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Abstract
The impact of quantum light on interatomic Coulombic decay (ICD) is investigated. In ICD
the excess energy of an excited atom A is efficiently utilized to ionize a neighboring atom B. In
quantum light an ensemble of atoms A form polaritonic states which can undergo ICD with B. It
is shown that this process is dramatically altered compared to classical ICD. The ICD rate depends
sensitively on the atomic distribution and orientation of the ensemble. General consequences are
discussed.
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Interatomic or intermolecular Coulombic decay (ICD) is a nonlocal and efficient electronic
decay mechanism taking place in weakly bound matter. ICD becomes operative once the
excess energy of an excited atom or molecule suffices to ionize a neighbor [1]. The energy
released by the electronic relaxation of this excited atom or molecule ionizes the neighbor and
hence energy conservation is fulfilled without the need for nuclear motion. As a consequence,
the excited species as well as the neighbors can be atoms or molecules and the timescale
involved is typically in the femtosecond regime [2–4]. Being ultrafast, ICD quenches in
most cases concurrent electronic and nuclear mechanisms [5–8]. ICD has a wide range of
applications. It has been shown to be active in the quantum halo systems He2 [9, 10] and
LiHe [11] where the mean separation of the atoms is extreme, in quantum dots and quantum
wells [12–15], and its potential importance in radiation damage and for biologically relevant
systems has also been discussed [5, 6, 16–20]. A recent review covers the fundamental and
applied aspects of ICD and related processes [21].
The interaction of atoms and molecules with quantized radiation field like that inside a
cavity has lead to an active new area of research which opens up many possibilities to manipulate their properties, to enhance or suppress available mechanisms, and to mediate new
ones. Among the long list of possibilities we mention control of photochemical reactivity
[22, 23] control of chemical reactions by varying the properties of the quantized field [24–27],
enhance charge [28–31] and energy transfer [30, 32] processes, and increase non-adiabatic
effects in molecules [26, 33, 34]. It is known that a classical laser field can induce a conical intersection even in a single diatomic molecule [35–37]. Indeed, a quantized radiation
field also induces a conical intersection in a diatomic with new implications on its dynamic
properties [38–40] and, of course, also in polyatomics [40, 41]. New types of intersections
appear when more molecules are subject to the same quantized field where the molecules
interact with each other via the field. Here, we mention the collective conical intersection
which gives rise to unusual dynamics [42].
The main aim of the present work is to demonstrate and discuss the substantial impact
the interaction with quantized light exerts on ICD. To be specific, we concentrate on atoms.
Due to the interaction with the cavity mode, mixed electronic-photonic (polaritonic) state
are formed [43]. In polaritonic states the atoms are entangled and one can expect interference
effects to play a role. Constructive interference effects have been shown to enhance resonant
photoionization in a multiatom ensemble [44]. A cavity is a particularly suitable platform
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to investigate ICD as the entanglement is naturally produced in the polaritonic states.
We consider an ensemble of N non-interacting identical atoms of the kind A in a cavity
with a quantized light mode (cavity mode) of frequency ωc and polarization direction ~c .
The total Hamiltonian of the ensemble-cavity system reads [43, 45–47]:
~ † + â),
H = He + h̄ωc â† â + g~c · d(â
where He =

PN

i=1

(1)

P ~
Hi is the electronic Hamiltonian of the ensemble, d~ = N
i=1 di is the total

dipole operator of the ensemble and g is the coupling strength between the cavity and the
atoms. The quadratic dipole self-energy term is neglected as it is only of relevance for very
strong coupling.
Since all atoms are of the same kind and we assume the cavity mode to be resonant with
an excited atom A∗ , it is straightforward to find the energies and eigenstates of the above
Hamiltonian in the single-excitation space. For that purpose we define the contributing
space to be spanned by {A1 A2 ...AN 1c }, which is the configuration state of the ensemble in
its electronic ground state and the cavity in a single photon state, and the N configuration
sates {A1 ...A∗i ...AN 0c }, i = 1, ..., N , where one atom is excited and the remaining N − 1
are in their electronic ground state and the cavity has zero photons. Representing the
Hamiltonian (1) in a single-excitation space, generally leads to an arrowhead matrix the
properties of which have been analyzed in various contexts [48–50]. In the present case the
matrix is particularly simple and can be solved in closed form.
It is well known that one obtains two so called bright states and N − 1 dark states.
Choosing the energy of A in its ground electronic state to be the origin of the energy scale,
√
the bright states have the energies h̄ωc ± N g and the dark states are degenerate with
energy h̄ωc . The eigenstates of the former are
"
#
N
1 X
1
∗
Φup/lp = √ {A1 ...AN 1c } ± √
{A1 ...Ai ...AN 0c }
2
N n=1

