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1. Introduction

Plasmonic resonances are the intrinsic modes of metallic 
systems, and these collective excitations have found wide-
spread applications in sensing [1–5], photonics [6–12], the 
lightning rod effect [10] and the realization of the perfect 
lens [11, 12]. Recently, with the development of sophisti-
cated and controllable fabrication techniques for metallic 
nanoparticles, the quantum nature of electrons has become 
more obvious and the classical description of local electro-
dynamics has become inadequate [13–24]. Quantum effects, 
such as the nonlocal response [13–20] and electron spill-out 
[21–24], must be taken into account. The most popular ab 
initio numerical approach to studying the plasmonic quantum 

effect is time-dependent density functional theory (TD-DFT) 
[25–30]. In addition, the hydrodynamics method has also 
been employed to study quantum plasmonics [31–41]. While 
TD-DFT is very useful within the quasi-static framework, 
the method becomes very computationally demanding if it is 
coupled with the full Maxwell equations  to include electro-
magnetic (EM) wave characteristics such as retardation [42, 
43]. It is also difficult to extract the physics from fully ab 
initio numerical simulations, as the sheer volume of informa-
tion produced can be overwhelming. In order to understand 
the underlying physics, semi-empirical approaches such as 
the Feibelman d-parameters [44] have been introduced to 
model the electron spill-out effect for a single flat interface, 
and the predicted quantum corrections to surface plasmons 
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have been verified experimentally [45–50]. The d-parameter 
framework has subsequently been extended to more compli-
cated shapes through the boundary element method (BEM) 
[51]. However, the method of Feibelman d-parameters is still 
formulated within the quasi-static approximation, meaning 
that no retardation is incorporated. From an optics and pho-
tonics point of view, the Hamiltonian (eigenvalue) approach 
is used less frequently than scattering formalisms, for the 
reason that many optics problems are formulated with open 
boundary conditions. But the eigenvalue approach has proved 
indispensable in situations where periodic boundary condi-
tions are imposed [52, 53], and it is also useful in describing 
novel properties that are defined using eigenfunctions (such 
as topological invariants) [54]. Up to now, essentially all clas-
sical Hamiltonian approaches assume that the system must 
have well-defined macroscopic permittivity and permeability 
[53]. How to include the quantum effects of electron gases in 
the Hamiltonian is still an open question.

Plasmon-polariton excitations, as bound states outside 
the light cone in a phase space, can be fully described 
using an eigenvalue formulation. In this article, we attempt 
to establish the eigenvalue approach based on the self-
consistent hydrodynamics model (SC-HDM) to investigate 
the quantum correction of plasmonic modes. We find that 
a global operator must exist in the eigenvalue approach 
in order to make it Hermitian (in the limit of no dissipa-
tion). The existence of this global operator means that the 
response of the system is nonlocal, which is consistent with 
our physical understanding that classical local electrody-
namics is an approximation that will break down when 
quantum effects kick in. By employing first-order per-
turbation theory, we give the analytical form of quantum 
corrections to the plasmonic modes. As an example, we 
apply our method to study the surface plasmon polaritons 
(SPPs) of a single flat surface and find that our method 
agrees with that of the Feibelman d-parameters in the 
intermediate region of wavenumber space. The paper is 
organized as follows. In section 2, we formulate an eigen-
value approach based on SC-HDM. The related issues on 
the global operator and the inner product are discussed in 
section 2.2 and section 2.3, respectively. The quantum cor-
rections to a general plasmonic mode and the dispersion 
of quantum SPPs are given in section 3. Conclusions are 
drawn in section 4.

2. Methods

To formulate the eigenvalue approach, we employ SC-HDM 
because it treats electrons and photons on the same footing 
[55–60]. However, SC-HDM uses the electron density and 
not the electronic wavefunction as the basic variable, it is 
not as accurate as local density functionals. Yet previous 
studies have shown that SC-HDM gives reasonable results 
compared with ab initio calculations [55–60] but at a much 
lower computational cost. In the following, we will show the 
procedure for establishing the eigenvalue approach based on 
SC-HDM.

2.1. Eigenvalue approach

The first step of SC-HDM involves determining the electronic 
ground state density that minimizes a density functional 
G[n] subject to constraints (chemical potential and electron 
number). This step requires the numerical calculation of 
the equilibrium electron density n0 and the effective single 
electron potential Veff  [60]. Once the ground state density 
is obtained, the excited state calculations can be performed 
numerically by coupling the linearized equations  of motion 
for the electron gas with Maxwell equations as [60]

∇× (∇× E)−
(ω

c

)2
E − iωµ0J = 0, (1)

∇ · J − iωρ = 0, (2)

en0

me
∇
(δG
δn

)
1
+

e2n0

me
E − (−iω + γ)J = 0, (3)

where ω is the angular frequency, c = 1/
√
ε0µ0  is the speed of 

light in vacuum, me (−e) is the mass (charge) of an electron, 
E is the microscopic electric field, J  is the induced current, ρ 
is the induced charge density, and γ is the loss parameter. The 
first term in (3) involves the variational derivative of G[n] with 
respect to the density, which is a space-dependent chemical 
potential. Therefore, this term gives the nonlocal and spill-out 
effect of the electron gas, an important effect at the nano-scale 
that is absent in the classical electromagnetic approaches. In 
principle, the density functional G[n] has many contributions, 
including kinetic energy, exchange-correlation, and Coulomb 
interactions. The exchange-correlation part is explicitly 
quantum in nature. All other terms depend on the density, 
which itself is determined variationally by minimizing G[n] 
with respect to certain constraints. We can view those phys-
ical effects that originate from G[n] as quantum in nature. 
Nevertheless, some of the terms can be derived through a 
semi-classical approach. We will discuss the explicit forms of 
G[n] later. Using (2), we see that the currents J  can be used to 
replace n1 as the variable in (3), so we introduce an operator 
K̂G defined as

c2

−iω
K̂GJ =

en0

me
∇
(δG
δn

)
1
, n1 = − 1

iωe
∇ · J. (4)

