs1mGSGJKOUod/gVj/EjxF34tZ/MK0VtHogcDjnXnLuiXPBjQ2CF29icmp6ZrYy588vLC4tr6yuNU1WaIYNlolMt2IwKLjChuVWYCvXCDIWeBXfHg/8qzvUhmfq0vZy7EjoKp5yBtZJjTN6RIPrlWpQC4agf0k4IlUywvn1qrcRJRkrJCrLBBjTDoPcdkrQljOBfT8qDObAbqGLbUcVSDSdcpi2T7edktA00+4pS4fqz40SpDE9GbtJCfbGjHsD8T+vXdj0sFNylRcWFfv6KC0EtRkdnE4TrpFZ0XMEmOYuK2U3oIFZV5DvRxoV3rNMSlBJGaUgueglmEIhbL+MTPrNfwUyoIaJBreYvu+6DMeb+0uau7VwvxZc7FXrJ6NWK2STbJEdEpIDUien5Jw0CCOcPJBH8uQ9e6/em/f+NTrhjXbWyS94H59MsaqU</latexit>

J > 0

26

<latexit sha1_base64="QF0ROQwqDJUiCSWrBm7EZqV70kM="></latexit>

Hi j = JS
z
i S

z
j



Ingredient #2: Frustration

?

Antiferromagnetic interaction:

<latexit sha1_base64="DdWssxgtnOoqmVNYzFfFrYeoXvo=">AAACM3icbVDLSgMxFM34rONbN4KbYBFclRlRdCUFQcSVgq2FTpE7mTs1mGSGJKOUod/gVj/EjxF34tZ/MK0VtHogcDjnXnLuiXPBjQ2CF29icmp6ZrYy588vLC4tr6yuNU1WaIYNlolMt2IwKLjChuVWYCvXCDIWeBXfHg/8qzvUhmfq0vZy7EjoKp5yBtZJjTN6RIPrlWpQC4agf0k4IlUywvn1qrcRJRkrJCrLBBjTDoPcdkrQljOBfT8qDObAbqGLbUcVSDSdcpi2T7edktA00+4pS4fqz40SpDE9GbtJCfbGjHsD8T+vXdj0sFNylRcWFfv6KC0EtRkdnE4TrpFZ0XMEmOYuK2U3oIFZV5DvRxoV3rNMSlBJGaUgueglmEIhbL+MTPrNfwUyoIaJBreYvu+6DMeb+0uau7VwvxZc7FXrJ6NWK2STbJEdEpIDUien5Jw0CCOcPJBH8uQ9e6/em/f+NTrhjXbWyS94H59MsaqU</latexit>

J > 0

26

<latexit sha1_base64="QF0ROQwqDJUiCSWrBm7EZqV70kM="></latexit>

Hi j = JS
z
i S

z
j
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Frustration:

Incompatible interactions

Ingredient #2: Frustration

?

Antiferromagnetic interaction:

<latexit sha1_base64="DdWssxgtnOoqmVNYzFfFrYeoXvo=">AAACM3icbVDLSgMxFM34rONbN4KbYBFclRlRdCUFQcSVgq2FTpE7mTs1mGSGJKOUod/gVj/EjxF34tZ/MK0VtHogcDjnXnLuiXPBjQ2CF29icmp6ZrYy588vLC4tr6yuNU1WaIYNlolMt2IwKLjChuVWYCvXCDIWeBXfHg/8qzvUhmfq0vZy7EjoKp5yBtZJjTN6RIPrlWpQC4agf0k4IlUywvn1qrcRJRkrJCrLBBjTDoPcdkrQljOBfT8qDObAbqGLbUcVSDSdcpi2T7edktA00+4pS4fqz40SpDE9GbtJCfbGjHsD8T+vXdj0sFNylRcWFfv6KC0EtRkdnE4TrpFZ0XMEmOYuK2U3oIFZV5DvRxoV3rNMSlBJGaUgueglmEIhbL+MTPrNfwUyoIaJBreYvu+6DMeb+0uau7VwvxZc7FXrJ6NWK2STbJEdEpIDUien5Jw0CCOcPJBH8uQ9e6/em/f+NTrhjXbWyS94H59MsaqU</latexit>

J > 0

26

<latexit sha1_base64="QF0ROQwqDJUiCSWrBm7EZqV70kM="></latexit>

Hi j = JS
z
i S

z
j



New states of matter 

with exotic excitations
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Frustration:

Incompatible interactions

Ingredient #2: Frustration

?