(2)

and seen to be superpositions of electronic states with one cavity photon and electronic
states without cavity photon and are labeled upper and lower polariton states. One of the
dark states takes on the appearance
N
1 X
√
Φd =
(−1)i {A1 ...A∗i ...AN 0c },
N n=1

3

(3)

where, for simplicity of presentation, we have chosen N to be even. Then,

PN

i
n=1 (−1)

= 0,

and the other dark states can be obtained by permuting the N/2 minus signs such that the
N −1 dark states are orthogonal to each other. The dark states do not contain configurations
with cavity photons and the effect of the cavity is to create ‘traceless’ superpositions of the
zero photon configurations. To better understand the notion of dark and bright, one notices
P
that the transition matrix element with any one-atom operator Ô = N
n=1 ôi between the
ground state Φ0 = {A1 A2 ...AN 0c } of the ensemble-cavity system and a dark state vanishes:
hΦ0 |Ô|Φd i = 0. In contrast, the transition moment of a polariton state takes on the value
|hΦ0 |Ô|Φup/lp i|2 = N |hA|ô|A∗ i|2 /2 as if all the available transition moments of all atoms is
shared by the two polariton states. Since the coupling of the atoms to an external laser field
is by an one-atom operator, the dark states are not populated by the laser while the polariton
states are efficiently populated. The fact that the energies of the latter are separated from
the former is favorable for populating the polariton states.
We now introduce a foreign atom B which we name impurity into the cavity. Before
discussing the ICD in the cavity, we first consider the known situation of a single atom A
and a neighbor B in the absence of a cavity. For ICD to be operative the excitation energy
EA of A must exceed the ionization potential of B (IPB ). Then, we have
A∗ · · · B → A · · · B + + eICD ,

(4)

where eICD stands for the electron emitted by ICD, briefly, the ICD electron. The kinetic
energy of this electron is EA − IPB . At large interatomic distance R between A and B and
dipole allowed transition A∗ → A, the ICD rate takes on the appearance Γ = 2π|γ/R3 |2 ,
where the decay amplitude γ can be expressed as the sum of products of amplitudes describing processes on the individual atoms, i.e., the deexcitation of atom A and the ionization of
atom B [51, 52]. For closed-shell atoms A and B, one finds
~A · D
~ B − 3(D
~ A · ~u)(D
~ B · ~u),
γ=D

(5)

~ A = hA∗ |d~A |Ai is the dipole transition
where ~u is the unit vector pointing from B to A, D
~ B = hB|d~B |B + i is that for the ionization of
matrix element for the deexcitation of A and D
B. Here, |Bi is the initial state of B before ICD took place, |B + i is the ion including the
emitted electron produced by ICD, and d~A(B) are the dipole operators of A(B).
It is relevant to note that the transition driven by the dipoles parallel to the interatomic
axis (σ transition) gives rise to a decay amplitude which is twice as large as that driven
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by the dipoles perpendicular to this axis (π transition), i.e., γσ = −2γπ , and, consequently,
the respective ICD rates fulfill Γσ = 4Γπ [51]. This phenomenon is counterintuitive at first
sight, as it holds at large separations where the atoms are expected to be independent of
each other.
We return to the ensemble of atoms A and the cavity. For that purpose we set the atom
B at the origin of a coordinate system, choose the polarization direction ~c of the cavity as
the Z-axis, and assign an index i to the unit vector ~ui pointing from B to the i-th atom Ai
of the ensemble. The situation is depicted in Fig. 1. Employing spherical coordinates, each
unit Cartesian vector becomes as usual ~ui = (cos(φi ) sin(θi ), sin(φi ) sin(θi ), cos(θi )). Due to
~ A of all atoms A point parallel to the Z-axis
the cavity, the dipole transition elements D
i

~ A = DA (0, 0, 1). To proceed, we
and having the same absolute value can be written as D
i
~ A into its components parallel
construct for each atom pair Ai -B the decomposition of D
i

and perpendicular to the respective unit vector:
~ k = DA cos(θi )(cos(φi ) sin(θi ), sin(φi ) sin(θi ), cos(θi )),
D
Ai
⊥
~A
= DA sin(θi )(− cos(φi ) cos(θi ), − sin(φi ) cos(θi ), sin(θi )).
D
i

(6)

FIG. 1. Coordinate system and vectors used. The atom B is at the origin and its distance to an
atom Ai of the ensemble is Ri . The unit vector ~ui points from B to Ai and its spherical coordinates
~ A of Ai is parallel to the Z-axis and the polarization axis of
are θi and φi . The transition dipole D
i
the cavity.

