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We demonstrate how virtual scattering of laser photons inside a cavity via two-photon processes
can induce controllable long-range electron interactions in two-dimensional materials. We show
that laser light that is red(blue)-detuned from the cavity yields attractive(repulsive) interactions,
whose strength is proportional to the laser intensity. Furthermore, we find that the interactions
are not screened effectively except at very low frequencies. For realistic cavity parameters, laser-
induced heating of the electrons by inelastic photon scattering is suppressed and coherent electron
interactions dominate. When the interactions are attractive, they cause an instability in the Cooper
channel at a temperature proportional to the square root of the driving intensity. Our results provide
a novel route for engineering electron interactions in a wide range of two-dimensional materials
including AB-stacked bilayer graphene and the conducting interface between LaAlO3 and SrTiO3.

Introduction. Engineering material properties on de-
mand is widely considered as one of the central goals
of modern condensed matter physics [1]. This can be
achieved by static means, for instance by exfoliating ma-
terials into single atomic layers and combining them into
van der Waals crystals [2] or by subjecting them to exter-
nal stimuli such as pressure [3], strain [4, 5], or external
static fields. More recently, the dynamical manipulation
of material properties by optical fields has gained a lot
of attention [6, 7]. Strong laser pulses have been em-
ployed to induce metal-insulator transitions [8, 9], syn-
thetic magnetic fields [10] and to melt striped phases [11–
13] or charge density waves [14, 15]. Strong excitation
of specific phonon modes can even give rise to transient
superconducting-like phases [16–18].

The coupling to shaped quantum vacua of cavities has
been used to change molecular properties [19–23], reduce
quasiparticle lifetimes in 2D electron gases [24] or drasti-
cally enhance the critical temperature of superconductors
[25]. A growing number of theoretical works investigates
this situation [26–32], where the competition between
strong cavity and electron interactions has the poten-
tial to manifest in fascinating new physics. For example,
in [31] some of us showed how the substantial subwave-
length confinement of the cavity field in nanoplasmonic
terahertz cavities [33–35] can give rise to strong, cavity-
mediated electron interactions. A significant drawback
of this proposal is the lack of external dynamical experi-
mental controllability of the properties of the interaction
potential.

In this Letter, we combine adjustable external laser
driving with the terahertz cavity’s shaped vacuum fluc-
tuations to overcome this limitation and create a novel
type of controllable long-range electron interactions in
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FIG. 1. (a) The setup: a 2D material (indicated by the
square lattice) on a substrate (yellow) is coupled to a com-
plementary split-ring cavity (gray) [36], whose electric field is
represented by the blue arrows with thickness proportional to
the field strength. The coupled system is driven by a laser
field (schematically shown by the red shading) with wavevec-
tor qL ‖ z-axis and frequency ωL detuned from the cavity
frequency ωc. (b) The mechanism of inducing interactions
between two electrons (green spheres). Laser(cavity) pho-
tons are represented by red(blue) wavy arrows and the green
balls are electrons. The red(blue) shading symbolizes the
laser(cavity) field.

2D materials. Importantly, these interactions are ma-
nipulated by the parameters of the driving laser: their
strength is proportional to the laser intensity Id and in-
versely proportional to the detuning δc = ωc − ωL (ωc
is the cavity frequency and ωL is the driving frequency),
which allows us to tune them to be attractive or repulsive
by changing δc. Intuitively they can be thought of as the
result of inelastic scattering processes in which the inter-
mediate state is dressed by the cavity. Strong coherent
driving is essential to ensure that the two-photon diamag-
netic scattering from which the interactions arise domi-
nates over other (one-photon paramagnetic) processes,
while the strong coupling to the cavity field is needed
to enhance these interactions but not laser-induced heat-
ing processes. Another advantage of interactions arising
from two-photon diamagnetic processes is that the they
can be induced in a wide range of materials. Here we con-
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sider 2D electron gas as a prototypical system. We use
sets of parameters consistent with semiconductor quan-
tum wells, gated bilayer graphene (BLG) [37] and the
interface between lanthanum aluminate and strontium ti-
tanate (LAO/STO) [38] in the normal phase. The latter
two are tunable 2D electron gases that can be adjusted
arbitrarily close to a spontaneous superconducting insta-
bility and exhibit correlated electron phenomena, poten-
tially making the physics even richer. Using these exam-
ples, we show that the interactions are long-ranged and
not effectively screened by the electrons. In the attrac-
tive regime, we find that they give rise to an instability
in the Cooper channel at experimentally observable tem-
peratures.

