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Qi Zhang, Nature Physics 12, 1005 (2016):

Collective non-perturbative coupling of 2D electrons
with high-quality-factor terahertz cavity photons

■ 2DEG in GaAs-AlGaAs heterostructure
■ FIR photon cavity
■ External magnetic field



QEDFT ↔ QED-DFT-TP

Periodic 2DEG in magnetic field and FIR-photon cavity
⇓

■ Coulomb +
electron-photon
interactions →
DFT-functionals

■ Coulomb interaction →
DFT-functionals

■ Electron-photon
interaction → CI

⇓

Cylindrical TE011 mode to promote high order magnetic
transitions, no CM-electrical dipole modes



Model,( QED ),( LSDA )

H = H0+VH+Vxc+Vper+H0
γ+Hint

γ

TE011 mode in cylindrical
FIR cavity

GaAs: m∗ = 0.067me,
κ = 12.4, g∗ = −0.44

Para- and diamagnetic
e-γ interactions

Long wavelength λ >> L

Basis: {|electron⟩ ⊗ |photon⟩}
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∆ne = ne(gγ = 0.05)−ne(gγ = 0.001)
Ne = 2,3, pq = 2 → B = 0.827 T
Eγ = 1.0 meV
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Excitation – short time modulation of the e-γ interaction

iℏ∂tρθ(t) =
[
H[ρθ(t)], ρθ(t)

]

nσ(r, t) =
1

(2π)2
∫ π

−π

dθ
∑
αβ

ϕ∗αθσ(r)ϕβθσ(r)ρθασ,βσ(t)

QJ(t) =
1

2cA

∫
A
dr {r × j(r, t)} · ez,

ji(r, t) =
−e

m∗(2π)2
∑
αβσ

∫ π

−π

dθ ℜ{ϕ∗αθσ(r)πiϕβθσ(r)} ρθβθσ,αθσ(t)

Nγ(t) =
1

(2π)2
∑
σ

∫ π

−π

dθ Tr
{
ρθσ(t)a†

γaγ

}



pq = 2, Ne = 1, Eγ = 1.4 meV, ℏωc = 1.429 meV
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Array of rings

■ Changed energy
spectrum

■ Stronger inter-exchange
forces than for dots

■ We know e-γ-interactions
tends to reduce Coulomb
exchange forces
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∆ne = [ne(gγ = 0.10)−ne(gγ = 0.01)]

gγ = 0.10, Ne = 3, pq = 2,
Eγ = 0.70 meV, l = 28.21 nm



Ne = 3, pq = 2, T = 1.0 K, transition between spin-configurations

-40

-38

-36

-34

-32

-30

-28

 0.7  0.8  0.9  1.0  1.1  1.2  1.3  1.4  1.5  1.6

(a)

g
γ
 = 0.01

g
γ
 = 0.05

g
γ
 = 0.10

g
γ
 = 0.20

g
γ
 = 0.30

g
γ
 = 0.40

E
to

ta
l (

m
e
V

)

E
γ
 (meV)

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

 0.7  0.8  0.9  1.0  1.1  1.2  1.3  1.4  1.5  1.6

(c) g
γ
 = 0.01

g
γ
 = 0.05

g
γ
 = 0.10

g
γ
 = 0.20

g
γ
 = 0.30

g
γ
 = 0.40

M
o
/M

0

E
γ
 (meV)

 0

 0.5

 1.0

 1.5

 2.0

 2.5

 3.0

 3.5

 0.7  0.8  0.9  1.0  1.1  1.2  1.3  1.4  1.5  1.6

(b)

g
γ
 = 0.01

g
γ
 = 0.05

g
γ
 = 0.10

g
γ
 = 0.20

g
γ
 = 0.30

g
γ
 = 0.40

N
γ

E
γ
 (meV)

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

 0.7  0.8  0.9  1.0  1.1  1.2  1.3  1.4  1.5  1.6

(d)

g
γ
 = 0.01

g
γ
 = 0.05

g
γ
 = 0.10

g
γ
 = 0.20

g
γ
 = 0.30

g
γ
 = 0.40

M
s
/M

0

E
γ
 (meV)



Ne = 3, pq = 2, T = 1.0 K, Eγ = 0.7, 1.4 meV, dynamic spin instability
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Conclusions

■ DFT + CI for a large 2D system in FIR-cavity
and external magnetic field

■ Charge polarization, γ-replicas

■ Self-consistent (DFT + CI)-time-evolution
→ non-linear response

■ High-order magnetic transitions

■ 2-γ diamagnetic transitions most prominent

■ e-γ-interactions → reduce Coulomb exchange

■ FIR-cavity → transition between spin configurations

■ (QED-DFT-TP – 3M CPU hr on 128core AMD nodes)
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Appendix QED

H =

∫
dr ψ†(r)

{
π2

2m∗ + V(r)
}
ψ(r)

+HEM +HCoul +HZ

+
1
c

∫
dr j(r) ·Aγ +

e2
2m∗c2

∫
dr ne(r)A2

γ

j = − e
2m∗

{
ψ†πψ + π∗ψ†ψ

}
, ne = ψ†ψ

π =
(
p+

e
cAext

)
, Aext =

B
2 (−y,x)

Aγ: the cavity vector field



Aγ(r) = eϕAγ

(
a†
γ + aγ

) (r
l
)

Hint = gγℏωc
{
lIx + lIy

} (
a†
γ + aγ

)
+ g2γℏωcN

{(
a†
γaγ +

1
2

)
+
1
2
(
a†
γa†

γ + aγaγ

)}

l(Ix + Iy) =
m∗

e

∫
A
dr l

ℏ

[
−jx(r)

(y
l
)
+ jy(r)

(x
l
)]

N =

∫
A
dr ne(r)

(
x2 + y2

l2
)
.

gγ =

{(
eAγ

c

)
l
ℏ

}
, l = (ℏc/(eB))1/2

( back )



Appendix DFT - LSDA

ne = n↑ + n↓, ζ = (n↑ − n↓)/ne, ν(r) = 2πl2ne(r)

ϵBxc(ν, ζ) = ϵ∞xc(ν)e−f (ν) + ϵ0xc(ν, ζ)(1− e−f (ν))

f (ν) = (3ν/2) + 7ν4, ϵ∞xc(ν) = −0.782√νe2/(κl)

ϵ0xc(ν, ζ) = ϵxc(ν,0) + f i(ζ) [ϵxc(ν,1)− ϵxc(ν,0)]

ϵxc(ν, ζ) = ϵx(ν, ζ) + ϵc(ν, ζ), with ϵx(ν,0) = −[4/(3π)]√νe2/(kl),
and

ϵx(ν,1) = −[4/(3π)]
√
2νe2/(kl)

f i(ζ) = (1+ ζ)3/2 + (1− ζ)3/2 − 2
23/2 − 2



ϵc(ν, ζ) = a0
1+ a1x

1+ a1x+ a2x2 + a3x3
Ry∗

x =
√rs = (2/ν)1/4(l/a∗

B)
1/2

Vxc,↑ =
∂

∂ν
(νϵxc) + (1− ζ)

∂

∂ζ
ϵxc

Vxc,↓ =
∂

∂ν
(νϵxc)− (1+ ζ)

∂

∂ζ
ϵxc
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