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Tunable bandgap renormalization by nonlocal
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In quantum optics, great effort is being invested in enhancing the interaction of quantum emitters with light. The different
approaches include increasing the number of emitters, the laser intensity or the local photonic density of states at the location
of an atom-like localized emitter. In contrast, solid-state extended emitters hold an unappreciated promise of vastly greater
enhancements through their large number of vacant electronic valence states. However, the majority of valence states are
considered optically inaccessible by a conduction electron. We show that, by interfacing three-dimensional (3D) solids with
2D materials, we can unlock the unoccupied valence states by nonlocal optical interactions that lead to ultra-strong coupling
for each conduction electron. Consequently, nonlocal optical interactions fundamentally alter the role of the quantum vacuum
in solids and create a new type of tunable mass renormalization and bandgap renormalization, which reach tens of millielectronvolts in the example we show. To present quantitative predictions, we develop a non-perturbative macroscopic quantum
electrodynamic formalism that we demonstrate on a graphene–semiconductor–metal nanostructure. We find new effects, such
as nonlocal Rabi oscillations and femtosecond-scale optical relaxation, overcoming all other solid relaxation mechanisms and
fundamentally altering the role of optical interactions in solids.

E

lectronic systems in both condensed matter and atomic
physics share an inherent similarity: their electrons follow the
same basic rules for optical interaction. It is no coincidence
that in both solids and gases, a typical emission timescale for an
excited electron is on the order of nanoseconds1,2. The key to this
universal behaviour is in the intrinsic transition matrix elements
governing the interaction of a charge carrier with light, whereby
a similar order of magnitude is acquired in solid and atomic systems. Additionally, because the total emission rate for each electron
depends also on the photonic density of states3,4, it is prevalent in
both systems to enhance emission rates by optical environment
engineering, that is, the Purcell factor5,6. Independently, an increase
in the number of emitters sharing the same optical mode enhances
the total coupling by a coherent collective response in extended solid
systems as quantum wells (QWs)7–10 and in an ensemble of localized
atom-like emitters (for example, molecules)11,12. Such systems can
achieve a collective ultra-strong coupling (USC) thanks to the large
number of emitters. All these techniques enable the observation of
Rabi oscillations in the strong coupling regime, which occur when
the coupling frequency overcomes the relaxation rates, and in the
USC regime, which occur when the coupling frequency reaches the
transition frequency13–15.
However, there is one critical aspect in which solid-state and
atom-like systems differ significantly. Unlike localized atom-like
emitters, extended solid-state emitters may have a high number of
electronic final states available for each electron, apparently promising extreme enhancements of the total emission and rates. Why
then is the typical emission of each excited electron in semiconductors still limited to gigahertz rates (nanosecond lifetimes), as
in most natural and artificial atoms? Why are the leading (dipole)
optical emission rates in extended solids comparable to the emission rates in localized atoms, ignoring the potentially many valence
band final states?
There are two reasons why extended solid systems are constrained from reaching far faster light–matter interaction rates:

(1) the conservation of energy limits the number of accessible
electronic final states, fixed by the emitted photon energy (Fig. 1a)
and (2) even at ultra-short timescales, during which the conservation of energy is not enforced, the conservation of momentum
still enables only a small number of accessible electronic final states
because of the momentum mismatch between the photon and
the charge carrier (Fig. 1b). Consequently, despite the existence of
many more available final electronic states in the valence band, the
number of accessible states is strictly limited for optical interaction
and the vast majority of available valence states remain prohibited.
Our work shows how these limiting factors can be bypassed
by using nonlocal (momentum-dependent) optical interactions
in nanophotonic structures. In particular, interfacing solids with
two-dimensional (2D) materials that support optical excitations,
that is, polaritons, can enable transitions to the valence states that
are conventionally prohibited for optical transitions but become
accessible by the polaritons’ nonlocal interactions.
A polariton, a hybrid of a photon and a material excitation,
takes the role of a photon in the light–matter matrix element16–18.
In nanophotonic structures and settings of 2D materials, polaritons
create novel light–matter interactions because their momentum can
be increased by more than two orders of magnitude relative to the
free-space photon at the same frequency19–21. This increased polariton momentum is especially influential for interactions with quantum emitters, because it extremely enhances the photonic density of
states22–24 and enables interactions that are typically forbidden25–27.
Specifically, in solid quantum emitters, such as QWs, nearby propagating polaritons enable non-vertical (momentum-dependent)
electron transitions that create a nonlocal optical response for the
structure as a whole26. The nonlocal optical response necessitates a
spatial dispersion in the material’s permittivity, which can no longer be a function solely of the optical frequency and a single location variable. A pronounced signature of this nonlocality is found
in nanophotonic structures, such as graphene sheets26,28, especially
small nanoparticles29 and various metamaterials30.
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Fig. 1 | The role of nonlocality in reaching USC in solids. a–d, A general
scheme depicting weak coupling (a,c) and strong coupling (b,d) for local
(vertical) interaction with photons (light cone in yellow) (a,b) and for
nonlocal (non-vertical) interaction with polaritons (polariton dispersion
in pink) (c,d). In weak coupling, the photon or polariton is spontaneously
emitted at one specific energy according to energy conservation, whereas
in strong coupling, the emitted photon or polariton can be emitted and
reabsorbed even when off-resonant. c, The large momenta of the polaritons
relative to the small momenta of the photons enable nonlocal interactions
and thus open coupling to a wider range of final states (depicted in
purple) for the excited electron (turquoise). d, Provided sufficiently strong
coupling and nonlocal interactions, a single excited electron can couple to
all available final states, even if detuned from the polaritonic dispersion.
This coupling is still limited by the final state occupation according to the
Fermi–Dirac distribution (unoccupied and occupied states in black and
white, respectively). Consequently, these enhanced nonlocal interactions
cause an electron–polariton renormalization of the semiconductor bandgap
and the carrier effective mass, both of which can be externally tuned by
controlling the polaritonic properties or the Fermi energy.

