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We theoretically investigate charge transport through electronic bands of a mesoscopic one-dimensional
system, where interband transitions are coupled to a confined cavity mode, initially prepared close to its
vacuum. This coupling leads to light-matter hybridization where the dressed fermionic bands interact via
absorption and emission of dressed cavity photons. Using a self-consistent nonequilibrium Green’s
function method, we compute electronic transmissions and cavity photon spectra and demonstrate how
light-matter coupling can lead to an enhancement of charge conductivity in the steady state. We find that
depending on cavity loss rate, electronic bandwidth, and coupling strength, the dynamics involves either an
individual or a collective response of Bloch states, and we explain how this affects the current
enhancement. We show that the charge conductivity enhancement can reach orders of magnitudes under

experimentally relevant conditions.
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The study of strong light-matter interactions [1-4] is
playing an increasingly crucial role in understanding as well
as engineering new states of matter with relevance to the
fields of quantum optics [5—18], solid state physics [19-31],
as well as quantum chemistry [32-36] and material science
[37-53]. An emerging topic of interest is the modification of
material properties using either external electromagnetic
radiation [54-56] or spatially confined modes such as in
cavity quantum electrodynamics [57-63]. Recent experi-
ments with organic semiconductors have demonstrated a
dramatic enhancement of charge conductivity when mole-
cules interact strongly with a surface plasmon mode [64]. In
principle, this can open up exciting new opportunities both
for basic science and applications of organic electronics [65].
The microscopic mechanisms leading to charge conductivity
enhancement, however, remain today largely unexplained. In
this work, we propose a proof-of-principle model that sheds
light on the physical mechanisms behind current enhance-
ment due to the interaction with a confined bosonic mode. We
show that our model can lead to a dramatic current enhance-
ment by orders of magnitude for certain conditions that can
be relevant to typical experiments across fields.

The setup we consider [see Fig. 1(a)] consists of a
mesoscopic chain of N sites with two orbitals of energy
w; and w, (A = 1) in a 1D geometry, forming two bands in a
tight-binding picture. The edges of the chain are connected to
a source and a drain with a bias voltage across, respectively,
inserting and removing (spinless) electrons in the two
orbitals at rates I'; and I',. The on-site electronic transitions
with energy w,; = w, — w; are resonantly coupled to a
single cavity mode with coupling strength g and loss rate k.
Initially, we only allow electrons in the upper band to hop
with a rate #, = ¢, while no hopping is assumed in the lower
band (#; = 0). Furthermore, we start with a situation of a
large bias voltage, such that the Fermi level of the source (the
drain) is higher (lower) than any other energy scale in the
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system, allowing for injection and extraction in both bands at
arate [y =, =T Our single-mode model is justified as
long as the coupling parameters g, k and the electronic
bandwidth 4¢, are small compared to the energy separation
between the cavity modes, which in the resonant case is
~wy; [66].

In the case g = 0 [Fig. 1(b)] electronic transmission can
only arise due to the bare upper-band Bloch states. We find
that for g # 0 [Fig. 1(c)], the states of the two bands and the
cavity mode hybridize to new states with enhanced trans-
mission properties. Effectively, this results from a restoration
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FIG. 1. (a) Model for 1D charge transport in the presence of a
cavity. (b) In the absence of light-matter coupling, the hopping ¢
allows for transmission in the upper band only. (c) In the presence
of light-matter coupling (coupling strength g, photon loss rate «),
current can effectively flow through the two dressed bands (the
currents J; and J, are defined in the text) providing a new
contribution of width & ¢/« in the transmission spectrum T'().
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of tunneling through the previously blocked lower band.
More precisely, we show that the current enhancement is
determined by the photon spectral weight present within the
electronic bandwidth, which enables hybridization between
the lower and the upper band Bloch states. In contrast to the
usual Tavis-Cummings (TC) model for spins [68], where the
system properties are determined by the ratio g/« only, here,
the nature of the light-matter coupling and that of the current
enhancement also crucially depends on the ratios /4t and
g/4t (4t is the electronic bandwidth). We show that when
K, g < 4t, the hybridized states retain a well-defined quasi-
momemtum, and the current enhancement can be interpreted
as an effective hopping mechanism [sketched in Fig. 1(c)].
When the band dressing becomes collective (e.g. for k > 4t,
or k <K 4t and g > 4t), damped oscillations of the charge
density between the two bands associated with polariton
states play an important role, a process that does not
contribute to intersite charge transport. Finally, we show
that the characteristics mentioned above can be identified in
the cavity photon spectrum and could be directly accessed in
absorption spectroscopy experiments.