Setup. We consider the setup shown in Fig. 1(a). A
2D electron system lies in the xy-plane inside a substrate
material with relative permittivity εr. It is coupled to
the evanescent field of a complementary split-ring cav-
ity which sits on top of the substrate material, as e.g. in
Ref. [36]. This type of cavity is well described by a single-
mode light field and has been reported to exhibit very
strong vacuum fluctuations [39] due to its small cavity
mode volume, Vc = Λλ3, where λ is the wavelength of the
light mode in the substrate material and Λ is the mode
volume compression factor. Values of Λ = 2.5/8×10−5 or
even smaller have been reached in experiments as well as
simulations [36, 40]. It has also been demonstrated that
the cavity is highly reflective only for a narrow bandwidth
of frequencies of light near its resonance, ωc, and fairly
transparent otherwise. We note that due to the small
sizes of available bilayer graphene samples, LAO/STO
may be more straightforwardly integrated into a cavity
that extends several hundred microns in size. Further-
more, because LAO/STO structures are insulating at fre-
quencies above the plasma frequency, dissipation may be
managed better in these systems than in the graphene
structures.

For simplicity, we thus model the cavity as supporting
a single mode and perfectly transparent to all frequencies
away from ωc. The cavity field is described by a vector
potential Ac(r) = 2ey

√
~/Vcε0εrωc cos(q0x)

(
b+ b†

)
,

where ey is the unit vector in y-direction, q0 = ωc
√
εr/c

with c the speed of light in vacuum, ε0 the vacuum
permittivity and b the bosonic annihilation operator
for the cavity photon. The cavity-matter system is
driven by a strong laser that we describe by an os-
cillating classical field with vector potential Ad(t) ∝
ey
√
Id sin(|qL|z − ωLt), where qL is the laser photon

wavevector and t is the time. The laser frequency ωL =
ωc−δc lies outside of the cavity reflectivity window, such
that the driving field interacts directly with the electronic
system.

The coupled cavity-electron Hamiltonian in the
Coulomb gauge reads (see SM for the derivation),

H =
∑
j

(pj + eAtot(rj , t))
2

2m
+ Vbg(rj) +HCoul +Hcav

(1)

with Atot(rj , t) = Ac(rj) + Ad(rj , t). Here pj and rj
are the momentum and position operators of electron j
with bare mass m, Vbg is the static potential due to the
positive background, HCoul is the Coulomb interaction
between the electrons and Hcav = ~ωcb†b is the unper-
turbed cavity Hamiltonian. We assume that the single-
electron physics arising from the first part of the Hamilto-
nian [Eq. (1)] is described by a single band. The first term
in Eq. (1) also yields one-photon paramagnetic (p · A)
and two-photon diamagnetic (A2) interactions between
the transverse light fields and the electrons. In Eq. (1) we
have neglected the explicit description of environmental
EM field modes, though we have checked that for the pa-
rameters we consider their main influence—inelastic scat-
tering of laser photons into the environment—does not
heat the electrons significantly. This is because the engi-
neered interactions scale as 1/(Λδc) [see Eq. (4)] whereas
the inelastic scattering rate scales as 1/ωL � 1/(Λδc)
(see SM) and thus affects the electron dynamics only very
weakly.
Rotating-frame transformation. Within the single

electronic band, the one-photon processes which nor-
mally dominate the optical response of materials are far
off-resonant. However, the two-photon diamagnetic in-
teractions include near-resonant processes [schematically
shown in Fig. 1(b)] in which laser photons are scattered
into the cavity. When the driving is strong [41], these
processes become the principal coupling mechanism of
the electrons to the cavity field fluctuations and domi-
nate the dynamics. This becomes clear when we move
into a frame co-rotating with the laser frequency ωL us-
ing the unitary transformation U(t) = exp

(
−iωLtb†b

)
,

see Fig. 2(a). This transformation does not affect the
electronic Hamiltonian but changes ωc in Hcav to δc
(|δc| � ωc) and removes the explicit time dependence of
the near-resonant two-photon diamagnetic interactions.
In this frame, all the one-photon interaction terms oscil-
late rapidly at ωL, thus their effect on the electrons is
proportional to ∼ 1/ωL.

