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Symmetry of static susceptibilities

» HA)=H-=>,\V,
> F(B,2) = —(1/8)In tre PHN)
> <V, >\=—-0F(B,\)/oN = ...
> =<V, >4 A0 < V>, [0X]
» This says
- 9%F(8,))
Xrs(0 —/ drls(7) = — ——————=
5( ) 0 5( ) aAra)\s \—0

» Static susceptibilities are symmetric
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Time reversed operator A*

(Ap)* = A*@* where ¢ = P(x1,x,...)
A+ B — A* + B*, but zZA — z*A*
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motion inversion

Ap = \¢ implies A*¢p* = \*¢*
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angular momenta have odd parity, magnetic moments as well
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Time reversal (ctd.)

Static magnetic induction B

H(B) = H(0) — 3_; niB;

H(B)* = H(—B) for the Hamiltonian
G(B)* = G(—B) for the Gibbs state
Ue(H)* = U_(~B)

therefore time reversal, however B — —B
Maxwell's equations

€V -E=pand (1/10)V x B — E =]
V-B=0and VXxE+B=0
t,x,p,J,E,B goto —t,x,p,—j,E,—B
time reversal is a symmetry
p=¢g{E+vxB}

interaction with charged particles as well

vV V. vV V. YV V. VYV VvV VvV VvY%



Onsager Theorem

> Hy = H(B) — 3, As(t) Vs



Onsager Theorem

> Hy=H(B) — > As(t) Vs
> tr WV, = trG(B)V, + [;° d7Ts(B; T)As(t — 7)



Onsager Theorem

> He=H(B) = 3, As(t)Vs
> tr WV, = tr G(B V, + fO dr rrs(B 7_))‘ (t_T)

» Is(B;7) = trG(B )é[U A(B)V,U.(B), Vs]



Onsager Theorem

He = H(B) — >, As(t) Vs

tr WV, = tr G(B)V, + [ d7Ts(B; 7)As(t — 7)
[s(B;7) = tr G(B) £ [U-~(B)V,U-(B), V4]

can be rewritten as tr G(B )% [[U_-(B)V,U-(B), V5] }*

vV v v VY



Onsager Theorem

He = H(B) — 3, As(t) Vs
tr WeV, = tr G(B)V, + [;° d7Ts(

B;T)As(t—7)
Ms(Bi7) = tr G(B) 7 [U-+(B)V, Ur(B

(B

B)

): Vsl
)V:Ur(B), Vil }*
Vel

can be rewritten as tr G(B)*{+ U
= —tr G(~B)4[U-(~B)V} U-(~

vV v v v Vv



Onsager Theorem

> He=H(B) = 3, As(t)Vs

> tr WV, = trG(B)V + [ dTT (B T)As(t — 7)

> [s(B;7) = tr G(B) § [U-~(B)V,U-(B), V4]

> can be rewritten as tr G(B)* {z [U_(B)V,U.(B), V&]}*
> = —tr G(—B)£[U;(—B)VFU_.(—B), V¢]

> = s tr G(~B)L[Ur(~B)V,U_r(~B). V]



Onsager Theorem

> He=H(B) = 3, As(t)Vs

> tr WV, = trG(B)V + Jo  dTTs(B;T)As(t — 7)

> [s(B;7) = tr G(B) § [U-~(B)V,U-(B), V4]

> can be rewritten as tr G(B )% [U_(B)V,U.(B), V&]}*
> = —tr G(—B)£[U;(—B)VFU_.(—B), V¢]

> = —nmstr G(— )h[U (- )VU— (= ) \{5]
> = —nmstr G(—B)£[V;, U_(—B) Vs]U-(—B)]



Onsager Theorem

> He=H(B) = 3, As(t)Vs

> tr WV, = trG(B)V + Jo  dTTs(B;T)As(t — 7)

> [s(B;7) = tr G(B) § [U-~(B)V,U-(B), V4]

> can be rewritten as tr G(B )% [U_(B)V,U.(B), V&]}*
> = —tr G(—B)£[U;(—B)VFU_.(—B), V¢]

> = —nmstr G(— )h[U (- )V U—~(- )
> = —nmstr G(— ) [Ve, U—r(=B) V5] Ur(—
> rrs(B;T) = Urﬁsrsr(_é? T)

V]
B)]



Onsager Theorem

Ht_ (_) Z A ()

tr WV, = tr G(B)V, + [ d7Ts(B; 7)As(t — 7)

r(Bir) = r G(B) § [U-r (B, Ur(B). Vil

can be rewritten as tr G(B )% [U_(B)V,U.(B), V&]}*
B), V¢

= s tr G(=B);[U-(~B)V,U_(~B),
= s tr G(=B);[Vi, U-r(=B) V5] Ur(~
Frs(Bi7) = nensCsr(—Bi7)

Fourier transformation results in Onsager relations:

> = —tr G(—B)£[U;(—B)VFU_(—
> V]
> B)]
>
>

Xrs(B;w) = nrnsxsr(—B;w)



Lars Onsager, Nobel prize 1968
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Fourier tansform J,(w) = 3, 0s(w)As(w)
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Onsger relations for kinetic coefficients

J,S(B; w) =oe(—B;w)
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Ohm’'s law and Hall effect

» If the equilibrium state of matter is disturbed by an oscillating
electric field, there will be an electric current

w) = 5 07(Biw) B(w)
This is Ohm's law

0j(B;w) = oj(w) + X4 Higk (W) Bk + ..
ojj is symmetric

Hjjx is antisymmetric for i < j

H,-jk(w) = H(w)e,-jk

Additional term describes the Hall effect:
J(w) = H(w)E(w) x B
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Georg Simon Ohm



Edwin H. Hall

Edwin Herbert Hall