The steady-state current J can be computed through the
electronic transmission spectrum T'(w) as

dw

el’
== ZT(CU), (1)

with @ the frequency and e the electron charge. The
dressing of the electronic bands and the cavity mode
requires a self-consistent solution of the problem, which
we obtain using a nonequilibrium Green’s function method
[67,69-78]. For g # 0, we show that T(w) acquires a new
transmission channel [sketched in Fig. 1(c)], which is
responsible for the current enhancement.

We consider the Hamiltonian Hg = H + H;p + Heays
where
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and H., = w,;a’a. Here, a is the bosonic annihilation
operator for the cavity mode, while the fermionic operator
¢, annihilates an electron in the orbital « = 1, 2 on site .
The term H, (2) is diagonalized in k-space as H, =
Sk @aklo i Caks With @y = @y — 2t cos [xk/(N + 1)]
and @, ; = ;. The Hamiltonian H g can be thus partitioned
into a diagonal part Hy = H, + H,, with known eigen-
states, and the light-matter interaction (3) which is treated
perturbatively. In the following, all energies are in units
of w,;, which is set to 1. In the high-bias regime, the
transmission function entering Eq. (1) is derived as
(see Supplemental Material [67])

T(0) = Tr[o'oA,(0) + (" = ¢')o3GZ (0)].  (4)
Here, Tr= ), v, underlined quantities denote N x N
matrices, o is the element-wise Hadamard product, J stands
for imaginary part, and ¢/ is a matrix of Fourier coefficients
[67]. Equations (1) and (4) correspond to a generalization of
the Landauer formula [79] to nonequilibrium mesoscopic
systems [75].

The first contribution of Eq. (4) involves the trace of the
electron spectral function A, (@), proportional to the electron
density of states (DOS) [67]. Similarly, a cavity photon DOS
A.(w) can be introduced, which can be directly accessed
experimentally by measuring the cavity absorption spectrum.
As implied by the spectral function normalization
[ dwAj () =275, . the effect of light-matter inter-
actions on the steady-state current is entirely determined
by the second term in Eq. (4), proportional to the trace of the
“lesser” Green’s function G5 (). The transmission spectrum
and the expectation value of the electron populations 7, ; =

(c! Caj) can be computed in the framework of the self-
consistent Born approximation [67,76].

In the absence of light-matter coupling (g = 0), the
steady-state current flowing through the upper band is

entirely driven by the ratio ¢/T" [67,80]:

r/2

1 +e(r//zt)2' ®)
When ¢ < T, the current vanishes as J ~ 2et?/T", while it
reaches its maximum of eI'/2 when 7> T". In the latter
regime, T(w) consists of N well-resolved peaks of width
o« I" associated with the different Bloch states
[69,70,73,77,81] [see Fig. 1(b)]. In the following, we focus
ont> 1" and g # 0.

In the presence of light-matter coupling, we find that the
electron DOS is redistributed among the two bands, modi-
fying the transmission spectrum. In particular, 7'(w) acquires
apeak of width o ¢?/k, centered around the bare lower band
energy @;. As shown in [67], this scaling can be explained by
an analytical calculation up to second order in the perturba-
tion (3). Note that our method is exact in the perturbative
regime ¢°>/x < T, and k, g < w,,. Nevertheless, we find
qualitatively correct results even for ¢?/k > I' (as seen by
comparisons with master equation simulations). Using our
nonequilibrium Green'’s functions method, we now identify
the microscopic mechanisms giving rise to the modified
charge transmission properties in two distinct regimes.