In Fig. 1 we illustrate how nonlocality can be utilized for reaching
USC. For weak coupling interactions (Fig. 1c), the nonlocal emission enables non-vertical interband emission, which increases the
number of accessible final electronic states (purple area) and thus
increases the total emission rate. Moreover, the number of accessible final electronic states can be further increased by enhancing
off-resonance optical interaction so they may contribute over short
timescales. As a result, we find that polaritons with an extreme density of states enable each individual conduction electron to interact
with all available final (valence band) states as in a continuum of cavity polaritonic modes (Fig. 1d). Consequently, we show that a single
conduction electron can reach Rabi oscillations with polaritonic
vacuum fluctuations. The oscillation rate may overcome the rate of
loss by other mechanisms (that is, strong coupling) and even become
comparable to the transition frequency (that is, USC). This electron–
polariton USC in vacuum creates a novel kind of mass and bandgap renormalization (shifted conduction curve, Fig. 1d) that can
be externally tuned by controlling the number of available valence
states or the optical environment, that is, the polaritons’ properties.
From a fundamental perspective, this makes the solid’s optical interaction surprisingly similar to an electron–phonon interaction.

A qualitative comparison of electron–phonon interactions in solids and our electron–polariton counterpart could highlight the consequences of the novel nonlocal USC interactions. Electron–phonon
interactions are well known to have relaxation rates far higher than
regular optical emission rates (subpicosecond versus nanosecond)2,31.
The root cause for this extreme difference in rates can be explained by
the extended nature of electron wavefunctions in solids, with a wavelength larger than the phononic wavelength but considerably smaller
than the photonic wavelength. This inequality makes the electrons
typically heavy as compared to photons and light as compared to
phonons. Consequently, when interacting with the phonons, electrons cannot be regarded as point particles, as in the commonly used
dipole approximation for optical interactions. Instead, the electron–
phonon interaction is always nonlocal—it requires a spatial overlap
with the coherently moving phonon wave32,33. Thus, phononic and
nonlocal optical interactions can cause significant changes in the
electron wavefunction, which results in a larger number of accessible
electronic final states as compared to regular optical interaction and,
consequently, results in higher relaxation rates. Thus, we show how
polaritonic emission, by providing access to many electronic final
states, becomes a competitor for dominating the charge carrier relaxation and thus overturning the role of optical relaxation in solids.
Here, we find that the nonlocal nature of electron–polariton interactions opens up USC effects at optical frequencies at the level of each
conduction electron in the solid. As a vacuum effect, the USC causes
mass and bandgap renormalization reaching 100 meV, similar to the
vacuum Rabi splitting in atomic systems. To describe these novel
electron–polariton interactions quantitatively, we use an extended
Wigner–Weisskopf (WW) model to develop a non-perturbative
macroscopic quantum electrodynamics (QED) formalism. Our new
formalism captures the nonlocal interaction of polaritons with the
entire electron wavefunction of the solid quantum emitters, rather
than a point emitter, and tracks the non-perturbative interaction
dynamics. We exemplify our predicted effects on a 5 nm InAs/InP
QW, situated between a graphene sheet and a perfect conductor
(for example, gold), which forces an extreme density of polaritonic
states24 and confines the light inside the semiconductor volume
(Fig. 2a). Our nonlocal WW formalism shows that polariton emission dominates the relaxation dynamics with timescales of tens of
femtoseconds. Such a relaxation includes nonlocal Rabi oscillations at these timescales, reaching the USC regime. Our formalism
uncovers the large degree of tunability in our quantitative results by
altering the number of unoccupied final states (holes) in the semiconductor or by changing the external gate-tunable graphene Fermi
energy to control the polaritonic dispersion.

Results

Theory of nonlocal USC. In this section, we present the main steps
in our nonlocal WW formalism, using macroscopic QED theory34,35.
This new formalism extends beyond the atomic and single-mode
WW theory, and it allows us to capture the full time dynamics
for the interaction between an arbitrary quantum emitter and an
arbitrary optical environment with or without losses and with or
without nonlocality. Similar approaches were originally developed
for localized atomic emitters13,36 and we now show how they can
be extended to condensed-matter systems and along the way also
retrieve the formula for bandgap renormalization.
As a first step, we treat the quantum state as a superposition of
all possible final states (|f〉) with all possible single quanta of optical
excitations (M) and a single initial excited state (|i〉) with 0 optical
excitations:
jψ ðt Þi