In contrast, the effect of two-photon diamagnetic in-
teractions (apart from an irrelevant energy shift) is pro-
portional to ∼ 1/δc � 1/ωL. In this rotating frame, the
near-resonant part of the two-photon diamagnetic inter-
actions is given by

Hlight-matter =
∑

q=±q0ex

g0√
S
%q(b+ b†) , (2)

where S is the cavity area in the xy-plane and %q =∑
k,σ c

†
k+q,σck,σ is the electron area density in k-space.

ck,σ annihilates an electron with quasi-momentum k
and spin σ. The interaction vertex reads g0 =
α
√
Id~3ω2

cS/(2πm2Λω2
Lc

2), where α is the fine-structure
constant.
Cavity-mediated interactions. The light-matter cou-

pling given by Eq. (2) yields effective electron interactions
through the process depicted in Fig. 1(b): a laser photon
scatters virtually off an electron into the cavity, where it
gets rescattered by a second electron back into the laser
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beam. The fact that the two-photon diamagnetic interac-
tions couple to the electron density [see Eq. (2)] allows us
to apply some of the intuition from other boson-exchange
interactions [42]. In particular, it means the exchange of
virtual cavity photons (with effective frequencies δc in
the rotating frame) mediate density-density interactions
between the electrons. The interactions will be attrac-
tive(repulsive) when δc > 0(< 0), i.e. the driving laser is
red(blue)-detuned from the cavity.

We obtain an effective electron interaction Hamilto-
nian for these processes by applying a Schrieffer-Wolff
transformation (here and henceforth, we take only mo-
mentum conserving terms into account),

Hint =
1

S
∑

q,k1,σ1,
k2,σ2

V
(0)
k1,k2,q

c†k1+q,σ1
ck1,σ1

c†k2−q,σ2
ck2,σ2

,

(3)

where V
(0)
k1,k2,q

≈ − g20
~δc δ±q,q0ex

≡ V (0)(q). The expres-
sion for the bare interaction potential,

V (0)(q)

S
=

α2~2

2πc2m2

ω2
c

ω2
L

Id
Λδc

δ±q,q0ex
, (4)

confirms our intuition that its strength is proportional to
the driving intensity and can be tuned to be attractive
or repulsive by the detuning. We note that this poten-
tial only depends on the momentum transferred between
the two electrons and does not depend on the electron
dispersion. Moreover, V (0)(q) is very localized in mo-
mentum space because the photon momenta are much
smaller than electronic ones. Hence, this electron in-
teraction is long-ranged in real space. In the following
section, we will investigate how it is screened by the two-
dimensional electron gas.

Screening. Within the random phase approximation
(RPA), the screened interaction potential in imaginary
time formalism reads [49],

V RPA(q̃) =

∣∣gRPA(q̃)
∣∣2D(0)(q̃)

1− |g0|2 χRPA(q̃)D(0)(q̃)
, (5)

where D(0)(q̃) is the bare cavity photon Green’s func-
tion in the rotating frame of the driving laser. We
have used the four-vector notation with q̃ ≡ {q, iqn}
at momentum q and the bosonic Matsubara frequency,
iqn = 2πnkBT/~, n ∈ Z. kB is the Boltzmann constant
and T is the temperature. χRPA is the screened polariz-
ability of the two-dimensional electron gas, and gRPA is
the screened vertex of Eq. (2). We obtain χRPA and gRPA

for a parabolic band with an effective mass m∗ using re-
sults calculated in [43] and we present their expressions
in the SM. Since q0 � kf , we are in the long-wavelength
limit where only electrons near the Fermi surface con-
tribute to screening. Thus, the results in [43] are valid
in this limit for other single band dispersions [50]. The
retarded interaction is obtained from Eq. (5) (a function
in imaginary frequency) by analytic continuation to real

(b)(a)

FIG. 2. (a) Relevant energy levels for the two-photon diamag-
netic interactions involving the driving (red) and cavity (blue)
fields in the lab frame (top) and in a rotating frame (bottom).
The electron dispersion is plotted in black. εF is the Fermi
level. (b) The real part of the screened cavity-mediated in-
teraction potential V RPA

ret /S is shown in red. The bare inter-
action potential (blue dashed line) is shown for comparison.
The plasmon resonance ωpl(q0) is indicated by the grey verti-
cal dashed line. The small irregularity below ωpl comes from
the discontinuity of the 2D electron polarizability given in
Ref. [43]. The cavity parameters used are ωc = 2π×0.3 THz,
δc = 0.1ωc, quality factor Q = 500 and Λ = 2.5/8 × 10−5.
We set S ≈ 2.1 × 10−5λ2, where the proportionality con-
stant is obtained from Ref. [36]. The driving intensity is
Id = 3MWcm−2. We use an electron density ne = 1012cm−2

and m∗ = 2m consistent with various 2D materials such at
(gated) LAO/STO and monolayer TMDs [44–46]. The plas-
mon damping rate is set to 10% of plasmon frequency [47].
We consider a SrTiO3 substrate with a large εr ∼ 104 at low
temperatures [48].

frequencies [51]: V RPA
ret (ω) = V RPA(±q0ex, iqn → ω+iη),

where η is a positive infinitesimal.