We assume that the dispersion of electrons near the Fermi 
energy is parabolic, namely

EF =
�2k2

F

2me
=

1
2

mev2
F =

�2

2me
(3π2nion)

2/3, (5)

where vF, kF, and nion are the Fermi velocity, the Fermi wave 
vector and the ion density, respectively. The ion density is 
defined via a dimensionless quantity rs as

nion =
3

4π(rsaH)
3 , (6)

where aH = 0.529 Å is the Bohr radius. Furthermore, the 
corre sponding Thomas-Fermi screening wave vector and 
plasma frequency are both defined through the ion density as 
[61]
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q2
TF =

3ω2
p

v2
F

, ω2
p =

e2nion

meε0
. (7)

With (4)–(7), equation (3) could be written as

iω−1c2K̂GJ + ε0ω
2
p f 2

0 E − (−iω + γ)J − iω2
0ω

−1J = 0, (8)

where f0 =
√

n0/nion  is a dimensionless quantity. Note that 
we have added the term −iω2

0ω
−1J  which stands for interband 

resonances [52].
It can be shown that (1) and (8) could be rewritten as

Ax + νBx + ν2Cx = 0, (9)

where x = (Ẽ, J̃)T, ν = ω/c, and

Ẽ =
√
ε0 E, J̃ =

1
ωpf0

√
ε0

J, (10)

A =

(
∇×∇× 0

0
(

K̂G − ω2
0

c2

)
f0

)
, (11)

B =

(
0 − iωpf0

c

− iωpf 2
0

c
iγf0

c

)
, C =

(
−1 0
0 f0

)
. (12)

To transform (9) into a Hermitian eigenvalue problem, we 
introduce an auxiliary vector y = ν−1Dx. Then (9) becomes

(
−C−1B −C−1AD−1

D 0

)(
x
y

)
= ν

(
x
y

)
. (13)

In the absence of losses (γ = 0), the matrix on the left-
hand side of (13) would be a Hermitian matrix, so that

D†D = −C−1A =

(
∇×∇× 0

0 f−1
0

(
ω2

0
c2 − K̂G

)
f0

)
. (14)

Note that in (14) we have assumed the existence of the 
inverse of D. If we define the operator ÔJ as

Ô∗
J ÔJ ≡ f−1

0

(ω2
0

c2 − K̂G

)
f0, (15)

then the matrix D could be written as

D =

(−i∇× 0
0 ÔJ

)
. (16)

With the help of D, equation (13) gives the operator H for 
a photonic system

H =




0 − iωpf0
c i∇× 0

iωpf0
c − iγ

c 0 Ô∗
J

−i∇× 0 0 0
0 ÔJ 0 0


 . (17)

If we set γ = 0, then H† = H, as it must be if there is no 
dissipation. Meanwhile the auxiliary quantity y is evaluated as

y =
c
ω

(−i∇× 0
0 ÔJ

)(
Ẽ
J̃

)
=

( √
µ0 H

−ic
ωp

√
ε0

ÔJ( f−1
0 P)

)
. (18)

It is easy to see that the above procedure automatically 
introduces magnetic fields H into the formulations. Let us 

further define H̃ =
√
µ0 H1 and P̃ = ω0

ωpf0
√
ε0

P . Then y is 
simplified as

y =

(
H̃

−ic(ÔJω
−1
0 P̃)

)
. (19)

We can now introduce the four-component vector: 

z =
(

Ẽ, J̃, H̃,−ic(ÔJω
−1
0 P̃)

)
T. The eigenvalue formulation 

is then

Hz =
ω

c
z. (20)

We have now completely derived the eigenvalue approach 
for a photonic system expressed in terms of microscopic elec-
tron densities rather than macroscopic permittivity. In the pho-
tonic crystal literature, H in equation (20) is often called the 
Hamiltonian because it can be transformed to the wavevector 
space and hence forms a Hilbert space. In the following, we 
discuss the operator ÔJ and the related definition of the inner 
product within the current framework.

2.2. Energy functional and nonlocal operator

In the previous section, we showed that the eigenvalue 
approach for photonic systems based on microscopic electron 
densities could be formulated using the operator ÔJ, which 
comes from the internal energy G[n] of the electron gas. The 
explicit form of G[n] should be specified in order to obtain an 
expression for ÔJ. Throughout this paper, we use the form of 
G[n] used commonly in the literature [56, 60]. K̂G can then be 
obtained as

K̂G =
v2

F

c2

[
∇− 2g

]{De1

3
− C2

4

[
∇2 − 2g · ∇

]}
(∇·), (21)

where g ≡ ∇f0/f0, and the coefficients are

De1 = f 4/3
0 +

3
2

C2∇ · g − 1
2

C1f 2/3
0 + 3C0f 4/3

0 − C3f 2
0 , (22)

C0 =
2
9

0.035X1

(0.6024 + X1f 2/3
0 )

2
q2

TF

n2/3
ion

, (23)

C1 =
8
9
(0.0588 +

0.035

0.6024 + X1f 2/3
0

)
q2

TF

n2/3
ion

, (24)

C2 =
λω

k2
F

X1 = 7.8aHn1/3
ion , (25)

C3 =
2
9

0.035X2
1

(0.6024 + X1f 2/3
0 )3

q2
TF

n2/3
ion

. (26)

λω comes from the kinetic energy of the inhomoge-
neous electron gas, and λ−1

ω me describes effective masses. 
It is worth mentioning that there are different choices of the 
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exchange-correlation energy functional in G[n], but they all 
give essentially the same result [60].