¼
þ


Ci ðt Þe�iωi t jii  j0;    ; 0i
PP
Cf ;M ðt Þe�iðωf þωM Þt jf i
f

M

ð1Þ

j0;    ; 0; 1M ; 0;    ; 0i
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Fig. 2 | The ultra-strongly coupled nanophotonic system description. a, Illustration of the graphene–semiconductor–metal structure—an InAs/InP QW
(orange/green, respectively) of width 5 nm, with an active layer of 4 nm and bandgap of 0.53 eV, stated between a graphene sheet and a perfect conductor
(for example, gold). The intuition behind the nonlocal USC is the possibility that large-momentum graphene plasmons (red and blue) can be emitted in
one spot and reabsorbed (white stars) in other locations by the same extended electron wavefunction. b, The coupling strength between the conduction
to heavy-hole transitions in the QW and each optical excitation (polariton) with specific in-plane momenta q and frequency ω, depicted by the kernel
Kc;hh ðq; ωÞ, which governs the optical dynamics (equation (4)). Specifically, the kernel shows the plasmon’s dispersion (tuned by the graphene Fermi level
EIFg) alongside the graphene intraband transitions. The dynamics is equivalent to a continuum of cavity modes (independent for each q), all coupling to the
I
same
conduction electron with a different energy detuning for each cavity. Top inset: details of the on-resonance cavity mode environment. Bottom inset:
illustration of the QW band structure (see Supplementary Fig. 1 for more details). The plot assumes one excited electron at the conduction band’s lowest
energy. The valence occupation can be controlled through the QW Fermi level EFQW.
I

Here, Cf ;M ðt Þ and Ci ðt Þ are the complex amplitudes, so their square
I
ℏωM is the optical excitation energy
moduliIwill be the probabilities.
I
and ℏωi (ℏωf ) is the electron energy
at the initial (final) state. For
I inI the case of a semiconductor interband emission with
example,
ℏ2 k2

ℏ2 k2

a direct bandgap Egap, ℏωi ¼ Egap þ 2m*i and ℏωf ¼ � 2m*f , with
e
f
I
I
I
m*e and m*f being the effective
m*f ¼ m*hh for
masses (for example,
heavy
holes)
and ki;f their in-plane momenta. Both Isummations
I
I
in equation (1) canI be discrete or continuous and this formalism
could thus be reduced to the discrete multimode strong coupling
as in superconducting systems37, or a single-mode case as in the
Jaynes–Cummings model.
The system’s evolution in time is determined by the interaction
Hamiltonian, which can be written in two equivalent forms:
^¼
^A
H int ¼ me0 p

PP
f

M

y
ℏg i;fM ^bi ^bf ^aM þ h:c:

ð2Þ

^ ) operators
^) and vector potential (A
first with the momentum (p
(including the electron’s rest mass m0 and charge e) and Isecond with
I for the optical excitation, ^ayM
the creation and annihilation operators
y
y
and ^aM, and for the initial (final) electron states, ^bi (^bf ) and ^bi (^bfI).
I I
I
The interaction
strength is given by the coupling constant
I Ig i;fM, between
a specific initial excited state, a final state and an optical excitation.
I
The determination of each coupling constant for general optical
excitations in general optical environments can be remarkably challenging. In the macroscopic QED formalism, the vector$potential
is fully described through the dyadic Green’s function, Gðr; r0 ; ωÞ,
I
which contains the electrical response from an electric dipolar
excitation in any general (lossy) media. Using this formalism, we prove
for any general electronic system and optical environment (see
Methods):
2
R
P

4α
dωe�iðω�ωif Þτ
g i;fM  e�iðωM �ωif Þτ ¼
m2 c
M

0

R

R

0

*
ψ i ðrÞψ i ðr0 Þ

dr dr
h$
i
Im Glm ðr; r0 ; ωÞ
�
�

pl ψ f ðrÞ p*m ψ *f ðr0 Þ
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where ψ i;f represents the initial and final electron wavefunctions, α
is the fine-structure
constant, c is the speed of light in vacuum, and
I
ωif ¼ ωi � ωf . Here, ℏðω � ωif Þ is the detuning energy that causes
I that gradually diminishes the coherence
aI destructive interference
and leads to an overall decay as time (τ) evolves.
In a general layered structure, each optical excitation is well
described by a specific frequency ω and in-plane wavevector q.
I
K ðω; qÞ as the spatial
Hence, we can define a coupling kernel
I
Fourier transform of the integrand in equation
(3) that captures
all the details of the coupling between the optical and electronic
environments (Fig. 2b). In the special case of an interband emission in a graphene–semiconductor–metal structure of width d,
each spectral component of equation (3) gets an insightful form
h �2qd i
2
R
r e
�1
of dqIm rgrgr e�2qd þ1 Mc;hh  δki ;kf þq. This expression includes the


Mc;hh 2, the surface
I
conduction
to heavy-hole matrix
element
h �2qd
i
r e
�1
I r gr is the graphene
plasmon dispersion through Im rgrgr e�2qd þ1 where
I
Fresnel coefficient, and the I conservation of in-plane momentum term δki ;kf þq (Supplementary Section 1). Conservation of the
in-plane momentum
is a compelling outcome of the structure’s
I
translational symmetry, because it also helps emphasize the importance of the nonlocal coupling arising from the electron extended
wavefunction (rather than using the dipole approximation discussed in Supplementary Section 5). Indeed, Fig. 2b shows that the
strongest coupling occurs along the graphene plasmons’ dispersion,
and yet other graphene excitations (that is, the graphene particle–
hole continuum38,39) also contribute.
The complete dynamics of the wavefunction (equation (1)) follows the Schrödinger equation, into which we substitute equation
(3) to yield an integro-differential equation for the initial excited
state amplitude (more details are provided in Supplementary
Section 1),
t