We denote the case where k,g <4t as “individual
dressing regime.” This situation is depicted in Fig. 2 for
an example with N =30, ' = 2.5 x 107, r = 0.07, and
k =5 x 1073, Figure 2(a) displays the steady-state cavity
photon DOS (for g = 0.03), which we find to be a key
quantity to explore the interplay between charge transport
and strong coupling physics. In this regime, the narrow bare
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FIG. 2. “Individual dressing regime,” with I' =2.5 x 1074,

t =0.07,and k = 5 x 1073 (a) (Log-scale) cavity photon density
of state A, (@) for N = 30. The thin black line corresponds to the
bare cavity mode (g = 0), and the green line to the dressed one
(g=0.03). (b) (Log-scale) transmission function T(w) for
N = 30. The thin black line corresponds to g = 0, while the red
and blue lines correspond, respectively, to the vicinity of the lower
(~w; = —0.5) and the upper band (~w, = 0.5) for g = 0.03. The
Bloch states dispersion is plotted on the left side of (b), and a few
interband transitions are depicted as vertical green arrows. (c) Cur-
rents versus coupling strength g for N = 10 (solid) and N = 30
(dashed). Red, blue, and magenta lines represent the partial currents
Ji, J,, and the total current J (see text).

cavity mode (thin black line) is resonant with only a few
interband transitions (with frequencies w, ; — w;) between
the lower and the upper band Bloch states. We find that when
g 1s larger than the separation between adjacent Bloch states,
two polariton peaks separated by a splitting 2Qg appear
outside the electronic bandwidth, while inside the band-
width, we clearly resolve N — 1 peaks associated with
interband transitions [82].

The transmission spectrum 7'(w) is shown in Fig. 2(b)
for g = 0 (black line) and g = 0.03 (blue and red lines).
The key feature is the appearance of the large peak of width
 ¢*/x centered at the bare flat band energy w; for g # 0.
This peak originates from interband electronic transitions
concurrently with the absorption and emission of cavity
photons with energy @ = w,;. This new transmission
corresponds to the opening of a transport channel with
effective hopping rate  ¢>/x, responsible for the observed
current enhancement. Note that the peaked structure of the
upper-band Bloch states still remains visible in 7'(w) for
g # 0. This indicates that a well-defined quasimomentum
can still be associated with the dressed Bloch states, which
supports the coherent effective hopping picture. The two
polariton peaks from the cavity photon DOS give rise to

only marginal contributions outside the bandwidth 4¢ (note
the logscale).

Figure 2(c) shows the effective currents J; and J, as a
function of g, which are obtained by integrating 7'(w) in the
vicinity of w; and w,, respectively. The effective lower
band current J; results from the new channel appearing
around w; and strongly increases in the considered range of
g. Crucially, in this individual dressing regime, the current
J, is barely affected by the coupling, and we find that the
currents are nearly independent of the chain length N. The
overall current J = J| + J, [83] reaches its maximum el
asymptotically for large g.

The “collective dressing regime” is typically achieved
when k > 4¢. This is depicted in Fig. 3 for an example with
N=30,T=25x%x10"% t=25x1073, and « = 0.05.
Figure 3(a) displays the cavity DOS. Here, for g = 0, the
broad bare cavity mode of width « (thin black line) is resonant
to all interband transitions. The photon DOS in the coupled
case with g = 0.03 is shown as a thick green line. The small
peak centered at @w,; now consists of N — 1 overlapping
peaks (not resolved) with small photon weight. In this
situation, we again observe two polariton peaks outside
the electronic bandwidth, but in contrast to Fig. 2(a), they
concentrate most of the photon spectral weight, which
reduces the individual band dressing. Here, the dynamics
is dominated by collective oscillations of the charge density
at a frequency Qg, as discussed below.
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FIG. 3. “Collective dressing regime.” Same quantities as in

Fig. 2 forT' = 2.5 x 107*, 1 = 2.5 x 1073, and x = 0.05. N and g
are identical to Fig. 2. (a) (Log-scale) cavity photon density of
state A.(@). (b) (Log-scale) transmission function 7(w). The
central region is shown in the inset. (c) Partial and total currents
versus coupling strength g.
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The transmission spectrum 7(w) in the steady-state is
shown in Fig. 3(b) for g = 0 (thin black line, inset) and
g =10.03 (blue and red lines). Again, we observe large
peaks around w,; (red) and @, (blue). In contrast to Fig. 2,
the peaked structure associated with the individual band
dressing disappears, indicating a collective response of the
Bloch states that cannot be associated with a well-defined
quasimomentum (see inset).

In Fig. 3(c), we observe that this collective behavior
leads to an upper band current J, decreasing with g, and
resulting in a maximum in the overall current. This feature
can be intuitively understood, as damped collective oscil-
lations remove populations from the wupper band.
Furthermore, we find that J decreases significantly when
increasing the chain length N, which is another indication
of the presence of collective effects (i.e. the relevant
coupling parameter is Qg and not g [67]). These features
will be further addressed in [84].

