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We study the fluctuations of the plasmon field associated to the wake potential generated by a dimer
formed by two identical charged particles (such as two nuclei of the ionized hydrogen molecule) travel-
ing through a semiinfinite dielectric medium. We use coherent states to describe bulk and surface plas-
mons as wave packets that raise fluctuations in the electronic density of the material. We analyze
different configurations of interest, taking into account various trajectories and orientations of the dimer.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Plasmon excitation constitutes one of the most relevant
processes in the interaction of swift charged particles with solid
systems. These excitations have been extensively studied for ions
and electrons interacting with surfaces, thin films and nanoparti-
cles [1–5]. Less abundant is the literature devoted to study the
excitation of plasmons with structured projectiles, such as mole-
cules traveling inside or in the proximity of a polarizable medium
[6–9]. On the other hand, these interactions have regained interest
due to the development of surface plasmon resonance techniques,
where laser-excited surface plasmons are used to detect and
analyze the composition of molecules or structures adsorbed on
a metallic surface [10].

The purpose of this work is to study the effects on the plasmon
field when the incident particle has a simple structure, as a dia-
tomic molecule, using coherent states [11,12]. This formalism pro-
vides a very simple tool to analyze different quantities of interest
by means of a hamiltonian formulation of the interaction of the
plasmon field with the incident particle. We calculate the wake
potential and the fluctuations in the electronic density Dq, and
compare them with the results obtained for a single particle. We
take into account different configurations, regarding the trajectory
as well as the orientation of the molecular axis with respect to the
movement direction.

The structure of the paper is as follows: in Section 2 we write
the basic formulas used to describe the excitation of a plasmon
field due to the passage of a swift dimer formed by two identical
charged particles. In Section 3 we show calculations of the wake
potential and the charge density fluctuations, for bulk and surface
excitations in aluminum. Finally, we present some concluding
remarks in Section 4.
2. Theoretical model: coherent states

We consider the dimer or molecule as formed by two point par-
ticles with charge Ze, separated by a given distance d and traveling
along a rectilinear trajectory with constant velocity v. We neglect
the interaction between the charges, while each charge interacts
with the electron gas of the material. In this work we consider a
semiinfinite solid with planar interface, but the method can be eas-
ily extended to other geometries. We also assume that the valence
electrons of the bulk and the electrons at the surface interact inde-
pendently with the external charges, generating the bulk and sur-
face plasmons, each with their own characteristic frequencies xb;s

k .
We make use of the coherent states formulation to describe the

interaction of the incident particles with the plasmon field. Within
this frame, plasmon modes form a set of harmonic oscillators with
characteristic frequencies xm determined by the composition and
geometry of the studied system [2,3] and described by an unper-
turbed hamiltonian H0 in terms of creation and annihilation opera-
tors ayk; ak and with jnki spanning the possible states of the plasmon
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Fig. 1. Wake potential due to bulk excitations for various interatomic distances, for
a dimer traveling with velocity v ¼ 2 a:u: and its axis perpendicular (left) and
parallel (right) to the trajectory.
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Fig. 2. Wake potential on the plane y ¼ 0 for a dimer traveling with velocity
v ¼ 2 a:u: and different orientations of its axis with respect to the velocity.
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field with n plasmons in the mode k. The interaction of the incident
particles with the electron gas is given by

HintðtÞ ¼
Z

d3r/ðr; tÞqextðr; tÞ ð1Þ

where qextðr; tÞ is the external charge density,

qextðr; tÞ ¼ Zeðdðr� R1ðtÞ þ dðr� R2ðtÞÞÞ;

with Ri the position of the ith particle, and /ðr; tÞ is the potential
associated to the plasmon field, in terms of ayk and ak. The time evo-
lution of the field interacting with the external particles can be
obtained within the interaction representation using the Schröding-
er equation

i�h
@ j WðtÞi

@t
¼ Hint j WðtÞi !j WðtÞi ¼ e�i

P
k
ðIkðtÞakþI�kðtÞa

y
k
Þ j Wð�1Þi

ð2Þ

The coefficients IkðtÞ depend on the trajectory of the incident parti-
cle, and jWð�1Þi is the initial state of the field, in terms of the
eigenstates jnki; the states j WðtÞi constitute a set of coherent states,
describing the plasmon field as a wavepacket that propagates in a
classical electromagnetic way. This formalism allows us to calculate
the wake potential as:

/Wðr; tÞ ¼ hWðtÞ j / j WðtÞi; ð3Þ

as well as the variation of electronic density Dq as

Dq ¼ � 1
4p
hWðtÞ j r2/ j WðtÞi ð4Þ

and other quantities of interest such as the energy lost by the inci-
dent particles dW=dt.

3. Results

3.1. Bulk excitations

First, we consider bulk excitations generated by a dimer travel-
ing along a rectilinear trajectory with constant velocity v ¼ v ẑ,
with its axis forming an arbitrary angle with z-axis. We use the
plasmon pole approximation to describe the dielectric properties
of the material, with a hydrodynamic dispersion relation for
xk ¼ x2

P þ bk2 þ �h2k4
=2m. In this expression, xP is the plasma fre-

quency of the electron gas, and b ¼
ffiffiffiffiffiffiffiffi
3=5

p
v f is a constant related to

the Fermi velocity v f of electrons in this gas. The wake potential
calculated from Eq. (3) yields

/b
Wðr; tÞ ¼

Zex2
P

2p2 R

Z
d3k

k2xk

cosðk � r0Þ
eik�ðr�vtÞegt

k � v �xkt þ ig

" #
¼ 2 cosðk � r0Þe/b

wðr; tÞ ð5Þ

where g is a small damping constant and r0 is the position of one of
the particles constituting the dimer with respect to the center of
mass (CM). e/b

w corresponds to the wake potential generated by a
single charge Ze following the trajectory of the center of mass.