R
C_ i ðt Þ ¼ � dt 0
0

2
P P
0

g i;fM  e�iðωf þωM �ωi Þðt�t Þ Ci ðt 0 Þ
f

M
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Fig. 3 | Controlling bandgap renormalization and reaching USC by altering the Fermi levels. a, The time-dependent initial state population probability
Pki ¼0 ðtÞ for different values of Fermi levels of both the graphene, EFg, and the QW, EFQW. We show the three decay stages. (i) An extremely fast initial
I
I
I
decay
followed by (ii) Rabi oscillations, which are evidence of non-perturbative
phenomena,
and eventually (iii) an exponential decay. b–g, The optical
excitations’ occupation probabilities Pq;ω for EFg = 0.4 eV (b–d) and 0.6 eV (e–g) when EFQW = −20 meV (b,e), −50 meV (c,f) and −80 meV (d,g). In the
I
I
I
weak coupling regime, the optical excitations
should
follow the original band structure (green
curve) because of conservation of energy and momentum.
However, in the USC regime, the optical excitations follow the original band structure but in shifted energies (dashed blue curve). This shift is the bandgap
renormalization (pink triangles), which also matches our direct prediction through the non-perturbative calculation of the energy shift (analogous to a
Lamb shift). The plots are made at t = 400 fs to demonstrate both the emission into the shifted energy levels at sufficiently long times, together with a
remaining occupation along the plasmon dispersion at sufficiently short times. More details about the system’s time evolution, including the initial rapid
decay, are provided in the Supplementary Video.



R R
Rt
C_ ki ðt Þ ¼ � dt 0 dω dqK ðq; ωÞ 1 � f F:D ðωkf ðqÞÞ
0

e�iðω�ωki kf ðqÞÞðt�t Þ C ki ðt 0 Þ
0

ð4Þ

We introduce the zero-temperature Fermi–Dirac distribution
(f F:D) to place the Fermi level as a cutoff for the available final states;
nevertheless,
our qualitative predictions remain correct for room
I
temperature. When comparing equation (4) to a single-mode
cavity QED model, our system can be thought of as an interaction
between a single electron/emitter and a continuum of cavities with
a different energy detuning per cavity q.
Our formalism assumes up to a single optical excitation that
couples to each electron–hole path, similar to the rotating wave
approximation (RWA). We also extend our formalism beyond
the RWA and provide an analytical model to analyse the counterrotating terms, thus converting our model into an extended Rabitype model, yet with a continuum of optical modes. This analysis
shows rigorously that the RWA is a good approximation for the
parameters in our work (Supplementary Section 7 and Supple
mentary Fig. 5). Using macroscopic QED in our WW formalism
inherently captures optical losses (for example, Landau damping)
and we generalize it even further to include plasmon reabsorption
by other valence electrons (Supplementary Section 8). In addition, our formalism may also capture additional external energy
relaxation mechanisms (for example, electron–phonon and electron–electron scattering) that can be included in a phenomenological manner (Supplementary Section 3); these mechanisms add a
decoherence rate that partially dampens the dynamics (Supple
mentary Fig. 4).
Controlling internal semiconductor properties by creating
nonlocal USC. In this section, we use our theory above to show how
large-momentum polaritons such as graphene plasmons can tune

the internal electronic properties of a semiconductor when their
interaction reaches USC. The structure chosen as the chief example in our work is a QW (InAs, for more details see Supplementary
Fig. 1) that contains extended (nonlocal in space) electron wavefunctions, as any solid, but has a small and direct bandgap. The
optical environment supports large-momentum polaritons with
extreme density of states near the bandgap energies.
Using our nonlocal WW formalism, we present the main pheno
mena related to the nonlocal USC in Fig. 3. Figure 3a shows the
unique time dynamics of the initial excited-state occupation probability, Pki ¼0 ðtÞ ¼ jC ki ¼0 ðtÞj2, while in Fig. 3b–g we present the occupation Iprobability of each optical excitation, Pq;ω ðt Þ, long after the
beginning of the emission process. This probability
is calculated as
I

2
Pq;ω ðt Þ ¼ Cq;ω ðt Þ ¼ K c;hh ðq; ωÞ

2
 Rt 0 iðω�ωk k ðqÞÞt0

0 
i f
�i dt e
ð5Þ
C
ð
t
Þ
ki


0
�

1 � f F:D ðωkf ðqÞÞ
R

R

which satisfies Pki ðtÞ þ dω dqPq;ω ðt Þ ¼ 1 at all times t. Plotting
equation (5) in Fig.
I 3b–g alongside equation (4) in Fig. 3a (and the
Supplementary Video) reveals ultra-fast relaxation, the USC regime
and bandgap renormalization during three qualitatively distinct
stages in the excited-state decay:
(1) An ultra-fast optical relaxation of the electron occupation
probability in less than 10 fs. Such a rapid decay is caused by the
coupling into all accessible optical excitation modes ðq; ωÞ before
conservation of energy is enforced. As a result, we find Iin Fig. 3b–g
a non-zero occupation probability along the graphene plasmon dispersion due to the highest density of states. Such a short relaxation
time proves the dominance of nonlocal electron–polariton relaxation over competing processes near the bottom of the conduction
band in semiconductors40.
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R R K c;hh ðq;ωÞ½1�f F:D ðωkf ðqÞÞ
δωki ¼ P dω dq
ω�ωk k ðqÞ�δωk
i f