Our open system exhibits a larger Hilbert space (4V)
compared to the usual TC model for spins (2V). The latter
can be recovered only by constraining the electron number
to one for each two-level system, providing a splitting
Zg\/ﬁ between the two polaritons [68]. In our two-band
model, a collective vacuum Rabi splitting can be defined as
Q, = gy/Ni =Ny (Ng = }_n,;) [85], which is obtained
from the steady-state population imbalance between the
two bands. Importantly, since sites with both orbitals
occupied (or empty) are not effectively coupled to light,
we always find Q, < gv/N, which implies that the TC
model cannot be used to determine, e.g., the number of
molecules based on measured Qg in experiments. In
general, Q, ~ Qg is an indication of the presence of
collective effects associated with joint charge oscillations
between the two bands. This is the case in Fig. 3; however,
we expect that this dynamics can also be recovered in the
regime where x < 4t and g > 4t, i.e. when g is large
enough to couple all the Bloch states together (see [67]).

Having identified the current enhancement mechanisms,
we now consider a scenario more reminiscent of typical
experiments. Different overlaps between the electronic states
of the leads and the systems’ orbitals generally lead to a
situation where I'; # I';. Now, we further assume a small
finite hopping between the lower orbitals leading to an

additional Hamiltonian term —#; Y51 (c] ., ¢y ; + H.c),
with#; << I';. We choose t, > t; as spatially extended upper
orbitals generally exhibit larger overlaps than valence orbi-
tals. In an asymmetric situation, where one has a poor
injection and extraction rate in the upper band with large
hopping, and vice versa for the lower band, photon dressing
of the two bands then allows for dramatic current enhance-
ment. Now, the total current has two contributions even for
g = 0, and still considering t, > I'5, Eq. (5) is extended to
J = (eI'y/2)[(2t,/T})* +T,/T;]. While previously the sec-
ondtermwasI,/T"; = 1,nowI,/I"; < 1,and for g # 0, the

10
2
J " J
- — 10
Jo Jo
10
Wr .
100o 0.005 0.01 105 0.005 0.01
(a)  Coupling strength g (b)  Coupling strength g

FIG. 4. Current enhancement J/J, (J, is the current for g = 0)
versus g. (a) Individual dressing regime with r = 0.07,I"; = 0.01,
and k=5x10"3. (b) Collective dressing regime with
t=25x%x1073, r, = 1073, and x = 0.05. The full black and
dotted orange lines correspond to Ny, = 0, 0.5, respectively.
Other parameters are N = 30, I', = 107>, and #;, = 5 x 107>,

current restored in the lower band becomes the dominant
contribution. Ultimately, when #; < I'|, the relative current
enhancement is only limited by the ratioI'; /T, [67]. We note
that the limit I, — 0 is equivalent to the low-bias regime
(when the Fermi level at zero-voltage lies in the lower band),
where electrons can only be injected and extracted in the
lower band.

In a plausible scenario, electrons will also be injected into
defect states which in turn can spontaneously decay and
provide residual population in the photon bath. This residual
population has a considerable effect, as e.g. for ', — 0, itis
needed to initiate the effective hopping process through the
dressed bands. In Fig. 4, we show the current enhancement
for mean photon population in the bath Ny, =0, 0.5 and
I, «<T'. Panels (a) and (b) display the individual and
collective dressing regimes, respectively. Both panels dem-
onstrate order-of-magnitude enhancements even for
Ny < 1, ie. a cavity mode close to the vacuum. In both
cases, increasing the photon population boosts the current
significantly further. In [67], we show that the latter origi-
nates from a bosonic enhancement scaling as g, /N .

In this work, we introduced a proof-of-principle mecha-
nism to enhance charge conductivity in a mesoscopic chain
by coupling it to the vacuum field of a cavity. Our model
might find applications in several fields, such as organic
semiconductors [64], nanowires [86], carbon nanotubes [87],
or quantum dot arrays [88,89]. In particular, pairs of quantum
dots have recently been coupled to microwave cavities [29—
31]. Possible extensions of our model include coupling to
multiple transmission channels in different geometries, as
well as the competition between light-matter coupling and
Anderson localization in random lattices. Note that we expect
our findings to qualitatively hold in the case of a direct
generalization of our model to higher dimensions. The
method used in this article provides new perspectives for
the investigation of many-body systems strongly coupled to
cavity resonances or other bosonic degrees of freedom.
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