Fig. 1 shows the variation of the wake potential generated by the
dimer along the z axis for various internuclear separations d, and
two orientations of the dimer’s axis (perpendicular and parallel to
the velocity), in a homogeneous aluminum medium
(xP ¼ 0:55 a:u:). For distances sufficiently small (say d < 3 a:u: for
the parameters illustrated here), the differences with respect to
the one-particle case are insignificant; for larger values of d, inter-
ference effects get important and modify the wake structure, spe-
cially in the adjacencies of the incident dimer.

Fig. 2 shows the wake potential on a plane containing the tra-
jectory and the dimer axis, for the case of parallel and perpendicu-
lar orientations, and a interatomic distance of d ¼ 5 a:u: These
calculations are made at t ¼ 0, and can be viewed as the potential
accompanying the dimer in a suitable coordinates system.

3.2. Surface excitations

Now, we turn to the case of a semiinfinite medium (z < 0), with
a planar surface at z ¼ 0. In this work, we consider only the case of
the dimer traveling parallel to the surface, with a fixed distance z0

from the CM (now we take v ¼ v x̂). In this configuration, different
orientations can be of interest; as an illustrative example, we cal-
culate the wake potential due to the passage of the dimer with
its internuclear axis on a plane parallel to the surface too. We solve
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Fig. 3. Variation of the wake potential on the surface (z ¼ 0) with the interatomic
distance for a particle traveling parallel to the surface (z0 ¼ 1 a:u:), with its axis
parallel to v.
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Fig. 4. Comparison of the induced charge density in the case of trajectories parallel
to the surface, with the dimer axis parallel to the velocity (top) and perpendicular to
it (bottom). The distance to the surface is z0 ¼ 1 a:u:; the velocity is v ¼ 2 a:u:; the
interatomic distance is d ¼ 4 a:u:
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the equations with a simpler dependence for the dispersion rela-
tion (xk ¼ xS ¼ xP=

ffiffiffi
2
p

), and obtain the following expression for
/s

W :
/s
Wðr;tÞ¼

Z
4p

2xse�gt�R i
Z

d2q
q

e�qz0 2cosðq � r0Þ
eiq�ðvt�rÞ

q �v�xsþ ig

( )
ð6Þ

Fig. 3 shows the dependence of the wake potential due to sur-
face excitations for different interatomic distances, along a line fol-
lowing the trajectory of the dimer on the interface. The distance
from the trajectory to the surface is z0 ¼ 1 a:u:, with its axis parallel
to v. The interatomic distance for which differences from the case
of a single charged particle start to be significant, varies with the
distance between the trajectory and the surface.

The induced charge density is obtained from Eq. (4), which is
easily evaluated when combined with the result of Eq. (6) for the
wake potential. Dq accompanies the wake potential on the surface
and has approximately the same dependence on the distance to the
surface and orientation of the incident molecule. Fig. 4 shows the
induced charge density on the interface due to the passage of a
dimer traveling on a rectilinear trajectory parallel to the surface,
with its axis oriented parallel and perpendicular to the velocity.
The distance to the surface is z0 ¼ 1 a:u: and the distance between
the particles is d ¼ 4 a:u:

4. Conclusions

We have applied the coherent states formalism to describe the
plasmon excitation for a diatomic molecule with two identical
charges interacting with a semiinfinite solid in different configura-
tions. We have studied different quantities of interest, such as the
wake potential and the charge density, and their dependence on
various parameters of the system: interatomic distance, molecule’s
trajectory, etc. Within a first order of approximation, the calcula-
tions are useful to determine critical values of the parameters for
which it is important to take the incident particle structure into
account.

The coherent states formalism used to describe the interaction
of the plasmon field with the incident charges has proved to be
most adequate for a straightforward evaluation of different quan-
tities of interest, providing an insight of the contribution of the dif-
ferent modes excited. The present results and their potential
applications motivate us to go on with the study of new configura-
tions and geometries of the surface.
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[10] L.S. Jung, C.T. Campbell, T.M. Chinowsky, M.N. Mar, S.S. Yee, Langmuir 14
(1998) 5636.

[11] E. Merzbacher, Quantum Mechanics, Wiley, New York, 1970.
[12] P.M. Echenique, J.C. Ashley, R.H. Ritchie, Eur. J. Phys. 3 (1982) 25.

http://refhub.elsevier.com/S0168-583X(14)01093-3/h0005
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0010
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0010
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0015
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0015
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0020
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0025
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0025
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0030
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0035
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0040
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0045
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0050
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0050
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0055
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0055
http://refhub.elsevier.com/S0168-583X(14)01093-3/h0060

	Interference effects in the plasmon fields excited by a diatomic molecule
	1 Introduction
	2 Theoretical model: coherent states
	3 Results
	3.1 Bulk excitations
	3.2 Surface excitations

	4 Conclusions
	Acknowledgments
	References