i

ð6Þ

where P denotes the principal value. Equation (6) gives the real part
I
of the electron
self-energy, expressed through the kernel K c;hh ðq; ωÞ
and integrated over the entire space of optical excitations
I (q; ω).
I
Thus, all momentum-conserving optical excitations are involved
in the bandgap renormalization as in the initial ultra-fast decay.
Nature Physics | www.nature.com/naturephysics
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(2) The initial rapid decay converts to Rabi oscillations with cycle
below 10 fs, which indicates the USC regime, as the ratio between
the Rabi oscillation frequency and the emission frequencies is
~1. These oscillations involve fewer low-loss dominant modes
compared to the many more modes involved in the initial decay.
Nevertheless, the multimode nature of the process cause negligible
counter-rotating contributions (Supplementary Fig. 5) and maintains the Rabi oscillations despite competing decoherence mechanisms and damping by the QW excited electron and other valence
electrons (Supplementary Fig. 6).
(3) As time evolves, the Rabi oscillations fade out, and the optical
occupation increases only for the excitations that conserve energy
and momentum according to the QW’s electronic band structure.
This emission process is expected to occupy the excitations along
the green curve in Figs. 2b and 3b–g. However, most of the occupied
optical excitations are obtained along a shifted curve (dashed blue)
that goes exactly parallel to the green curve, indicating an energy
shift for the initial excited state, that is, a bandgap renormalization.
Accordingly, the bandgap renormalization determines the relaxation dynamics at this stage and for long times. For example, when
g
EQW
¼ �50 meV and EF ¼ 0:6 eV, the decay rate is slow (middle
F
I curve, Fig. 3a) because
blue
of the lack of polaritonic density of
I
states along the renormalized band structure (no crossing in Fig. 3f).
g
However, when changing EF to 0.4 eV (Fig. 3a), a much faster decay
rate is found because the Icoupling to the graphene particle–hole
continuum becomes possible (Fig. 3c).
We note two control knobs that enable tuning of the bandgap renormalization and the dynamics of the system: varying the
g
graphene Fermi level EF (examples of 0.4 and 0.6 eV are shown in
the top and bottom rows
(values
I of Fig. 3b–g) and varying EQW
F
between −20 and −80 meV are shown in the columns ofI Fig. 3b–g,
corresponding to hole concentrations of 0.4 to 1.7 × 1019 cm3). As
I
a result, a plot of Pq;ω ðt Þ reveals tunable bandgap renormalization
of tens of meVs, extremely
large compared to the original bandI
gap (~530 meV). For comparison, we apply our formalism on the
intersubband optical transition (Supplementary Fig. 3), where
the weak coupling does not yield a significant energy shift, and
the occupied optical excitations Pq;ω ðt Þ follow the expected curve.
The nonlocal USC occurs on the
I level of each individual excited
electron in the conduction band. As opposed to all previous examples of vacuum Rabi splitting (or Lamb shift) in solid-state systems,
which depend on a high density of excitations (often modelled as
two-level systems10), the nonlocal USC enable a single electron
to interact with all the valence states. This possibility causes a
significant energy shift in each single electron excitation, without
requiring charge density in the conduction band. Consequently,
we find the new effect of an effective mass renormalization, as
shown in Fig. 4a. Intuitively, non-zero values of the excited-state
in-plane momenta ki break the azimuthal symmetry in the emission
so that the couplingI to polaritons that are emitted in the ki direction will be reduced because of the lack of available valenceI states.
Consequently, the excited energy level shift, δωki , is reduced when
I
the excited state’s momenta ki are increased, leading
to flattening of
the conduction band and an Iincrease in the effective mass.
We extract an explicit formula for the energy shift that converges
to a form similar to the electron–phonon bandgap renormali
zation33:
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Fig. 4 | Tunable non-perturbative phenomena in electron–polariton USC.
a, Tunable mass and optical bandgap renormalization due to electron–
polariton USC when EFg ¼ 0:6 eV. Electrons with higher momentum exhibit
I
smaller energy shifts (grey
double arrows), leading to a change in the
conduction electron effective mass. The dashed curves are calculated
using only the second-order perturbation theory. b, Tunable bandgap
renormalization as a function of EFQW for three different EFg values.
I
I the Markov
When the doping of both the graphene
and the QW is high,
approximation in equation (6) fails; the renormalization can still be
extracted from Pq;ω, as in Fig. 3, which does not use this approximation.
I
c, Shift in the photon
absorption spectrum due to the bandgap and effective
mass renormalization (increase in the minimal energy of absorption).
Insets: the minimal-energy photon absorption (orange) by the most
energetic valence electron (empty states in purple) into the renormalized
conduction band (the original conduction band is shown by dashed
lines). d, The highly tunable expected near-field emission spectra as a
result of a continuous-wave (c.w.) laser excitation when EFg ¼ 0:6 eV, and
I respectively).
EFQW ¼ �20; �50 and � 80 meV (yellow, green and purple,
I to the enhanced optical response, the excited electron would prefer
Due
to emit into the near-field optical excitations, before a quasi-thermal
equilibrium is reached in the conduction band. To couple out the near-field
emission one can consider a metallic tip (solid) or a 20 nm periodic grating
(dashed). Inset: illustration of the suggested experimental scheme.

This explicit formula requires the use of the Markov approximation (Supplementary Section 2), which is found to give an excellent
match with the exact calculation through the optical occupation
probability (equation (5) and Fig. 3b–g). Only at extreme values of
doping (partially transparent curve ending at the top of Fig. 4b) does
the Markov approximation cease to be valid; however, in such cases
one also has to consider additional corrections, such as the second
heavy-hole subband and the light-hole subbands (Supplementary
Fig. 1). Using equation (6), we can directly calculate the bandgap
renormalization δωki ¼0 and the mass renormalization, highlighting
I

Articles
their large degree of tunability (Fig. 4a,b). We stress that equation (6)
uses all perturbation orders, instead of stopping in the second-order
QED (as is the case for the Lamb shift in atomic physics), which
makes a difference when increasing the hole population (dashed
curves in Fig. 4a).