In (15), the first term represents the interband resonance and 
the second term the quantum correction. The exact form of ÔJ 
under the energy functional operator K̂G is not easy to obtain 
because it involves fractional derivative operators [62]. The 
leading differential order in (21) is the first-order derivative, 
and hence there must exist d1/2 terms in ÔJ. Mathematically, 
the fractional derivative of h(x) to order p is often defined by 
means of Fourier or Mellin integral transforms [62]. d ph(x) at 
a point x0 is a local property only when p is an integer, but if 
p is not an integer, then d ph(x) at x0 not only depends on the 
values of h(x) near x0, but also relates to h(x) in the whole 
domain. This indicates that ÔJ must be a global operator, illus-
trating that the response of the electron gas is nonlocal, which 
is consistent with our physical understanding as shown in (3).

However, if we assume that the second term in (15) is 
much smaller than the first term, then the operator ÔJ could be 
approximately written as

ÔJ ≈
iω0

c

[
I − c2

2ω2
0

f−1
0 K̂Gf0

]
. (27)

Using (27), the fourth component of z can be explicitly 
written as

−ic
ωp

√
ε0

ÔJ( f−1
0 P) = P̃ −

√
ε0ωpf0
2eω0

∇
(δG
δn

)
1
. (28)

In classical approximations, G[n]  =  0 (K̂G = 0). Then (28) 
recovers the results in the literature [52, 63]. Therefore in 
addition to the classical Hamiltonian for a dispersive medium, 
we should include the modulations of energy functional G[n] 
under EM waves in the formulation.

2.3. Inner product

For a completeness method, we define the inner product as

〈zm|zn〉 =
∫

dr

{
1
2
µ0H∗

m · Hn +
1
2
ε0E∗

m · En

+
1

2ω2
pε0

[ 1
f 2
0

J∗
m · Jn + c2(Ô∗

J f−1
0 P∗

m) · (ÔJf−1
0 Pn)

]}
,

 (29)

where the factor of 1/2 is the normalized factor that makes the 
product the total energy of a certain state [52, 53]. Using (28), 
the inner product (29) could be explicitly written as

〈zm|zn〉 =
∫

dr

{
1
2
µ0H∗

m · Hn +
1
2
ε0E∗

m · En

+
1

2ω2
p f 2

0 ε0
J∗

m · Jn +
ω2

0

2ω2
p f 2

0 ε0
P∗

m · Pn

− 1
4e

[
P∗

m · ∇
(δG
δn

)
n,1

+ Pn · ∇
(δG
δn

)∗

m,1

]}
.

 

(30)

The bracket in the integral is the energy density of a par-
ticular photonic state (for m  =  n) with the internal energy of 
the electron gas taken into account. Let Wn denote the bracket. 
Then the orthogonal condition (29) used within this method is

〈zm|zn〉 = δmn

(∫
dr Wn

)
.

 (31)
Note once again that our method is an eigenvalue approach, 

while others are based on the scattering approach [57]. 
Computationally, the incident EM wave must be specified for 
the scattering approach, and the focus is on the scattering of 
the incident wave by the plasmonic object. Our method solves 
an eigenvalue problem, similar to band dispersion calcul-
ations, and the output consists of the eigenmodes (e.g. sur-
face plasmons) supported by the system. Thus the eigenvalue 
approach shown in this section is quite different from the scat-
tering approach although the partial differential equations are 
the same.

3. Results and discussions

We have established the eigenvalue approach based on 
SD-HDM. In this section, we give an explicit expression 
for quantum corrections to certain plasmonic modes using 
first-order perturbation theory, and discuss the dispersion of 
quantum SPPs for a single flat interface.

3.1. Quantum correction of plasmonic modes

To study the quantum correction of particular plasmonic 
modes, we can treat the terms involving quantum correc-
tions and loss in (17) as the perturbation potential, namely 
H = H0 + H1 in which

H0 =




0 − iωpfion

c i∇× 0
iωpfion

c 0 0 − iω0
c

−i∇× 0 0 0
0 iω0

c 0 0


 , (32)

H1 =




0 − iωp( f0−fion)
c 0 0

iωp( f0−fion)
c − iγ

c 0 ic
2ω0

f−1
0 K̂Gf0

0 0 0 0
0 − ic

2ω0
f−1
0 K̂Gf0 0 0




,

 (33)

where fion =
√

nj/nion , and nj describes the ion density 
in the jellium model [60]. Mathematically, fion = 1M(r) 
is the indicator function and M stands for the union of 
all metallic domains. Suppose the eigenmodes of H0 are 
H0z(0)

m = c−1ω
(0)
m z(0)

m  (m is the plasmonic mode index). Then 
perturbation theory gives the first-order corrections to the 
plasmon resonance frequency ω(0)

m  as

c−1ω(1)
m =

〈z(0)
m |H1|z(0)

m 〉
〈z(0)

m |z(0)
m 〉

 (34)
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=
1∫

dr W(0)
m

∫
dr

1
2

{
− iγ

c
J̃
∗
m · J̃m +

iωp( f0 − fion)

c

(
J̃
∗
m · Ẽm − Ẽ

∗
m · J̃m

)

+
ic

2ω0

[
J̃
∗
mf−1

0 K̂Gf0P̃m − P̃
∗
mf−1

0 K̂Gf0J̃m

]}
,

 

(35)

where W(0)
m  denotes the classical energy density of the pho-

tonic state, i.e. setting G[n]  =  0 in (30). For simplicity, we 
have omitted the superscript (0) in the fields (E, H, P, J) and 
will use this notation in the following. Before proceeding, 
let us discuss the conditions under which the perturbation 
approximation holds. The condition |H1| � |H0| indicates 
that the variations in ground state densities and the surface-to-
volume ratio of the nanoparticles should be small.

