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The mean �eld approah has also been extended to time-dependentproblemsHow does a system respond to an external time-dependentpotential?
• Real-time response, (tdHA, tdHFA or tdLDA), on a lattie,or in a basis.
• Linear response in real or fourier spae, (tdHA or tdLDA),or in a basis, (tdHFA. . . ).There are many more important approahes we skip here.



Real-time response, (tdHF) A. Puente, L. Serra, and V. Gudmundsson,Phys. Rev. B 64, 235324 (2001), (ond-mat/0108428)., (Atomi units).
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Initial rigid displaement e, → analyze dipole moment 〈e · r〉t



Example, six eletrons in aquantum dot, nonparaboli on-�nement, B 6= 0.Motion of theenter-of-massin the tdHA
• 9000 time-steps
• 3 intervals of 12 ps
• B = 1 T

• Amplitude shrinks

• Total energy is onstant
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→ Energy must �ow into internal modes

Internal Quadrupole and Monopole, (m-frame)
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Take expetations values (t-dependent).
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B = 1T Time evolution

• Weak amplitude

• Strong amplitude

Quantum dot expands →Monopole osillationaround new on�guration(Breathing mode)



New on�guration, shape

⇓Modi�ed dipole absorptionLarge �utuations ofmean �eld
⇓Large variations in e�etivesingle-partile energies

Two peak widthsTime window after expansion
A

b
so

rp
tio

n
 (a
rb

. u
n

its
)

0.0

0.5

1.0

ω (meV)

0 2 4 6 8

0

2

4

6

B = 1 T small amp.

large amp.
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• In this approah no dissipation is inluded in the system,ontinuous input of energy as in a harmoni �eld would notdesribe all situations.
• Instead of a grid one ould use a time-dependent basis.

• For a potential periodi in time one an onsider Floquet'sstates, a onvenient basis for time-harmoni systems.Self-onsistent Floquet states for periodially driven quantum wells, B.Galdrikian, M. Sherwin, and B. Birnir, Phys. Rev. B 49, 13744-13749(1994).

• For a �weak� time-dependent potential we an use linearresponse, R. Kubo, J. Phys. So. japan 12, 570 (1957),Loal Density-Funtional Theory of Frequeny-Dependent linearResponse, E. K. U. Gross and Walter Kohn, Phys. Rev. Letters 55,2850 (1985).



Linear responseWe know { |α〉, ǫα} for the system desribed with

H0|α〉 = ǫα|α〉

|α〉 are single-eletron states, (no interation or mean �eld desriptionof an interating system). We add a time-dependent potential

δV (t) = δEe−i(ω+iη)t, H(t) = H0 + δV (t)

η → 0+, the external potential is swithed on,
lim

t→−∞

H(t) = H0.

H0 ontains a kineti term, on�nement, and e�etive MF potential.



In this e�etive single-eletron piture we an use for the densityoperator (líkindavirkja)
ρ(t→ −∞) = ρ0 = f(H0)where f is the fermi distribution. The equation of motion for ρ is

i~ρ̇(t) = [H(t), ρ(t)] = [H0, ρ(t)] + [δV (t), ρ(t)]whih beomes

i~δρ̇α,β(t) = (ǫα − ǫβ)δρα,β(t) + 〈α|[δV (t), ρ0 + δρ(t)]|β〉an exat matrix version of the equation of motion for ρ



We linearize this equation in δV
i~δρ̇α,β(t) = (ǫα − ǫβ)δρα,β(t) + (fβ − fα)〈α|δV (t)|β〉with fα = f(α). We use a fourier transform
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dω′e−i(ω′+iη)tA(ω′)that transforms the equation into
~(ω′ + iη)δρα,β(ω′) = ~(ωα − ωβ)δρα,β(ω′) + (fβ − fα)〈α|δV (ω′)|β〉or

~(ω′ + (ωβ − ωα) + iη)δρα,β(ω′) = (fβ − fα)〈α|δV (ω′)|β〉



Thus we have
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〈α|δV (ω′)|β〉We have also for the time-dependent potential, (the externalpotential)
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Fourier transform bak to t
δρα,β(t) =
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〈α|δV |β〉e−iωt+ηt = δρα,βe
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• The system responds at the same frequeny as exited!Later we see that a �nite system does not only respond at thesame wavelength as exited.
• The system is thrown out of equilibrium by δV (t).By δρ we have alulated a nonequilibrium hange to theequilibrium fermi distribution!
• η is linked to power dissipation.
• How do we use this?



How does δV (t) hange n(r)?In equilibrium, no δV (t)
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Out of equilibrium, with δV (t), then n(r, t) = n(r) + δn(r, t) with

δn(r, t) =
∑

α,β

ψ∗

α(r)ψβ(r)δρβ,α(t)or
δn(r, ω) =

∑

α,β

ψ∗

α(r)ψβ(r)
1

~

[

(fα − fβ)

ω + (ωα − ωβ) + iη

]

〈β|δV |α〉

=
X

α,β

Z

dr′ψ∗

α(r)ψβ(r)
1

~

»

(fα − fβ)

ω + (ωα − ωβ) + iη

–

ψ∗

β(r′)δV (r)ψα(r′)or

δn(r, ω) =

∫
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• So we have a formalism for alulating the nonequilibriumresponse of a system in the linear regime.

• External . . .� Potential → density response → dieletri funtion.� Magneti �eld → magnetization → suseptibility.� Vetor potential → urrent response → ondution.� . . .But, in a MF desription the hange in f.ex. density δn(r, ω)reates an internal indued potential → this has to be alulatedself-onsistently, next. . .