Antiferromagnetic interaction:

<latexit sha1_base64="DdWssxgtnOoqmVNYzFfFrYeoXvo=">AAACM3icbVDLSgMxFM34rONbN4KbYBFclRlRdCUFQcSVgq2FTpE7mTs1mGSGJKOUod/gVj/EjxF34tZ/MK0VtHogcDjnXnLuiXPBjQ2CF29icmp6ZrYy588vLC4tr6yuNU1WaIYNlolMt2IwKLjChuVWYCvXCDIWeBXfHg/8qzvUhmfq0vZy7EjoKp5yBtZJjTN6RIPrlWpQC4agf0k4IlUywvn1qrcRJRkrJCrLBBjTDoPcdkrQljOBfT8qDObAbqGLbUcVSDSdcpi2T7edktA00+4pS4fqz40SpDE9GbtJCfbGjHsD8T+vXdj0sFNylRcWFfv6KC0EtRkdnE4TrpFZ0XMEmOYuK2U3oIFZV5DvRxoV3rNMSlBJGaUgueglmEIhbL+MTPrNfwUyoIaJBreYvu+6DMeb+0uau7VwvxZc7FXrJ6NWK2STbJEdEpIDUien5Jw0CCOcPJBH8uQ9e6/em/f+NTrhjXbWyS94H59MsaqU</latexit>

J > 0

26

<latexit sha1_base64="QF0ROQwqDJUiCSWrBm7EZqV70kM="></latexit>

Hi j = JS
z
i S

z
j



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

Conventional fermions:



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

with

<latexit sha1_base64="5YmKeV5Xz4J/1hsLW2rrF9knzBE="></latexit>

f |0→ = 0

f
†|0→ = |1→

<latexit sha1_base64="5bneURF1sFbd0enTbVolIXtGx4A="></latexit>

f |1→ = |0→

f
†|1→ = 0

Conventional fermions:



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

with

<latexit sha1_base64="5YmKeV5Xz4J/1hsLW2rrF9knzBE="></latexit>

f |0→ = 0

f
†|0→ = |1→

<latexit sha1_base64="5bneURF1sFbd0enTbVolIXtGx4A="></latexit>

f |1→ = |0→

f
†|1→ = 0

Particle number:

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

n = f
†
f

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

) =

(

1 i

0 i

Conventional fermions:



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

with

<latexit sha1_base64="5YmKeV5Xz4J/1hsLW2rrF9knzBE="></latexit>

f |0→ = 0

f
†|0→ = |1→

<latexit sha1_base64="5bneURF1sFbd0enTbVolIXtGx4A="></latexit>

f |1→ = |0→

f
†|1→ = 0

Particle number:

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

n = f
†
f

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

) =

(

1 i

0 i

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f = 1

2
(c1 + ic2)

† = 1

2
(c1 − ic2)



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

with

<latexit sha1_base64="5YmKeV5Xz4J/1hsLW2rrF9knzBE="></latexit>

f |0→ = 0

f
†|0→ = |1→

<latexit sha1_base64="5bneURF1sFbd0enTbVolIXtGx4A="></latexit>

f |1→ = |0→

f
†|1→ = 0

Particle number:

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

n = f
†
f

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

) =

(

1 i

0 i

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f = 1

2
(c1 + ic2)

† = 1

2
(c1 − ic2)



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

with

<latexit sha1_base64="5YmKeV5Xz4J/1hsLW2rrF9knzBE="></latexit>

f |0→ = 0

f
†|0→ = |1→

<latexit sha1_base64="5bneURF1sFbd0enTbVolIXtGx4A="></latexit>

f |1→ = |0→

f
†|1→ = 0

Particle number:

