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

cavity photons

Qi Zhang!, Minhan Lou", Xinwei Li', John L. Reno?, Wei Pan3, John D. Watson?, Michael J. Manfra*>

and Junichiro Kono®7*

The ive il ion of with light in a high-
quality-factor cavity is expected to reveal new quantum phe-
nomena"’ and find appli ing h

gies®®. H bining a long electronic coh hme,

a large dipole moment, and a high quality-t fac\or has proved
difficult’®™. Here, we achieved these di

ously ina two-dimensional electron gas in a high-quality-factor
terahertz cavity in a magnetn: fleld The vacuum Rabl spllttlng
of cycl ¥ da q

on the density, ive i ion. This
splitting extended even where the detuning is larger than
the resonance frequency. Furthermore, we observed a peak
shift due to the [} ligible di ic term in the
Hamiltonian. Finally, the high-quality-factor cavity suppressed
superradlant cyclotron resonance decay, revealing a narrow
linewidth of 5.6 GHz. High-quality-factor terahertz
s will enable new experiments bridging the traditional
disciplit of d-matter physics and cavity-based
quantum optics.

nonresonant matter decay rate, which is usually the decoherence
rate in the case of solids. Strong coupling is achieved when the
splitting, 2g, is much larger than the linewidth, (x + y)/2, and
ultrastrong coupling is achieved when g becomes a considerable
fraction of w,. The two standard figures of merit to measure the
coupling strength are C = 4g”/(ky) and g/w,; here, C is called
the cooperativity parameter'*, which is also the determining factor
for the onset of optical bistability through resonant absorption
saturation™. To maximize C and g /@, one should constructa cavity
QED set-up that combines a large dipole moment (that is, large g ), a
small decoherence rate (that is, small ), a large cavity Q factor (that
is, small «), and a small resonance frequency w,.

Group I1I-V semiconductor quantum wells (QWs) provide one
of the cleanest and most tunable solid-state environments with
quantum-designable optical properties. Microcavity QW-exciton-
polaritons represent a landmark realization of a strongly coupled
light-condensed-matter system that exhibits a rich variety of coher-
ent many-body phenomena®. However, the large values of w, and

elatively small dipole moments for interband transitions make it!
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Bl 2DEG in GaAs-AlGaAs heterostructure
B FIR photon cavity

B External magnetic field
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B Exact diagonalization,
one photon mode

B 7w = 0.8 meV

B 2 electrons,
first photon replica

B Polarizability
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Large electron system — 2DEG
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B No exact diagonalization

possible

1
QED + DFT = QEDFT

Use and adapt functional:

ESA[n., Vn,], proposed by
Johannes Flick, Simple
Exchange-Correlation Energy
Functionals for Strongly Coupled
Light-Matter Systems based on the
Fluctuation-Dissipation Theorem
(2021), arXiv:2104.06980
[physics.chem-ph]



Orbital magnetization is sensitive to charge polarizability

B Test for effects on orbital magnetization, M,, of a 2DEG in a
quantum dot array <> ground state property

1
M, + M, :M/Adr (r x j(r) - &,

g
i /Adraz(r)

B EM-field randomly polarized in the 2DEG plane

B External magnetic field, B # 0

B A=1L? L=100nm

M Preprint: https://doi.org/10.48550/arXiv.2203.11029



Model and EM functional

H = HO + HZee + VH + Vper + VXC + VX%M
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Select N, =1, hwy = 1.0 meV, L =100 nm, m* = 0.067m,, k = 12.4,
g* =0.44, and q = kp/6 = |Vn.|/ne. Aol is measured in meV!/2

(hwp(q))? = (hw)?




Commensurability

B [ and [ are competing length
scales - Hofstadter problem
(Phys. Rev. B 14, 2239
(1976))

B Magnetic flux through unit
cell: BA = pqdq, 9 = he/e,
pqgeN

N.=2,pqg=1 —
Aol = 0.050 meV1/2

= —8.954 meV
T=10K

hwe = 1.0 meV

Ezee = 1.053 x 1072 meV

DHI
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Polaritons emerge, pg=1
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[ne(Aa) = 1¢(0)], pg =4, Aol = 0.050 meV!/2
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Aol =0 — 0.1 mevi/2
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rbital magnetization, My = u% /L2, Aol =0 — 0.1 meV!/
Orbital magnetization, My = uj/L%, A\l =0 — 0.1 meV/2
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(M(A)-M(0))/Mg

(M(2)-M(0))/Mg

Cavity-photon influence on orbital magnetization
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Summary

QEDFT (GGA), 2DEG
Electron polarizability
External magnetic field

Orbital magnetization,
total energy

Cavity-photon, bandstructure
and lattice effects
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