Discussion

To achieve the predicted nonlocal USC phenomena, a structure
must support an extreme polaritonic density of states over a range of
large-momentum polaritonic modes. This scheme enables a single
electron to couple to more optical excitations than in conventional
optical transitions and to decay to more states. Consequently, the
nonlocal USC can be induced in 2D or thin 3D semiconductors
when interfaced with 2D materials or metamaterials that support
large-momentum polaritons (for example, graphene nanoribbons,
hexagonal boron nitride, transition metal dichalcogenides or
hyperbolic structures20,41–44). None of the qualitative predictions
depends on the properties of the specific solid or polaritonic
interaction. Both interband and intersubband transitions are conceptually eligible to lead to the effects. We have focused discussion
on interband emission because this also causes bandgap renormalization. We expect similarly strong or even stronger effects
for bandgap renormalization at higher bands, as they could have
more empty states with which to interact (although faster competitive hot carrier relaxation times45).
Several schemes could be considered for experimental observation of our predictions. The bandgap renormalization can be
observed experimentally with an electrical differential conductance
measurement, dI/dV, in the QW. Nonlocal Rabi oscillations might
be observed with ultra-fast electron pump–probe experiments46. A
fully optical signature can provide direct evidence of bandgap renormalization: Fig. 4c shows a shift in the expected minimal energy of
light absorption, appearing in addition to the Moss–Burstein shift
that occurs in high doping47. In addition, the same c.w. excitation
can result in a steady-state emission spectrum that is both broadband and tunable, as shown in Fig. 4d. Such emission is a hallmark
of the important role of transient time dynamics, because it cannot
be explained by the quasi-thermal equilibrium that is usually reached
in the conduction band when exciting at energies larger than the
bandgap. To observe this emission, it should be coupled out from the
near-field to the far-field, for example with a sharp metallic tip (coupling out of all momenta components, solid curves) or with a periodic grating (coupling out a narrow-momenta range, dashed curves).
The electron–polariton interaction is equivalent to an emitter
that simultaneously interacts with a continuum of cavities, each
having a different in-plane momentum. Each cavity obtains a
different detuning energy and coupling constant and the system
thus develops large decoherence, which dampens the nonlocal Rabi
oscillations (that is, a form of T 2 relaxation). We quantify this effect
I
by finding a correlation window
function that expresses Cki ðt Þ
directly as a function of its earlier times Cki ðt 0 <t Þ, calculatedIanaI
lytically in Supplementary Section 2 and plotted
in Supplementary
Fig. 2. We show that maximal correlation times in our structure are
of the order of 10 fs and are determined mostly by large changes
in detuning energy between different plasmonic modes. Thus,
we find that the plasmonic losses, their valence band absorption
and external losses will not limit the bandgap renormalization until
they reach a below 100 fs timescale. Extending this correlation time
further could reduce the decoherence time in the system, which
could open new applications for such systems in areas of quantum
technologies. A promising avenue is to design the polaritonic dispersion curve to better match the band structure energies, which
can be achieved, for example, with graphene nanoribbons. In such
cases, the counter-rotating terms would cause a unique plasmonic
statistics that could lead to novel nonlinear optics phenomena such
as plasmonic blockade.

NaTuRe PHysICs
All previously known bandgap renormalization mechanisms
differ from the one we present here in that they are based on intraband interactions and are thus electrostatic in nature, or nearly
so. Another renormalization mechanism that is analogous to our
renormalization effect arises from the electron–phonon interaction33 (for example, temperature-dependent bandgap renormalization). Other bandgap shifts can be caused by the environment,
as a result of a potential barrier (as with thin spacers around
QWs) and screening from nearby thin materials (for example,
graphene48,49) or many-body interactions in the material itself
through various examples of electron–electron50,51 and electron–
hole52 interactions. Some of these effects may be induced by
ultra-fast laser pulses53–55, which differ fundamentally from our
vacuum-driven renormalization. Extending our work to such
scenarios that involve many emitters, that is, many conduction
electrons, may open up new effects of collective strong coupling
and would require considering additional physics such as dark
states and their coupling to the polaritons56.
The physics of electron–polariton coupling in solids has exciting directions for future research and applications. On the practical side, the well-developed III–V layered fabrication processes,
for example in FinFET transistors57, may gain new degrees of
freedom and tunability of their purely electronic properties by
integration with nanophotonics and 2D polaritonic materials.
Such transistors are especially exciting as a platform for tunable
USC, with prospects for on-chip quantum technologies and for
using the dominant polaritonic relaxation as a new passive optical
heat dissipation mechanism.
On the fundamental side, our single-particle renormalization
could be generalized to a density matrix approach to capture a
density of excited electrons and thus allow us to explore new
physics in out-of-equilibrium systems, as in refs. 53,58. In addition,
given that polaritons act as a mediator for the longer-range electron–electron interaction in solids, their USC with electrons might
lead to new phenomena of long-range electron–electron scattering. Additionally, an intriguing yet admittedly speculative idea is to
recall the phenomena of non-perturbative electron–phonon interactions, such as superconductivity, and attempt to recreate them
through electron–polariton interactions in realistic nanophotonic
structures that are designed to reach USC. Such phenomena could
be externally induced on a wide range of materials by interfacing
them with an optical environment that supports large-momentum
polaritons. Ultimately, the simulation of phononic USC with polaritons could benefit from the polaritonic optical frequencies being
above thermal excitations at room temperature, providing an avenue for collective quantum phenomena, such as superconductivity,
at higher temperatures.
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Methods