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

n = f
†
f

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

) =

(

1 i

0 i

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

f = 1

2
(1 + ic1c2) =

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

1 if ic1c2 = 1

0 if ic1c2 = −1

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f = 1

2
(c1 + ic2)

† = 1

2
(c1 − ic2)



Majorana fermions

27

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f

f
†

with

<latexit sha1_base64="5YmKeV5Xz4J/1hsLW2rrF9knzBE="></latexit>

f |0→ = 0

f
†|0→ = |1→

<latexit sha1_base64="5bneURF1sFbd0enTbVolIXtGx4A="></latexit>

f |1→ = |0→

f
†|1→ = 0

Particle number:

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

n = f
†
f

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

) =

(

1 i

0 i

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

f = 1

2
(1 + ic1c2) =

<latexit sha1_base64="Jj1sCOGMuNtdS8LPYxjGFlpKIdg="></latexit>

1 if ic1c2 = 1

0 if ic1c2 = −1
Potential delocalized  

information storage ✔︎

<latexit sha1_base64="aRviXSW9VQDG0hKsDDRT/rfwDh0="></latexit>

f = 1

2
(c1 + ic2)

† = 1

2
(c1 − ic2)



Kitaev quantum magnets

28

<latexit sha1_base64="B4TK2xaqMkqq8o3/L8y6Ezl2Q7E="></latexit>

x

<latexit sha1_base64="x00mjjybD5TSfpglDXfiPnExfYQ="></latexit>

z

<latexit sha1_base64="5/31S33lA7oNq07k/XPH7GuLhrI="></latexit>

y

Hamiltonian:

[Kitaev, Ann. Phys. ’06]

<latexit sha1_base64="qYjtbjHaYi5Mx2oSKb32+6kALbw="></latexit>

H = −K

0

@

X

→i j↑x

S
x
i S

x
j +

X

→i j↑y

S
y
i S

y
j +

X

→i j↑z

S
z
i S

z
j

1

A



Kitaev quantum magnets

28

<latexit sha1_base64="B4TK2xaqMkqq8o3/L8y6Ezl2Q7E="></latexit>

x

<latexit sha1_base64="x00mjjybD5TSfpglDXfiPnExfYQ="></latexit>

z

<latexit sha1_base64="5/31S33lA7oNq07k/XPH7GuLhrI="></latexit>

y

Hamiltonian:

Frustration:

<latexit sha1_base64="8J9CnQDRPC+nFm9LKWxV+Y1OCIs="></latexit>

S
x
i S

x
j

<latexit sha1_base64="DO1eWiXucHIocrC+T/DpGxlMsV8="></latexit>

S
y
i S

y
j

<latexit sha1_base64="NNFgf3y8uLouFui7EztSZA9wNpQ="></latexit>

S
z
i S

z
j

?

<latexit sha1_base64="B4TK2xaqMkqq8o3/L8y6Ezl2Q7E="></latexit>

x

<latexit sha1_base64="x00mjjybD5TSfpglDXfiPnExfYQ="></latexit>

z

<latexit sha1_base64="5/31S33lA7oNq07k/XPH7GuLhrI="></latexit>

y

[Kitaev, Ann. Phys. ’06]

<latexit sha1_base64="qYjtbjHaYi5Mx2oSKb32+6kALbw="></latexit>

H = −K

0

@

X

→i j↑x

S
x
i S

x
j +

X

→i j↑y

S
y
i S

y
j +

X

→i j↑z

S
z
i S

z
j

1

A



<latexit sha1_base64="qYjtbjHaYi5Mx2oSKb32+6kALbw="></latexit>

H = −K

0

@

X

→i j↑x

S
x
i S

x
j +

X

→i j↑y

S
y
i S

y
j +

X

→i j↑z

S
z
i S

z
j

1

A

Kitaev quantum magnets
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