Now we are in the position to compute the ICD rate of the ensemble in the cavity. As
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done for a single pair of atoms, one starts from the golden rule
Γ = 2π

X
|hΨi |V |Ψf i|2 ,

(7)

f

where V is the interaction between the atoms A and the impurity B. The wavefunctions
Ψi and Ψf describe as usual the initial and final states of the process in the absence of this
interaction. For a single pair, the initial state is given by the product Ψi = {A∗ }{B} and
the final state by Ψf = {A}{B + }, and the golden rule has lead to the rate Γ = 2π|γ/R3 |2
with the amplitude γ presented in Eq. (5) [21, 51]. For the ensemble in the cavity the initial
and final wavefunctions take on the appearance Ψi = Φup/lp {B} and Ψf = Φ0 {B + } and
analogously for the dark states. In complete analogy to the pair of atoms, the golden rule
leads to the following relations for the polariton states
2

N
2π X
γi /Ri3 ,
Γ=
2N i=1

~k ·D
~ B − 3DA cos(θi )D
~ B · ~ui + D
~⊥ ·D
~ B,
γi = D
Ai
Ai

(8)

where Ri is the interatomic distance between atom Ai of the ensemble and B.
~ B is a vector, it is useful to first investigate the relevant quantity PN γi /Ri3 in
Since D
i=1
the above equation separately for its three basis vectors in X, Y and Z directions, which we
~ B = DB (0, 0, 1) = DB ~e , and similarly for the other
just call SX , SY and SZ . Choosing D
Z
directions, leads with the aid of the explicit expressions in Eq. (6) to

SZ = −γπ
SX =


N 
X
3 cos2 (θi ) − 1

,

Ri3
i=1

N 
3γπ X sin(2θi ) cos(φi )
−
,
2 i=1
Ri3


N 
3γπ X sin(2θi ) sin(φi )
SY = −
.
2 i=1
Ri3

(9)

Z is the polarization direction of the cavity and SZ is seen to depend only on the θi angles
of the atoms of the ensemble. Notice that γπ is the decay amplitude of a single pair in the
absence of the cavity.
The final transition matrix element for the ionization of B and with it the decay rate can
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be written as
~ B = DB [SX ~e + SY ~e + SZ ~e ] /C,
D
X
Y
Z

2π 
|SX |2 + |SY |2 + |SZ |2 ,
Γ=
2N
where C = 1/ [|SX |2 + |SY |2 + |SZ |2 ]

1/2

(10)

is a normalization constant.

From the above equations it can already be anticipated that the ICD process in a cavity
is highly sensitive to the geometrical arrangement of the atoms of the ensemble. We shall
also see that the location of the impurity with respect to the atoms of the ensemble plays a
crucial role in the ICD process and this well beyond the trivial fact that ICD depends on the
distance between the atoms of the ensemble and the impurity. Let us start the discussion
by putting the ensemble and the impurity in the plane perpendicular to the polarization
direction of the cavity. In this simple scenario, all θi angles are π/2 and SX = SY = 0 and
the ICD rate is

2

N
Γπ X
Γ=
(R/Ri )3 ,
2N i=1

(11)

where Γπ is the ICD rate of a single pair at distance R in the absence of cavity. Clearly,
the ICD rate of the ensemble in the cavity depends only on the distribution of the distances
between the A atoms and the impurity. In general, the atoms which are close to the impurity
contribute most to the rate, and because of the 2N denominator, the ICD rate is expected
to be small for large numbers N of atoms. That entanglement can stabilize the ensemble
against ICD can also be nicely observed for an ordered ensemble. Consider a linear chain
of N atoms A lying in the XY-plane with interatomic distance R between adjacent atoms
and the central atom is replaced by the impurity B. It is easy to evaluate the rate with the
above equation. For N = 2, i.e., one A atom on each side of B, the rate is Γ = 2Γπ and
thus twice as large as that without the cavity, but the situation changes as N grows. For
large enough N one obtains Γ = 2.88 Γπ /N which can be rather small for large N .
The situation changes dramatically when the atoms A form a ring around B. Then, all
atoms Ai have the same distance R from the impurity and the ICD rate of a polariton state
grows linearly with N :
Γ = Γπ N/2.