In (35) there are three terms: the first one is due to loss, and 
the other two terms are quantum corrections. The first term is 
a purely imaginary number, which could be evaluated as

ω(1)
m =

1∫
dr W(0)

m

−iγ
2ω2

pε0

∫
dr

1
fion

∣∣∣Jm

∣∣∣
2
. (36)

This is consistent with classical EM results in [52]. In order to 
relate the other two terms to the Feibelman d-parameters (d⊥ 
and d‖) defined in quasi-static approximations which are used 
to explain quantum corrections to plasmonic modes [44], we 
introduce the quantum correction factor F  as follows:

F = 4Ω0Ω1, Ω0 =
ω
(0)
m

ωp
, Ω1 =

ω
(1)
m

ωp
. (37)

Within the quasi-static limit, BEM gives the quantum cor-
rection factor as F = d⊥Λ⊥ + d‖Λ‖ and

d⊥ =

∫
xρ1dx∫
ρ1dx

Λ⊥ =
(Λ(0))2 − 1

2ε0

〈σ(0)|σ(0)〉
〈φ(0)|σ(0)〉

, (38)

d‖ =

∫
( f 2

0 − f 2
ion)dx Λ‖ = 2ε0

〈∇‖φ
(0)|∇‖φ

(0)〉
〈φ(0)|σ(0)〉

, (39)

Ω2
0 =

1
2
(1 + Λ(0)), (40)

where σ(0) and φ(0) are the surface charge density and the 
electrostatic potential in the classical model [51]. Within the 
quasi-static framework, the quantum correction factor F  can 
be factorized into the shape factor Λ⊥,‖ and the electron spill-
out factor d⊥,‖. However, while the d-parameters are well 
defined for a single flat interface, they are not applicable to 
the description of nanoparticles with complex geometries, 
especially those with sharp corners.

Next, we give the explicit form of the quantum correction 
factor within our method. Using the properties in the classical 
model

Jm = iω−1ω2
pε0fionEm, Pm = −

ε0ω
2
p fion

ω2 Em, (41)

we could explicitly obtain

F =
4ε0∫

dr W(0)
m

∫
dr

{
( f0 − fion)

∣∣∣Em

∣∣∣
2

− 3c2/v2
F

4Ω2
0q2

TF

1
ω0f0

[
E∗

m · K̂G(ω0f0Em) + ω0E∗
m · K̂G( f0Em)

]}
.

 (42)
The first term in the integral depends on the electrostatic 

surface dipole and electric field intensities, while the second 
term originates from the nonlocal operators, indicating that 
the second term depends more on details of the mode than the 
first one. To obtain physical insights into this correction, we 
keep the leading derivative term in K̂G, namely

K̂G ≈ −2v2
FDe1

3c2 g(∇·). (43)

Then (42) becomes

F =
4ε0∫

dr W(0)
m

∫
dr

{
( f0 − fion)

∣∣∣Em

∣∣∣
2
+

De1

Ω2
0q2

TF
(E∗

m · g)
[
∇ · Em + g · Em

]}
,

 (44)
where we set ω0 = 0 because of our focus on plasmonic 
systems. Firstly, according to our method, the contributions 
from the electron spill-out effect and shape effects to the 
quantum corrections are mixed. Moreover, the first term in 
the bracket does not have any feature length explicitly, but the 
second term carries the Thomas-Fermi screening length scale 
�TF ≡ q−1

TF . For example, the typical value of �TF is 0.675 Å 
for sodium. Secondly, the major contribution to the integra-
tion comes from the surface region of the metallic particles, 
because ( f0 − fion) is only nonzero near the surface region, 
De1 is zero in the bulky vacuum domain, and g is zero in the 
bulky metal domain.

To seek a clearer understanding, we use the following 
relations:

ε0∇ · Em = ρ
(0)
P,m + σ

(0)
P,mδS(r), (45)

(
g · Em

)
(s) =

(
g · Em,‖

)
(s)− Λ(0)g⊥(s)

2ε0
σ
(0)
P,m, s ∈ ∂M,

 (46)

where g⊥ = g · n̂, g = |g|ĝ, and ρ(0)
P,m  and σ(0)

P,m are bulk and 
surface charge densities, and ‖/⊥ stands for tangential/normal 
directions of the surface ∂M. Then we could simplify the 
quantum correction factor F  in (44) as

F =
4ε0∫

dr W(0)
m




∫
dr

[
( f0 − fion)

∣∣∣Em

∣∣∣
2
]
+ �2

c,m
∫

dr

[
De1|g|2

∣∣∣ĝ · Em

∣∣∣
2
]

+
�2

c,m
ε0

∫
∂M dA(s)

[
De1|g|

(
ĝ · E∗

m,‖

)
σ
(0)
P,m

]
(s)

−Λ(0)�2
c,m

2ε2
0

∫
∂M dA(s)

[
De1g⊥

∣∣∣σ(0)
P,m

∣∣∣
2
]
(s)




,

 (47)

where the feature length �2
c,m = �2

TFΩ
−2
0  is determined from 

classical results and material properties.
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There are four terms in (47). The first two are volume int-
egrals in all of the space, but the contributions mainly come 
from the surface region of the metallic particles. Meanwhile, 
the last two terms are integrals on the metal surface. Therefore 
the quantum correction factor F  is nonnegligible only for par-
ticles with a large surface-to-volume ratio.

3.2. Dispersion of quantum SPPs

In this section, we aim to apply our method to a single plas-
monic interface as shown in figure 1(a). To see the coefficients 
in (47), we plot De1|g|2�2

TF , De1|g|�TF  and De1g⊥�TF of this 
single interface case in figure 1(b). It is clear that all of the 
coefficients are nonzero near the surface as expected.