We show an example of the real part of the screened re-
tarded interaction potential as a function of frequency in
Fig. 2(b). Here we also included finite Drude-like electron
[52, 53] and cavity damping rates (see SM for details).
Evidently, contributions to the interaction at small fre-
quencies are strongly screened. The precise choice of the
damping rates alters only the size of the dips at ω = ωpl

and δc but not the interaction potential in the broad re-
gion of frequency in between, thus it has little effect on
the physics. In the present case where δc > 0 the attrac-
tive cavity-mediated interaction softens the plasmons and
the cavity frequency is weakly blue-shifted. This effect
only becomes appreciable at very large laser intensities,
and cannot be seen in Fig. 2(b). Crucially, however, in
the frequency range between the plasmon resonance and
the detuning δc, the interaction remains attractive (re-
pulsive for δc < 0) and is hardly affected by screening.
We can understand this behaviour by looking at the ex-
pression for the screened interaction in more detail.

Since we are in the long-wavelength limit, we have
χRPA ∝ q20 . Physically this means that the electrons
are too slow to screen the fast oscillating electromag-
netic fields and hence the cavity-mediated interactions
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can only be screened weakly. Corrections to the bare
interaction become appreciable when ω approaches the
plasmon resonance of the system. In a two-dimensional
electron gas, the plasmon dispersion is given by ω2

pl(q0) =

e2kfvfq0/(4π~εrε0) [54], where vf is the Fermi velocity.
This yields plasmon frequencies in the range ωpl/2π ∼
4 GHz [for the parameters of Fig. 2(b)]. Hence, it is only
relevant at temperatures below T ' 30mK, as we will
see in Fig. 3. At higher temperatures, the Matsubara
frequencies will not cover this low-frequency region and
the cavity-mediated interactions cannot be screened ef-
fectively by the electron gas. They remain long-ranged
interactions that can be imposed externally on the two-
dimensional electronic system.

Cooper channel instability. To gauge the strength of
the cavity-mediated interactions that could be achieved
experimentally, we consider the case of attractive interac-
tions and study the Cooper instability they induce. This
pairing instability occurs when a pair of electrons with
opposite momenta and frequencies attract and repeat-
edly scatter off one another to cause a divergence of the
pair scattering vertex Γ(k̃; p̃), where k̃ (p̃) is the incom-

ing (outgoing) electron four-momentum [49, 55]. Γ(k̃; p̃)
is obtained by solving a Dyson equation [41, 49]. As the
photon momentum is very small compared to electronic
momenta, we approximate the exact interaction by a δ-
function potential in k-space, V RPA(q̃) ∝ δ(q), which
simplifies the internal summations in the pair scattering
ladder diagrams. We then numerically compute the tem-
perature, Tc, at which the pair scattering vertex diverges
using the Dyson equation with the screened interaction
potential within RPA for different choices of driving and
cavity parameters (see SM for more details).
Tc depends on the driving intensity, the cavity fre-

quency and the detuning. In the following, we vary the
detuning to obtain the highest critical temperature for
fixed intensities. The results are shown in Fig. 3, where
the highest Tc, T

max
c (filled markers), and the correspond-

ing detuning δopc (empty markers) are plotted against the
intensity for four sets of electron and substrate param-
eters. We found that provided that ωc � δc and δc is
well above the plasmon resonance Tc depends only very
weakly on ωc once we fix δc: a smaller ωc raises Tc very
slightly. We remark that the necessary intensities to in-
duce Tc ∼ 1 K are experimentally achievable with pulsed
THz light sources [9, 60–64]. The green dashed line rep-
resents a function ∝

√
Id and it fits the Tmax

c and the δopc
points very well at high driving intensities,

Tmax
c /K ≈ δopc ps/rad ≈ 10−4.5

√
Id/(Λ MWcm−2). (6)

The numerical constants depend only on fundamental
constants. The deviations of our numerical results in
Fig. 3 from Eq. (6) at smaller intensities are caused by
the screening due to plasmons which reduces Tmaxc . Con-
sequently, the onset of this deviation is determined by
the plasmon frequency and hence the substrate dielectric
constant, the 2D electron density and the Fermi velocity.