(12)

Each of the polariton states shares half of the maximally possible decay rate where each
A atom contributes Γπ to the decay. As a consequence one notes that a dark state of the
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ring ensemble cannot decay by ICD and its decay rate vanishes. This also follows from the
golden rule, Eq. (7), using Ψi = Φd {B}.
We continue with the ring ensemble and shift the impurity vertically out of the center of
the ring, see Fig. 2b. Again, all atoms of the ensemble have the same angle θ, but this angle
depends on the distance of the impurity B from the center of the ring. Consequently, in
general SX and SY do not vanish unless the atoms of the ensemble are equidistantly located
on the ring. In this equidistant case, the rate follows, see Eqs. (8,9), a particularly simple
expression
Γ=

2
Γπ N 
3 cos2 (θ) − 1 ,
2

(13)

where Γπ is the rate of a single pair undergoing ICD without the cavity. It is seen that
due the entanglement of the ensemble’s atoms there is an explicit dependence of the rate
on the second Legendre polynomial in θ. This causes the rate to disappear at the magic
angle θ = 54.74◦ . Magic angles appear in many areas of physics like in photoionization [53]
and NMR [54]. In the present context, the ring becomes stable against decay by ICD at the
magic angle.
Next, we depart from the ensemble being confined to a plane perpendicular to the polarization direction of the cavity by tilting the ring with B in its center. To be specific the ring
is rotated around the Y-axis by an angle χ, see Fig. 2. Then, each point (cos(φpi ), sin(φpi ), 0)
on the planar ring becomes (cos(χ) cos(φpi ), sin(φpi ), sin(χ) cos(φpi )) which determines the
θi , φi angles needed to compute the ICD rates via Eqs. (9,10) of the tilted ring. This leads
to
3N · γπ
sin2 (2χ),
SY = 0,
4R3

N γπ 
SZ = − 3 3 sin2 (χ)/2 − 1 ,
R"

2 #
N Γπ 9
3
sin4 (2χ) +
sin2 (χ) − 1
.
Γ=
2
16
2
SX = −

(14)

In the derivation of the above equation it has been assumed that the atoms of the ensemble
are distributed equidistantly on the ring. If this is not the case, the expressions become
more involved and show that the ICD decay reflects the distribution on the ring.
~ B of the impurity points along the polarization
At zero tilt (χ = 0), the transition dipole D
axis of the quantized light and the decay rate is N Γπ /2. Tilting the ring now makes this
dipole rotate into the XZ-plane. Once the tilt arrives at the magic tilt angle (χ = 54.74◦ ), the
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dipole in the polarization direction vanishes and now points completely in the X-direction
and the rate becomes 2N Γπ /9. We mention here that not only the rate is a measurable
quantity, but also the angular distribution of the emitted ICD electron is measurable, see,
e.g., [55, 56], and this distribution depends on the direction of the transition dipole.

FIG. 2. The atoms Ai on a ring. a) The ring is in the XY-plane with B in the center. The ICD
rate is strongly enhanced in the cavity from Γπ without a cavity to N Γπ /2. b) The ring is shifted
along Z. The ICD rate now depends on the angle θ, see Eq. (13). There is no ICD at all at the
magic angle. c) B is in the center and the ring is rotated around the Y-axis. The transition dipole
of B rotates from the Z-axis into the XZ-plane and the ICD rate depends on the tilt angle, see
Eq. (14). At the magic tilt angle, the transition dipole points parallel to the X-axis

Atomic and molecular clusters have been subject to continuous interest over many years
[57, 58] and much interest has been devoted to their possible ground state geometrical
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structures and properties. Many ICD experiments have been carried out with rare gas
clusters [21] and as the interaction of the atoms is weak this makes them particularly suitable
for cavity investigations. We consider here ArNe12 as an example. Several energetically
low-lying stable local structure are obtained by optimization with an universal force field
[59]. The highest in symmetry is an icosahedral structure with a Ne-Ar distance R =
3.406 Å, see Fig. 3a. Without a cavity, a weak external laser would excite a single Ne atom
which undergoes ICD with the central Ar atom. For 2p → 3s transition, the ICD rate Γπ
corresponds to a ICD lifetime of 375 fs which is nearly 4 orders of magnitude shorter than
the radiative lifetime of 1.6 ns [52]. Putting the ArNe12 cluster in the cavity with the highest
symmetry axis along Z (4 Ne atoms in each XY, XZ and YZ plane) and employing Eqs.
(9,10) has surprised us considerably. The result is Γ = 0. That is, the cluster is stable
against ICD.