WW model using macroscopic QED. In this section, we use the WW model,
as described in refs. 36,59, to analyse the time-dependent light–matter interaction
in a general case. Here, we include an arbitrary optical environment that can
support multiple cavity modes or even a continuum of modes and a general
quantum emitter that can have extended, spatially nonlocal, electronic
wavefunctions. Specifically, we derive the evolution of a single electron in an
excited state of the quantum emitter, which could decay to many possible final
states while emitting a range of possible optical excitations. This new formalism
assumes the existence of some range of final states that are unoccupied, an
assumption that can be generalized by considering a Fermi–Dirac distribution
at a finite temperature in a solid or an atom. We further assume that only one
electron participates in the interaction—the electron that was initially in the
excited state. In particular, we neglect the transitions of lower-energy electrons
(more accurate at lower temperatures and in higher energy bands, where these
electrons are further below). The system’s wavefunctions are fully described in
equation (1) in the main text.
The Hamiltonian of the system is constructed in three parts: the interaction
Hamiltonian in equation (2), the quantum emitter


P  y^ 
HQE ¼ Ef ^
bf bf þ Ei ^
byi ^
bi
ð7Þ
f

and the optical excitations

HEM ¼

P
M

ℏωayM aM

ð8Þ

The A2 term is not considered in the interaction Hamiltonian, because its value
I
is extremely
small compared to that of the p  A term (Supplementary Section 6);
I such as the RWA, can be added
however, this term, and additional extensions
if our approach is used in other configurations. We stress that the analysis
above can be generalized when adding more than a single initial excited state
by considering higher-dimensional states and coupling constants to each
possible combination.
The time evolution formulae are reached by solving the Schrödinger equation
with Hamiltonian equations (7) and (8) for the state in equation (1). Differentiating
equation (1) with respect to time, we obtain
�

∂t jψ ðt Þi ¼ C_ i � iωi Ci e�iωi t ji; 0i

P P�
þ
C_ f;M � iðωf þ ωM ÞCf;M e�iðωf þωM Þt jf; 1M i
f

M

and by substituting this into the Schrödinger equation, H jψ ðt Þi ¼ iℏ∂t jψ ðt Þi,
I coupled differential
with the Hamiltonian in equations (7), (8) and (2). The two
equations for the amplitudes are then
P P �iðωf þωM �ωi Þt
e
gi;fM Cf;M ðt Þ
C_ i ðt Þ ¼ �i
ð9Þ
f

M

M

¼

0
j
$
$*
hijGkj ðr; x; ωÞpk jf ihf j G lj ðr0; x; ωÞp*l jiie�iωτ
$
�
R
R
R
P
2
2
e
dω dx ωc4 Im ϵ x; ωq drψ *i ðr ÞGkj ðr; x; ωÞ
πϵ0 ℏm02
j
$*
R
pk ψ f ðr Þ dr0ψ *f ðr0Þ G lj ðr0; x; ωÞp*l ψ i ðr0Þe�iωτ ;

where we have used Einstein’s summation convention and the
electronic initial and final wavefunctions ψ i;f ðrÞ. Next, we use
$*
$
two Green’s function identities, G lj ðr0 ; x; ωIÞ ¼ Gjl ðx; r0 ; ωÞ and


h$
i
$
$ I
R
ω2
0
¼ Im Gkl ðr; r0 ; ωÞ (ref. 35), to find
c2 dxIm ϵðx; ωÞ Gðr; x; ωÞ Gðx; r ; ωÞ
kl

I result shown in equation (3). This new result in equation (3) can be used
the
in equation (4) to calculate the time evolution of the described energy state
configurations, but is also valid more generally: our theory works for any optical
environment and any electronic system, using the dyadic Green’s function and
the electronic wavefunctions as the only inputs.

The dyadic Green function for
$ graphene–semiconductor–metal structures.
The dyadic Green’s function, G; has a cardinal role in determining the interaction
between light and matter, as it Icontains the entire optical environment. The Green’s
function is defined as the propagator of a dipolar excitation pðr0 Þ into an electric
I
field EðrÞ:
I
R$
EðrÞ ¼ iωμ0 Gðr; r0 Þpðr0 ÞdV 0
ð12Þ
V

which satisfies the equation
$

$

2

∇ ´ ∇ ´ G � ωc2 εðr; ωÞ G ¼ δðr � r0 ÞI

ð13Þ

Here, ω is the frequency, c is the speed of light, I is the identity matrix, and εðr; ωÞ
is the general electric permittivity tensor (which in this study we chose to beI
isotropic, εI, but can be also anisotropic with the same formalism). In this Article,
I our general formalism by considering an optical excitation from
we exemplify
the semiconductor material layer in an air–graphene–semiconductor–perfect
conductor heterostructure, as plotted in Supplementary Fig. 1a and in Fig. 2a.
Because of the translational symmetry in the system, the dyadic Green’s function
is expressed

by a mode expansion according to the in-plane momentum
q ¼ qx ; qy (refs. 61,62):
I
$
R
ð14Þ
Gðr; r0 ; ωÞ ¼ 8πi 2 dq q2 ð1ik Þ ½Nðq; r; r0 Þ þ Mðq; r; r0 Þ
z

*
Ci ðt Þ
C_ f;M ðt Þ ¼ �i eiðωf þωM �ωi Þt gi;fM

ð10Þ

Finally, we integrate equation (10) over time with initial conditions Cf;M ðt ¼ 0Þ ¼ 0
I for the
and plug it into equation (9) to obtain an integro-differential equation
initial excited-state amplitude, found in the first part of equation (4).
Up to this point, we have derived the WW time evolution integro-differential
equations for an emitter with many final states that may emit into many possible
optical excitations. It is at this point that we benefit from using the macroscopic
QED description of the optical excitations; its advantage arises in calculating the
expression (noting that τ ¼ t � t 0)
I
2
X
X


gi;fM 2 e�iωM τ ¼
hi; 0M j e p  Ajf; 1M i e�iωM τ
ℏ2


m0
M
M
Importantly, the summation over the optical excitations

where G is the classical dyadic Green’s function that expresses the entire optical
environment and includes all possible optical excitations in the structure, and ϵðr0 ; ωÞ
I
is the material’s permittivity
h at the excitation
i location. Using equation (11) and the
commutation relations ^fj ðr; ωÞ; ^fky ðr0 ; ω0 Þ ¼ δjk δðr � r0 Þδðω � ω0 Þ, we find