The next task is to explicitly write down the classical 
results of SPPs for the system in figure  1(a). The magnetic 
fields are given as

H1 = ẑH0 exp (iqy + α1x − iωt) q2 − α2
1 = k2

0εr, (48)

H2 = ẑH0 exp (iqy − α2x − iωt) q2 − α2
2 = k2

0, (49)

where k0 = ω/c, q is the parallel wavenumber, and α1,2 > 0. 
The related electric fields are

E1 =
i

ωε0εr

[
x̂iq − ŷα1

]
H0 exp (iqy + α1x − iωt), (50)

E2 =
i

ωε0

[
x̂iq + ŷα2

]
H0 exp (iqy − α2x − i0ωt). (51)

The boundary condition of E‖ gives the dispersion relation of 
SPPs as

Ω2
0 =

1
2
+ η2 −

√
1
4
+ η4, (52)

where the dimensionless quantities ξ = q/k0 and 
η = ξΩ0 = qc/ωp are introduced to simplify the expressions.

The quantum correction factor F  in (47) for the single 
interface case can now be given term by term. The first term 
in (47) is

F1 =
4ε0∫

dr W(0)
m

∫
dr

[
( f0 − fion)

∣∣∣Em

∣∣∣
2
]

 (53)

Figure 1. (a) Schematic diagram of a single metallic interface formed at x  =  0 nm by metal (x  <  0 nm) and vacuum (x  >  0 nm). (b) The 
values of De1|g|2�2

TF , De1|g|�TF  and De1g⊥�TF as a function of x near the surface region for a single interface shown in (a). The metal used 
here is sodium with rs  =  4 and λω = 0.12.

Figure 2. (a) Dispersion relations of SPPs calculated using our model (solid red line), d-parameters (solid blue line), and the classical 
model (solid green line). The light cone is plotted with the solid dark gray line. The shaded area is the electron–hole pair region, which 
means that loss is prominent. (b) An enlarged view of the dispersion shown in (a) in the small wavenumber limit.
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=
8α2

Θ(ξ−1)

(
2 − ξ−2

)[
Ω2

0(2 − ξ−2)I1− + I1+

]
, (54)

with the following notations:

Θ(ζ) = −ζ3 + 4ζ2 − 6ζ + 4, (55)

I1− =

∫ 0

−∞
dx ( f0 − fion) exp (2α1x), (56)

I1+ =

∫ +∞

0
dx ( f0 − fion) exp (−2α2x). (57)

The second term in (47) is

F2 =
4ε0∫

dr W(0)
m

�2
c,m

∫
dr

[
De1|g|2

∣∣∣ĝ · Em

∣∣∣
2
]

 (58)

=
8α2

Θ(ξ−1)
�2

TF

(
2 − ξ−2

)[
(1 − ξ−2)I2− + (1 − ξ−2)−1I2+

]
,

 (59)
where

I2− =

∫ 0

−∞
dx De1|g|2 exp (2α1x), (60)

I2+ =

∫ +∞

0
dx De1|g|2 exp (−2α2x). (61)

The third term of the quantum correction factor F  in (47) 
for the single interface case is zero due to the fact that g is 
perpend icular to the surface. However, for particles have cor-
ners, g must have a parallel component to the surface, so this 
part of the quantum correction factor can become prominent. 
The fourth term of the quantum correction factor F  in (47) for 
the single interface case is

F4 =
4ε0∫

dr W(0)
m

−Λ(0)�2
c,m

2ε2
0

∫

∂M
dA(s)

[
De1g⊥

∣∣∣σ(0)
P,m

∣∣∣
2
]
(s)

 (62)

=
4α2

Θ(ξ−1)
(−�2

TF)
(1 − 2ξ2)2

ξ4(1 − ξ2)

(
De1g⊥

)∣∣∣
x=0

. (63)

The full numerical results of the SPP dispersion with 
quantum correction factor F  are shown by the solid red line 
in figure 2(a). For comparison, we also plot the SPP dispersion 
of the classical model and the d-parameter method using green 
and blue lines, respectively [44, 51, 60, 64]. A magnified ver-
sion of the SPP dispersion in the small wavenumber limit is 
shown in figure 2(b). We see that the d-parameter approach 
works reasonably well in the intermediate region of q space.

Before ending this section, let us discuss the asymptotic 
behaviors of F . Firstly, in the limit of a small q, namely 
ξ → 1+, F1,2,4 ≈ 0 because α2 → 0, as shown by the red 
and green lines in figure 2(b). Secondly, in the large q limit, 
namely ξ � 1,

F1 ≈ 4q
[
2Ω2

0I1− + I1+

]
, (64)

F2 ≈ 4q�2
TF

[
I2− + I2+

]
, (65)

F4 ≈ 4q�2
TFξ

−2
(

De1g⊥
)∣∣∣

x=0
. (66)

It is not difficult to see that F4 � F1,2, and if we are only 
concerned with the behavior near the plasmon resonance 
(≈ ωp/

√
2), then the quantum correction factor could be fur-

ther simplified as

F = 4q
[
I1 + �2

TFI2

]
, (67)

where I1 = I1,− + I1,+ and I2 = I2,− + I2,+. These two 
integrals are infinite series in q, and the leading order in q 
is a constant, indicating that F  in (67) is linear in q. This is 
numerically shown by the red and blue lines in figure 2(b).

4. Conclusions

We formulated an eigenvalue approach for plasmonic reso-
nances using the SC-HDM. We showed that the Hamiltonian 
carries a global operator, indicating that the response of 
quantum plasmonic resonances is highly nonlocal at the nano-
scale. We derived the analytical forms of quantum corrections 
to a general plasmonic mode. The calculated dispersions of 
quantum SPPs for a single interface show that the Feibelman 
d-parameter method agrees quite well with our results up to 
q/kF < 0.05.