Nph0.1250.10.0750.050.025

FIG. 3. Maximum Tc’s (w.r.t. driving and cavity parame-
ters) for the Cooper channel instability for a range of driving
intensities are plotted as filled markers. The optimal detun-
ings, δopc , are plotted as empty markers. We calculate these
values for four sets of electron parameters. All of them follow
the dashed green line representing Eq. (6) at large enough
driving intensities. The colour map shows the cavity pho-
ton number Nph for different Id with the optimal driving and
cavity parameters at Tmax

c using electron and substrate pa-
rameters appropriate for gated LAO/STO [same as those used
in Fig. 2(b)]. We used ne = 3× 1011, 5× 1010cm−2, εr = 10,
13 for dual-gated BLG and GaAs based quantum well (QW)
respectively [56–58]; m∗ = 0.07m for GaAs QW [58]. AB-
stacked BLG dispersion is calculated as in Ref. [59] with a
gate-induced band gap of 50meV. We used ωc = 10 δopc .

Fig. 3 shows that in order to achieve the high-
est critical temperature at a given driving intensity,
one must also choose an appropriate detuning (and
hence cavity and driving frequencies). We understand
this by applying an approximation to the Dyson equa-
tion to estimate the Cooper instability temperature.
The approximation amounts to retaining only the two
fermionic Matsubara frequencies of the lowest magni-
tude in the Dyson equation [49]. This allows us to
extract the critical temperature analytically, kBTc ≈
−2π−2V RPA(q0ex, 2iπkBTc/~)/S. Above the plasmon
resonance, the interaction is effectively unscreened so for
a perfect cavity V RPA ∝ Idδc/((2πkBTc/~)2 + δ2c ) [41].
For all values of Tc, this is maximised when we choose
δopc = 2πkBTc/~. We substitute the two relations above
back into the approximate equation for the critical tem-
perature to obtain Tmax

c ∝
√
Id consistent with Fig. 3

and Eq. (6). We note that a finite cavity decay rate re-
duces δopc only slightly.

We furthermore verified that the cavity photon popula-
tion Nph remains low at Tc (see colorbar in Fig. 3) when
we use the optimal cavity and driving parameters [41].
This justifies neglecting two-photon diamagnetic interac-
tions involving only the cavity modes (A2

c terms). The
decrease of Nph with higher driving intensity is due to the
blue-shift of the cavity resonance (see the above discus-
sion on screening) resulting in a lower thermal cavity pop-
ulation. Finally, we note that keeping δc well above the
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cavity linewidth and the plasmon frequency suppresses
the effect of cavity-induced heating or cooling [65].

Conclusions. We showed that the combination of ex-
ternal driving and strong coupling to a cavity induces
controllable long-range electron interactions in single-
band 2D materials. Provided that the driving is detuned
from the cavity further than the plasmon frequencies at
the relevant wavevectors, the interactions cannot be ef-
fectively screened. The interactions are generated by
two-photon diamagnetic processes. Therefore, they are
largely independent of the electron band dispersion and
can be induced on top of existing interactions. These in-
duced interactions could be used to control or enhance ex-
isting instabilities or give rise to different quantum states

through competition with other short-range interactions
[66–69]. To date, engineered long-range cavity-mediated
interactions have mainly been studied in the context of
ultracold atoms [66, 70–80]. Our proposal potentially
opens the possibility to explore a vast range of novel
physics related to unscreened controllable long-range in-
teractions in condensed matter setups.
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S. De Liberato, C. Ciuti, C. Reichl, D. Schuh,
W. Wegscheider, M. Beck, and J. Faist, Science 335,
1323 (2012).

[34] S. Smolka, W. Wuester, F. Haupt, S. Faelt, W. Wegschei-
der, and A. Imamoglu, Science 346, 332 (2014).

[35] Q. Zhang, M. Lou, X. Li, J. L. Reno, W. Pan, J. D.
Watson, M. J. Manfra, and J. Kono, Nat. Phys. 12,
1005 (2016).

[36] C. Maissen, G. Scalari, F. Valmorra, M. Beck, J. Faist,
S. Cibella, R. Leoni, C. Reichl, C. Charpentier, and
W. Wegscheider, Phys. Rev. B 90, 205309 (2014).