�

P
I 2 R R P 2
gi;fM 2 e�iωM τ ¼ πϵ0eℏm2 dω dx ωc4 Im ϵ x; ωq

P
M

where Nðq; r; r0 Þ and Mðq; r; r0 Þ are the spectral responses for the transverse
I
I
electric
and transverse
magnetic (TM) polarizations, respectively, and
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
p(TE)
kz ¼ q2 � εω2 =c2 is the wavevector in the ^z direction. In our problem, we
consider
only the response for the TM modes, as they include the large-momenta
I
polaritons, which are dominant in the light–matter interaction compared to the
small-momenta TE graphene plasmon modes63.
In our system, there is no out-of-plane inversion symmetry that can further
reduce our formulae. Thus, we need to consider four separate cases: where the
dipolar excitation is located below the electric field location ( z > z 0), denoted
I , and when the
by ‘+’, or above the electric field location ( z < z 0), denoted by ‘−’
I
dipole is oriented along the in-plane or out-of-plane
directions. Eventually,
the TM spectral response achieves the form
Mðq; r; r0 Þ ¼

can also be

written by integrating and summing over the triplet j; r; ω, soI that a single
excitation creation is described by jxωji ¼ fjy ðx; ωÞj0iI (refs. 35,60), a notation
that we use throughout this paper. For
I example, equation (8) can be written as
P R R
dr dωℏω^fjy ðr; ωÞ^fj ðr; ωÞ. Similarly, the identity operator can be
HEM ¼
j¼x;y;z
R R P
P
I
written
as j1M ih1M j ¼ dω dx jxωjihxωjj, so that
M
j
2
Z
2 Z
X
X

hi; 0M jI e p  Ajf; 1M i e�iωM τ ¼ e
jhi; 0M jp  Ajf; xωjij2 e�iωτ
dω dx


2
m
m
0
0
M
j

To calculate the light–matter coupling constants, we use the macroscopic QED
vector potential expression25:
qﬃﬃﬃﬃﬃR
R pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ$
ð11Þ
Ak ðr Þ ¼ πϵℏ0 dω cω2 dr0 Imϵðr0 ; ωÞGkj ðr; r0 ; ωÞ^fj ðr0 ; ωÞ þ h:c:
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2 4
0
c2 q2 k2z iqðρ�ρ0 Þ k
F ± ðq; z; z 0 Þ^
q^
q þ cω2qε eiqðρ�ρ Þ
ω2 ε e
F ?± ðq; z; z0 Þ^z^z

ð15Þ

where the field and excitation in-plane locations are ρ and ρ0 . In cases where both
z and z 0 are in the semiconductor material, the surrounding materials are seen
k;?
only through the functions F ± ðq; z; z 0 Þ, which include multiple reflections and
I Section 9):
transmissions (Supplementary
k

r e�2kz d �1

Fþ ðz; z 0 Þ ¼ 2 sinhðkz z 0 Þ coshðkz z Þ þ 2 sinhðkz z 0 Þ sinhðkz z Þ rgrgr e�2kz d þ1
r e�2kz d �1

F�k ðz; z 0 Þ ¼ 2 sinhðkz z Þ coshðkz z 0 Þ þ 2 sinhðkz z 0 Þ sinhðkz z Þ rgrgr e�2kz d þ1
r e�2kz d �1

Fþ? ðz; z 0 Þ ¼ �2 coshðkz z 0 Þ sinhðkz z Þ þ 2 coshðkz z 0 Þ coshðkz z Þ rgrgr e�2kz d þ1

ð16Þ
ð17Þ
ð18Þ
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r e�2kz d �1

F�? ðz; z 0 Þ ¼ �2 coshðkz z Þ sinhðkz z 0 Þ þ 2 coshðkz z 0 Þ coshðkz z Þ rgrgr e�2kz d þ1
ε�1�i

ð19Þ

iqσ s

where rgr ¼ εþ1þiϵiqσ0 ωsis the reflection coefficient from the semiconductor
ϵ0 ω

to air viaI the graphene sheet, which is described by a nonlocal surface
conductivity σ s ðω; qÞ and includes plasmonic losses and Landau
19,22,64 I
damping
.iUsing the identity (proven in Supplementary Section 9)
h
$

R

0

Im Gðr; r0 ; ωÞ / dqeiqðρ�ρ Þ ^ϵ^ϵIm½F ðq; z; z 0 Þ for any polarization ^ϵ, we find

I the imaginary part of the dyadic Green’s function in our structure for an
that
in-plane oriented dipole becomes
h$
i
R
2
0
q^qeiqðρ�ρ Þ sinhðkz z 0 Þ
Im Gðr; r0 ; ωÞ ¼ 4π2cω2 ε dqkz ^
h �2kz d i
r e
�1
sinhðkz z ÞIm rgrgr e�2kz d þ1

Acknowledgements
ð20Þ

Equation (20) describes the entire optical environment and can be substituted
into equation (3) with any emitter (local or nonlocal) that is located in the
semiconductor layer.
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