FIG. 3. a) ArNe12 cluster of icosahedral symmetry. The drawing is by courtesy of E. Fasshauer.
b) A planar lattice of four A atoms surrounding each B atom. The lattice is perpendicular to the
polarization direction of the cavity and the lattice constant is a.

We searched for the maximal rate by rotating the cluster (rotation around Z does not
change the rate) and found that rotating around the X-axis by 45◦ gives rise to Γ = 0.3 Γπ
~ B points parallel to the Y-axis.
and the transition dipole D
Finally, we address the issue of having more neighbors B. Since this is a whole subject
by itself, we concentrate on one example which shows how to compute the ICD rate and
demonstrates a particular impact of the cavity on ICD. Consider the lattice with lattice
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constant a in the plane perpendicular to the polarization direction shown in Fig. 3b, where
each B is surrounded by four equivalent A atoms. To be able to employ the equations
derived above for a single B, we assign the index k to B and note that one can compute all
required quantities for each Bk separately and obtain the partial rate Γk . For that purpose,
Ri becomes the distance Rik between Bk and Ai , γi becomes γik , and so on. The total rate
P
is then Γ = M
k=1 Γk , where M is the number of B atoms. In the absence of cavity, a single
√
atom A is excited and its decay rate due to its two nearest neighbors at distance a/ 2 is
p
2Γπ . The next pair of neighbors are at distance a (5/2) and contribute 2Γπ /53 to the rate
and the next pair 2Γπ /133 . Adding the whole series shows that compared to considering only
the next neighbors, the total impact of all other neighbors leads to a minor enhancement of
8.5 × 10−3 % which is rather negligible.
Now we consider the presence of the cavity and being in the XY-plane, we resort to
Eq. (11) which gives the rate for a single Bk and where Ri is replaced by Rik . To make
√
contact with the cavity-free case, R = a/ 2. Accordingly, Bk has four nearest neighbors
which, if the other A atoms are not considered, gives rise to Γk = Γπ 42 /(2N ) and, for a
long lattice, where M = N/2 and all B atoms have the same rate, Γ = 4Γπ which is twice
as much as without the cavity. What about including farther away neighbors in the cavity?
Following Eq. (11) leads to the series Γk = Γπ /(2N )[4 + 4(1/5)3/2 + 4(1/13)3/2 + ...]2 , which
after multiplication with N/2 gives the total rate Γ = 5Γπ . We see that the impact of more
remote neighbors is much more important in cavity than in its absence.
Due to the entanglement of the atoms A of an ensemble interacting with quantum light,
the ICD process takes on very different features from classical ICD. One finds high sensitivity
to the arrangement of the atoms and also to their orientation with respect to the polarization
direction of the light, as well as to the position of the impurity B. Also, in cavity the impact
of more remote atoms and the related inclusion of farther neighbors can be substantially
more important. Interestingly, symmetric arrangements like an endohedral icosahedrons
can become ICD inactive. This calls for studies of clusters. Here, antisymmetric vibrational
modes can cause ICD activity and the impact of interactions between the atoms has to be
investigated. This all can make the field of clusters in cavity fruitful. It should be mentioned
that not only the ICD rate is of relevance, but also the fact that ICD electrons are emitted
and their energy and angular distribution are of relevance. As we have seen for the tilted
ring, even the direction of the transition dipole varies strongly with the tilt angle.
11

Of course, one can expect similar effects for molecules. However, nuclear dynamics makes
molecule more complicated and as discussed in the introduction, molecules are more affected
by the cavity since, e.g., light-induced conical intersections are created and such modifications must be included into the description of their dynamics. It has been recently shown
that vibrational ICD [60] is efficient, where the excess vibrational energy of a molecule can
be utilized to ionize a neighbor (e.g., anion). This reduces the involved energy substantially
and enlarges the scope of ICD in cavity. The present study makes clear that one can expect
related severe impact of quantum light also on other processes which follow transition-dipole
transition-dipole interactions. Here, we mention Foerster resonance energy transfer [61–63]
and resonant [64, 65] and non-resonant [66] vibrational energy transfer.
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