[37] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,
E. Kaxiras, and P. Jarillo-Herrero, Nature 556, 43
(2018).

[38] A. D. Caviglia, S. Gariglio, N. Reyren, D. Jac-
card, T. Schneider, M. Gabay, S. Thiel, G. Hammerl,
J. Mannhart, and J.-M. Triscone, Nature 456, 624
(2008).

[39] J. Keller, G. Scalari, S. Cibella, C. Maissen, F. Ap-
pugliese, E. Giovine, R. Leoni, M. Beck, and J. Faist,
Nano. Lett. 17, 7410 (2017).

[40] N. Kim, S. In, D. Lee, J. Rhie, J. Jeong, D.-S. Kim, and
N. Park, ACS Photonics 5, 278 (2018).

[41] See Supplemental Material for derivation of full sys-
tem Hamiltonian, discussions of the different interaction
terms along with the required driving intensity for the
diamagnetic interactions to dominate the dynamics, RPA
screening calculations, the Dyson equation for the pair
scattering vertex and how to calculate the cavity photon
population.

[42] J. P. Carbotte, Rev. Mod. Phys. 62, 1027 (1990).
[43] F. Stern, Phys. Rev. Lett. 18, 546 (1967).
[44] A. McCollam, S. Wenderich, M. K. Kruize, V. K.

Guduru, H. J. A. Molegraaf, M. Huijben, G. Koster,
D. H. A. Blank, G. Rijnders, A. Brinkman,
H. Hilgenkamp, U. Zeitler, and J. C. Maan, APL
Materials 2, 022102 (2014).

[45] S. Thiel, G. Hammerl, A. Schmehl, C. W. Schneider, and
J. Mannhart, Science 313, 1942 (2006).

[46] F. A. Rasmussen and K. S. Thygesen, J. Phys. Chem. C
119, 13169 (2015).

[47] P. A. Gusikhin, V. M. Murav’ev, and I. V. Kukushkin,
JETP Lett. 100, 648 (2015).

[48] T. Sakudo and H. Unoki, Phys. Rev. Lett. 26, 851 (1971).
[49] H. Bruus and K. Flensberg, Many-body quantum theory

in condensed matter physics - an introduction (Oxford
University Press, United States, 2004).

[50] E. H. Hwang and S. Das Sarma, Phys. Rev. B 75, 205418
(2007).

[51] G. Mahan, Many-Particle Physics, Physics of Solids and
Liquids (Springer US, 2000).

[52] M. Fox, Optical properties of solids, Vol. Oxford master
series in condensed matter physics (Oxford University
Press, 2001).

[53] C. Kittel, Quantum theory of solids (John Wiley & Sons,
New York, 1987).

[54] T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys.
54, 437 (1982).

[55] A. A. Abrikosov, Methods of quantum field theory in sta-
tistical physics (Dover Publications, New York, 1975).

[56] Z. Yan, Z. Peng, Z. Sun, J. Yao, Y. Zhu, Z. Liu, P. M.
Ajayan, and J. M. Tour, ACS Nano 5, 8187 (2011),
pMID: 21888396.

[57] Robertson, J., Eur. Phys. J. Appl. Phys. 28, 265 (2004).
[58] Q. Zhang, M. Lou, X. Li, J. L. Reno, W. Pan, J. D.

Watson, M. J. Manfra, and J. Kono, Nature Physics 12,
1005 (2016).

[59] E. McCann, D. S. L. Abergel, and V. I. Fal’ko, Eur.
Phys. J. Spec. Top. 148, 91 (2007).

[60] H. A. Hafez, X. Chai, A. Ibrahim, S. Mondal,
D. Férachou, X. Ropagnol, and T. Ozaki, J. Opt. 18,
093004 (2016).

[61] K.-L. Yeh, M. C. Hoffmann, J. Hebling, and K. A. Nel-
son, Appl. Phys. Lett. 90, 171121 (2007).

[62] M. C. Hoffmann, J. Hebling, H. Y. Hwang, K.-L. Yeh,
and K. A. Nelson, J. Opt. Soc. Am. B 26, A29 (2009).

[63] C. Vicario, C. Ruchert, F. Ardana-Lamas, P. M. Derlet,
B. Tudu, J. Luning, and C. P. Hauri, Nat. Photonics 7,
720 (2013).

[64] T. Kubacka, J. A. Johnson, M. C. Hoffmann, C. Vicario,
S. de Jong, P. Beaud, S. Grübel, S.-W. Huang, L. Huber,
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