Acknowledgments

We thank Professor Hai Zhang for helpful discussions. This 
work is supported by the Research Grants Council of Hong 
Kong (grant No. AoE/P-02/12).

ORCID iDs

Kun Ding  https://orcid.org/0000-0002-0185-2227

References

	 [1]	 Anker J N, Hall W P, Lyandres O, Shah N C, Zhao J and Van 
Duyne R P 2008 Nat. Mater. 7 442–53

	 [2]	 Li M, Cushing S K and Wu N 2014 Analyst 140 386–406
	 [3]	 Wong C L and Olivo M 2014 Plasmonics 9 809–24
	 [4]	 Liang F, Guo Y, Hou S and Quan Q 2017 Sci. Adv. 3 e1602991
	 [5]	 Zhang S, Bao K, Halas N J, Xu H and Nordlander P 2011 

Nano Lett. 11 1657–63
	 [6]	 Nicoletti O, de la Pena F, Leary R K, Holland D J, Ducati C 

and Midgley P A 2013 Nature 502 80–4
	 [7]	 Schuller J A, Barnard E S, Cai W, Jun Y C, White J S and 

Brongersma M L 2010 Nat. Mater. 9 193–204
	 [8]	 Ebbesen T W, Lezec H J, Ghaemi H F, Thio T and Wolff P A 

1998 Nature 391 667–9
	 [9]	 Lezec H J, Dionne J A and Atwater H A 2007 Science 316 430
	[10]	 Liao P F and Wokaun A 1982 J. Chem. Phys. 76 751–2
	[11]	 Pendry J B 2000 Phys. Rev. Lett. 85 3966
	[12]	 Fang N, Lee H, Sun C and Zhang X 2005 Science 308 534

J. Phys.: Condens. Matter 30 (2018) 084007

https://orcid.org/0000-0002-0185-2227
https://orcid.org/0000-0002-0185-2227
https://doi.org/10.1038/nmat2162
https://doi.org/10.1038/nmat2162
https://doi.org/10.1038/nmat2162
https://doi.org/10.1039/C4AN01079E
https://doi.org/10.1039/C4AN01079E
https://doi.org/10.1039/C4AN01079E
https://doi.org/10.1007/s11468-013-9662-3
https://doi.org/10.1007/s11468-013-9662-3
https://doi.org/10.1007/s11468-013-9662-3
https://doi.org/10.1126/sciadv.1602991
https://doi.org/10.1126/sciadv.1602991
https://doi.org/10.1021/nl200135r
https://doi.org/10.1021/nl200135r
https://doi.org/10.1021/nl200135r
https://doi.org/10.1038/nature12469
https://doi.org/10.1038/nature12469
https://doi.org/10.1038/nature12469
https://doi.org/10.1038/nmat2630
https://doi.org/10.1038/nmat2630
https://doi.org/10.1038/nmat2630
https://doi.org/10.1038/35570
https://doi.org/10.1038/35570
https://doi.org/10.1038/35570
https://doi.org/10.1126/science.1139266
https://doi.org/10.1126/science.1139266
https://doi.org/10.1063/1.442690
https://doi.org/10.1063/1.442690
https://doi.org/10.1063/1.442690
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1126/science.1108759
https://doi.org/10.1126/science.1108759


K Ding and C T Chan 

8

	[13]	 Ciraci C, Hill R T, Mock J J, Urzhumov Y, Fernandez-
Dominguez A I, Maier S A, Pendry J B, Chilkoti A and 
Smith D R 2012 Science 337 1072–4

	[14]	 Scholl J A, Koh A L and Dionne J A 2012 Nature  
483 421–7

	[15]	 Teperik T V, Nordlander P, Aizpurua J and Borisov A G 2013 
Phys. Rev. Lett. 110 263901

	[16]	 Stella L, Zhang P, Garcia-Vidal F J, Rubio A and Garcia-
Gonzalez P 2013 J. Phys. Chem. C 117 8941–9

	[17]	 Wiener A, Fernandez-Dominguez A I, Horsfield A P, 
Pendry J B and Maier S A 2012 Nano Lett. 12 3308–14

	[18]	 Raza S, Toscano G, Jauho A P, Wubs M and Mortensen N A 
2011 Phys. Rev. B 84 121412

	[19]	 Fernandez-Dominguez A I, Wiener A, Garcia-Vidal F J, 
Maier S A and Pendry J B 2012 Phys. Rev. Lett. 
108 106802

	[20]	 Luo Y, Fernandez-Dominguez A I, Wiener A, Maier S A and 
Pendry J B 2013 Phys. Rev. Lett. 111 093901

	[21]	 Marinica D, Kazansky A, Nordlander P, Aizpurua J and 
Borisov A G 2012 Nano Lett. 12 1333–9

	[22]	 Jin D, Hu Q, Neuhauser D, von Cube F, Yang Y, Sachan R, 
Luk T S, Bell D C and Fang N X 2015 Phys. Rev. Lett. 
115 193901

	[23]	 Zhu W, Esteban R, Borisov A G, Baumberg J J, Nordlander P, 
Lezec H J, Aizpurua J and Crozier K B 2016 Nat. Commun. 
7 11495

	[24]	 Esteban R, Borisov A G, Nordlander P and Aizpurua J 2012 
Nat. Commun. 3 825

	[25]	 Yan W, Wubs M and Asger Mortensen N 2015 Phys. Rev. Lett. 
115 137403

	[26]	 Zhang P, Feist J, Rubio A, Garcia-Gonzalez P and Garcia-
Vidal F J 2014 Phys. Rev. B 90 161407

	[27]	 Li J H, Hayashi M and Guo G Y 2013 Phys. Rev. B 
88 155437

	[28]	 Yan J, Yuan Z and Gao S 2007 Phys. Rev. Lett. 98 216602
	[29]	 Marinica D C, Zapata M, Nordlander P, Kazansky A K, 

Echenique P M, Aizpurua J and Borisov A G 2015 Sci. Adv. 
1 e1501095

	[30]	 Wang B J, Xu Y and Ke S H 2012 J. Chem. Phys. 137 054101
	[31]	 Cirac C, Pendry J B and Smith D R 2013 Chem. Phys. Chem. 

