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repulsion, which can be incorporated into our formalism by
adding a Hubbard term to the Hamiltonian as it is commonly
done in the Anderson model.34 Such a term prevents the two
quantum emitters from simultaneously lying in excited states and
may therefore introduce additional useful tunable nonlinear
behavior of relevance for plexciton-based quantum information
devices.
Conclusions. In summary, we have presented a new approach

based on the Zubarev’s Green functions method for the study of
the optical properties of plasmonic systems interacting with
quantum emitters (e.g., molecules or quantum dots). The
formalism describes the quantum internal evolution of such
fermionic-bosonic hybrid systems beyond the perturbative re-
gime. Its power is here demonstrated with two illustrative
examples: (1) a system consisting of a quantum emitter placed
close to a metallic nanoparticle and (2) a quantum emitter placed
in the gap of a nanoparticle dimer. Using realistic parameters, we
show that the optical absorption spectrum of the dimer-quan-
tum-emitter system can exhibit Fano resonances resulting from
the interaction between the quantum emitter and the gap
plasmon, in agreement with previous work.16,17 Our approach
can be straightforwardly generalized to include more compli-
cated interactions. The formalism is likely to become a powerful
tool for the description of plasmon�excition interactions in
plasmonic transistors, modulators, and quantum information
devices.
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Figure 1: Comparison of the optical absorption spectrum of the dimer-quantum-emitter system
obtained with classical EM theory (dashed line), and the model developed using the Zubarev’s
Green function method [see Eq. (19) of the main paper] (solid line). We take the emitter excitation
energy εc = 3.35 eV, while the rest of the model parameters are given in Figure 1(b) of the main
paper.
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Derivation of the optical absorption spectrum in terms of Zubarev’s

Green functions

Within the approximation of linear response, the optical absorption cross section is given by

Fermi’s Golden rule according to

σ(ω) ∝ ∑
f

∣∣〈 f ;n−1|H ′ |i;n〉
∣∣2 δ (ε f − h̄ω), (1)

where |i〉 represents the initial ground state of the system under consideration; | f 〉 is the corre-

sponding final state, separated from the former by an energy difference ε f ; n is the number of

external photons with frequency ω; and H ′ is the hamiltonian that couples the system to the

external photon field, which is given by the expression

H ′
∝ Aa++A+a. (2)

Here, a and A (a+ and A+) are annihilation (creation) operators for the external photons and the ex-

citations of the system, respectively, and therefore, A connects the initial and final states, governing

the optical absorption properties.

Using the hamiltonian of Eq. (2) and the identity

δ (x) =
1
π

Im
{

1
x− i0+

}
, (3)

we can recast Eq. (1) into

σ(ω) ∝ Im

{
∑

f

〈i;n|H ′ | f ;n−1〉〈 f ;n−1|H ′ |i;n〉
ε f − h̄ω− i0+

}
. (4)

Then, taking into account the action of the photon annihilation operator (a |n〉 =
√

n |n−1〉) and
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the orthogonality of the photonic states (〈n| |n′〉= δn,n′), we obtain

σ(ω) ∝ Im

{
∑

f

〈i|A | f 〉〈 f |A+ |i〉
ε f − h̄ω− i0+

}
. (5)

At this point, we assume that A+ connects the initial ground state with a set of final states that

present a common energy ε f . This is a good approximation for the systems considered in this

paper, in which the external photons couple through excitation of either a single particle plasmon

or two degenerate plasmons in a dimer. Therefore, we can extract the denominator of Eq. (5) from

the sum over final states, and using the closure relation for final states ∑ f | f 〉〈 f |= I (within the ε f

reachable-energy shell), the optical absorption spectrum reduces to

σ(ω) ∝ Im
{
〈i|AA+ |i〉

ε f − h̄ω− i0+

}
, (6)

where 〈i|AA+ |i〉 is the expectation value of AA+ in the initial ground state.

We now consider the definition of the retarded Zubarev Green function for the operators that

annihilate and create a system excitation [see Eq. (1) of the main paper]:

〈〈A;A+〉〉ω+i0+ = − i
h̄

∫
∞

0
dtei(ω+i0+)t [〈A(t)A+(0)

〉
−η

〈
A+(0)A(t)

〉]
, (7)

where we have switched to the Heisemberg picture, and therefore, the free evolution of the operator

A is given by the Heisemberg equation of motion,1 which for fixed excitation energy ε f leads to

A(t) = A(0)e−iε f t/h̄. (8)

This is consistent with the noted assumption of a single final-state energy ε f . Eq. (8) allows us to

solve the integral of Eq. (7). We find

〈〈A;A+〉〉ω+i0+ =− 〈A(0)A
+(0)〉

ε f − h̄ω− i0+
, (9)
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where we have taken into account that the second term of Eq. (7) vanishes when the system is in

the ground state. Finally, noticing that 〈i|AA+ |i〉 and 〈A(0)A+(0)〉 are both the same magnitude in

the Schrödinger and the Heinsemberg picture, respectively, we can substitute Eq. (9) into Eq. (6)

to obtain the desired expression [see Eq. (2) of the main paper].

Derivation of the equation of motion for the retarded Zubarev’s

Green functions

The retarded Zubarev’s Green function in the time domain can be obtained from the Fourier

transform of Eq. (1) of the main paper, as

〈〈A(t);B(0)〉〉=− i
h̄

θ(t)
〈
[A(t),B(0)]

η

〉
. (10)

Differentiating with respect to the time, we find

i
d
dt
〈〈A(t);B(0)〉〉= 1

h̄
dθ(t)

dt

〈
[A(t),B(0)]

η

〉
+ 〈〈idA(t)

dt
;B(0)〉〉, (11)

which can be simplified using the Heisenberg equation of motion1 to yield

ih̄
d
dt
〈〈A(t);B(0)〉〉= δ (t)

〈
[A(t),B(0)]

η

〉
+ 〈〈[A(t),H ];B(0)〉〉. (12)

Here, H is the hamiltonian of the system. Finally, taking the Fourier transform of Eq. (12), we

readily obtain the desired equation of motion for for the retarded Zubarev’s Green functions [see

Eq. (3) of the main paper].
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