Linear response - Kubo formula

system with small external perturbation

adiapatic
H=H+H(t)=H+ / d°r A(F)h(F,t)e™ SV;“C““(‘)Q or
— Y4
unperturbed coupli?g to perturbation
system field operators
measure: (B(7,t)) = tr(p(t)B(7)) density matrix (%)

linear response

. (B(71)) = /dt'/d3r’ xBa(T — 7't —th(7',t)

Kubo formula .
xpa(F— 7't —t') = —20(t = t)([Bu(F ), Au (7', )]}

Ay(7T,t) = etHt/h A(f)e“"'ﬁt/ b Heisenberg representation



Linear response - Kubo formula

determine density matrix  p(t)

A

equation of motion: zh% = —[p,H] = —[p,H +H]

time-dependent
perturbation theory

ﬁ — ﬁo + 5ﬁ(t) with unperturbed  pg = le_ﬁ” 7 = tre PH

(equilibrium) Z
interaction representation
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Linear response - Kubo formula

¢
formal solution: ¥(t) = ﬁ/ dt' [po, Hipn:(t))]

(B(rt)) =1t { BF)}+tr{5p(r t)B(f’)}
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assumption tr{%e_mt/ & / dt’ (o, My ()] hB(f")}
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(B(71)) = —%/ dt'/d?’r' tr {ﬁo[BH(F,t),AH(F',t’)]}h('r"”,t’)e”t'
= /dt'/d3r’ xBa(T—7",t —th(r',t)

Kubo
formula

= XBA(T—T" t—t')———@)(t—t)ﬂBH(r t), Au(7,t)])



Linear response - Kubo formula examples

magnetic susceptibility spin  magnetic field measure
¢ Y magnetization
perturbation +' = [ d°r i S*(FIh(r. NI(7) = pp 57 (7)

Xee(F— 7', t = ') = 2Ot -t up((SH(T, 1), S (7, 1))

measure
dielectric susceptibility  gome oo charge density
| .
perturbation 4/ — / d3r en(7) (7, t) en(r)
Xe(F— 7' t —t') = = 0(t — t')eX([an (1), An (7, ')

h