14 1109–16
	[32]	 Li X, Fang H, Weng X, Zhang L, Dou X, Yang A and Yuan X 

2015 Opt. Express 23 29738
	[33]	 Esteban R, Zugarramurdi A, Zhang P, Nordlander P, Garcia-

Vidal F J, Borisov A G and Aizpurua J 2015 Faraday 
Discuss. 178 151–83

	[34]	 Ford G W and Weber W H 1984 Phys. Rep. 113 195–287
	[35]	 Intravaia F and Busch K 2015 Phys. Rev. A 91 053836
	[36]	 Toscano G, Raza S, Jauho A P, Mortensen N A and Wubs M 

2012 Opt. Express 20 4176

	[37]	 Toscano G, Raza S, Yan W, Jeppesen C, Xiao S, Wubs M, 
Jauho A P, Bozhevolnyi S I and Mortensen N A 2013 
Nanophotonics 2 161–6

	[38]	 Sobhani A, Manjavacas A, Cao Y, McClain M J, Garcia de 
Abajo F J, Nordlander P and Halas N J 2015 Nano Lett. 
15 6946–51

	[39]	 Varas A, Garca-Gonzlez P, Feist J, Garca-Vidal F and Rubio A 
2016 Nanophotonics 5 409–26

	[40]	 Trugler A, Hohenester U and Garcia de Abajo F J 2017 Int. J. 
Mod. Phys. B 31 1740007

	[41]	 Moradi A 2015 Phys. Plasmas 22 032112
	[42]	 Yabana K, Sugiyama T, Shinohara Y, Otobe T and Bertsch G F 

2012 Phys. Rev. B 85 045134
	[43]	 Sato S A, Yabana K, Shinohara Y, Otobe T and Bertsch G F 

2014 Phys. Rev. B 89 064304
	[44]	 Feibelman P J 1982 Prog. Surf. Sci. 12 287–407
	[45]	 Liebsch A 1997 Electronic Excitations at Metal Surfaces 

(New York: Plenum)
	[46]	 Tsuei K D, Plummer E W and Feibelman P J 1989 Phys. Rev. 

Lett. 63 2256–9
	[47]	 Tsuei K D, Plummer E W, Liebsch A, Kempa K and Bakshi P 

1990 Phys. Rev. Lett. 64 44–7
	[48]	 Tsuei K D, Plummer E W, Liebsch A, Pehlke E, Kempa K and 

Bakshi P 1991 Surf. Sci. 247 302–26
	[49]	 Sprunger P T, Watson G M and Plummer E W 1992 Surf. Sci. 

269-270 551–5
	[50]	 Zacharias P and Kliewer K L 1976 Solid State Commun. 

18 23–6
	[51]	 Christensen T, Yan W, Jauho A P, Soljacic M and 

Mortensen N A 2017 Phys. Rev. Lett. 118 157402
	[52]	 Raman A and Fan S 2010 Phys. Rev. Lett. 104 087401
	[53]	 Sakoda K 2005 Optical Properties of Photonic Crystals 

(Berlin: Springer)
	[54]	 Lu L, Joannopoulos J D and Soljacic M 2014 Nat. Photon. 

8 821
	[55]	 Zaremba E and Tso H C 1994 Phys. Rev. B 49 8147–62
	[56]	 Yan W 2015 Phys. Rev. B 91 115416
	[57]	 Toscano G, Straubel J, Kwiatkowski A, Rockstuhl C, 

Evers F, Xu H, Asger Mortensen N and Wubs M 2015 Nat. 
Commun. 6 7132

	[58]	 Ciraci C and Della Sala F 2016 Phys. Rev. B 93 205405
	[59]	 Ciraci C 2017 Phys. Rev. B 95 245434
	[60]	 Ding K and Chan C T 2017 Phys. Rev. B 96 125134
	[61]	 Kittel C 2005 Introduction to Solid State Physics (New York: 

Wiley)
	[62]	 Herrmann R 2014 Fractional Calculus—an Introduction for 

Physicists (Singapore: World Scientific)
	[63]	 Borisov A G and Shabanov S V 2006 J. Comput. Phys. 

216 391–402
	[64]	 Mahan G D 1981 Many-Particle Physics (New York: Plenum)

J. Phys.: Condens. Matter 30 (2018) 084007

https://doi.org/10.1126/science.1224823
https://doi.org/10.1126/science.1224823
https://doi.org/10.1126/science.1224823
https://doi.org/10.1038/nature10904
https://doi.org/10.1038/nature10904
https://doi.org/10.1038/nature10904
https://doi.org/10.1103/PhysRevLett.110.263901
https://doi.org/10.1103/PhysRevLett.110.263901
https://doi.org/10.1021/jp401887y
https://doi.org/10.1021/jp401887y
https://doi.org/10.1021/jp401887y
https://doi.org/10.1021/nl301478n
https://doi.org/10.1021/nl301478n
https://doi.org/10.1021/nl301478n
https://doi.org/10.1103/PhysRevB.84.121412
https://doi.org/10.1103/PhysRevB.84.121412
https://doi.org/10.1103/PhysRevLett.108.106802
https://doi.org/10.1103/PhysRevLett.108.106802
https://doi.org/10.1103/PhysRevLett.111.093901
https://doi.org/10.1103/PhysRevLett.111.093901
https://doi.org/10.1021/nl300269c
https://doi.org/10.1021/nl300269c
https://doi.org/10.1021/nl300269c
https://doi.org/10.1103/PhysRevLett.115.193901
https://doi.org/10.1103/PhysRevLett.115.193901
https://doi.org/10.1038/ncomms11495
https://doi.org/10.1038/ncomms11495
https://doi.org/10.1038/ncomms1806
https://doi.org/10.1038/ncomms1806
https://doi.org/10.1103/PhysRevLett.115.137403
https://doi.org/10.1103/PhysRevLett.115.137403
https://doi.org/10.1103/PhysRevB.90.161407
https://doi.org/10.1103/PhysRevB.90.161407
https://doi.org/10.1103/PhysRevB.88.155437
https://doi.org/10.1103/PhysRevB.88.155437
https://doi.org/10.1103/PhysRevLett.98.216602
https://doi.org/10.1103/PhysRevLett.98.216602
https://doi.org/10.1126/sciadv.1501095
https://doi.org/10.1126/sciadv.1501095
https://doi.org/10.1063/1.4739952
https://doi.org/10.1063/1.4739952
https://doi.org/10.1002/cphc.201200992
https://doi.org/10.1002/cphc.201200992
https://doi.org/10.1002/cphc.201200992
https://doi.org/10.1364/OE.23.029738
https://doi.org/10.1364/OE.23.029738
https://doi.org/10.1039/C4FD00196F
https://doi.org/10.1039/C4FD00196F
https://doi.org/10.1039/C4FD00196F
https://doi.org/10.1016/0370-1573(84)90098-X
https://doi.org/10.1016/0370-1573(84)90098-X
https://doi.org/10.1016/0370-1573(84)90098-X
https://doi.org/10.1103/PhysRevA.91.053836
https://doi.org/10.1103/PhysRevA.91.053836
https://doi.org/10.1364/OE.20.004176
https://doi.org/10.1364/OE.20.004176
https://doi.org/10.1515/nanoph-2013-0014
https://doi.org/10.1515/nanoph-2013-0014
https://doi.org/10.1515/nanoph-2013-0014
https://doi.org/10.1021/acs.nanolett.5b02883
https://doi.org/10.1021/acs.nanolett.5b02883
https://doi.org/10.1021/acs.nanolett.5b02883
https://doi.org/10.1515/nanoph-2015-0141
https://doi.org/10.1515/nanoph-2015-0141
https://doi.org/10.1515/nanoph-2015-0141
https://doi.org/10.1142/S0217979217400070
https://doi.org/10.1142/S0217979217400070
https://doi.org/10.1063/1.4916059
https://doi.org/10.1063/1.4916059
https://doi.org/10.1103/PhysRevB.85.045134
https://doi.org/10.1103/PhysRevB.85.045134
https://doi.org/10.1103/PhysRevB.89.064304
https://doi.org/10.1103/PhysRevB.89.064304
https://doi.org/10.1016/0079-6816(82)90001-6
https://doi.org/10.1016/0079-6816(82)90001-6
https://doi.org/10.1016/0079-6816(82)90001-6
https://doi.org/10.1103/PhysRevLett.63.2256
https://doi.org/10.1103/PhysRevLett.63.2256
https://doi.org/10.1103/PhysRevLett.63.2256
https://doi.org/10.1103/PhysRevLett.64.44
https://doi.org/10.1103/PhysRevLett.64.44
https://doi.org/10.1103/PhysRevLett.64.44
https://doi.org/10.1016/0039-6028(91)90142-F
https://doi.org/10.1016/0039-6028(91)90142-F
https://doi.org/10.1016/0039-6028(91)90142-F
https://doi.org/10.1016/0039-6028(92)91307-W
https://doi.org/10.1016/0039-6028(92)91307-W
https://doi.org/10.1016/0039-6028(92)91307-W
https://doi.org/10.1016/0038-1098(76)91392-2
https://doi.org/10.1016/0038-1098(76)91392-2
https://doi.org/10.1016/0038-1098(76)91392-2
https://doi.org/10.1103/PhysRevLett.118.157402
https://doi.org/10.1103/PhysRevLett.118.157402
https://doi.org/10.1103/PhysRevLett.104.087401
https://doi.org/10.1103/PhysRevLett.104.087401
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1103/PhysRevB.49.8147
https://doi.org/10.1103/PhysRevB.49.8147
https://doi.org/10.1103/PhysRevB.49.8147
https://doi.org/10.1103/PhysRevB.91.115416
https://doi.org/10.1103/PhysRevB.91.115416
https://doi.org/10.1038/ncomms8132
https://doi.org/10.1038/ncomms8132
https://doi.org/10.1103/PhysRevB.93.205405
https://doi.org/10.1103/PhysRevB.93.205405
https://doi.org/10.1103/PhysRevB.95.245434
https://doi.org/10.1103/PhysRevB.95.245434
https://doi.org/10.1103/PhysRevB.96.125134
https://doi.org/10.1103/PhysRevB.96.125134
https://doi.org/10.1016/j.jcp.2005.12.011
https://doi.org/10.1016/j.jcp.2005.12.011
https://doi.org/10.1016/j.jcp.2005.12.011

	An eigenvalue approach to quantum plasmonics based on a self-consistent hydrodynamics method
	Abstract
	1. Introduction
	2. Methods
	2.1. Eigenvalue approach
	2.2. Energy functional and nonlocal operator
	2.3. Inner product

	3. Results and discussions
	3.1. Quantum correction of plasmonic modes
	3.2. Dispersion of quantum SPPs

	4. Conclusions
	Acknowledgments
	ORCID iDs
	References


