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1 Introduction

The main issue addressed here is to develop further the content 
of a new model of dressed photons (DPs) described by Sakuma 
et al. [1] (hereafter SOO). The problem of interaction between 
a given nano-scale material field and incident light in a typi-
cal setting of near-field optical researches has been widely 
investigated in the framework of nanophotonics based on the 
conventional theory of electromagnetism. We cannot deny, 
however, that the mystery of elusive phenomenon in optical 
engineering, termed DPs by Ohtsu [2], seems to have always 
escaped from being examined in the mainstream researches of 
nanophotonics within such approaches. By a variety of intrigu-
ing applications of DPs showing up now on the central stage 
in near-field optical engineering and by the ever increasing 
impetus to move further forward, we are forced to be serious 
about the problem of deepening of theoretical understanding 
of DP. Otherwise, it will become impossible for us to meet the 
growing technological needs in near-field optics.

A theoretical study on DP due to SOO is one of the ini-
tiative projects aiming at the formulation of a theoretical 
basis of the dynamics of DPs as off-shell virtual photons. 
To understand the dynamics of off-shell photons, we first 
need to know the essential difference between usual “real” 
photons and virtual ones. The clue to understand the differ-
ence lies in the perturbative calculations of QED in which 
virtual photons are introduced as dynamical mediators of 
electromagnetic interactions between charged particles. 
Unlike “real” photons in the transverse modes, the polari-
zations of virtual photons cover not only transverse but also 
the longitudinal as well as “temporal” (as the fourth direc-
tion in spacetime) modes, both of which are totally neglected 
as “unphysical modes” in the usual approaches. In other 
words, we should say that these “unphysical modes” play 
crucial roles in understanding the difference between “real” 

Abstract A new model of dressed photons (DPs) as pho-
tons in virtual modes is presented by extending conventional 
electromagnetic field into the one with full energy–momen-
tum support. At first glance, such an extension of electro-
magnetic field seems to be quite unfamiliar, but, according 
to one of the fundamental results in mathematical theory 
on quantum fields, the energy–momentum support covering 
the whole p-space including timelike, lightlike, and space-
like domains is indispensable for describing their interac-
tions. Virtual photons as mediators of electromagnetic field 
interactions would be a familiar example: in perturbative 
calculations of quantum electrodynamics, the concept of vir-
tual photons emerges as photon modes with four polariza-
tion vectors, since the theory of virtual photons necessarily 
involves longitudinal and scalar modes. We show that a new 
model presented here can be formulated on the basis of vor-
tex (or spin) dynamics and we call Clebsch-dual electromag-
netic field which is similar to twistor theory from the group 
theoretical viewpoint. Since Clebsch-dual vortex dynamics 
is closely related to scalar photon dynamics, we show here 
how scalar photons can be interpreted from the viewpoint 
of micro–macro duality proposed by Ojima in combination 
with a new interpretation of gauge condition which becomes 
important in formulating Clebsch-dual vortex dynamics as 
an extended electromagnetic field in a spacelike domain.

 * Hirofumi Sakuma
sakuma@rodrep.or.jp

1 Research Origin for Dressed Photon, Yokohama, Japan
2 Graduate School of Mathematical Sciences, The University 
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and virtual photons, which clearly distinguish our present 
work from a previously proposed off-shell model by Kob-
ayashi et al. [3] in which those “unphysical modes” are not 
included. While the seemingly contradictory gap between 
the quantum and classical explanations on these latter modes 
has already been resolved by a consistent bridge found in [4] 
in a theoretical framework, serious confusions are persistent 
in the understanding of the mutual relations between real and 
virtual photons. In such situations, we start our discussion 
from reviewing this issue in Sect. 2, since Clebsch duality of 
electromagnetic field discussed in SOO essentially depends 
on the existence of above-mentioned “unphysical modes”. 
In the context of Clebsch duality, a new interpretation of 
the gauge condition is introduced, and for lack of its full 
explanations in SOO from the standpoint of the longitudinal 
mode, Sect. 3 will be allotted for this discussion. In Sect. 4, 
we show, as a new central result of this paper, how DPs as 
virtual modes manifest themselves in our model. A brief 
summary of this paper is given in Sect. 5.

2  On Clebsch duality and longitudinal wave mode

Since the explanation of Clebsch duality of electromagnetic 
field is already given in SOO, we recapitulate here its main 
ingredients to make this short paper self-contained. Moti-
vated by a celebrated experimental result by Tonomura et al. 
[5] which has justified the accessibility of electromagnetic
four vector potential Aµ, let us consider the case, where Aµ

is parallel to Robinson congruence: i.e., a field of null geo-
desics defined on a four-dimensional pseudo-Riemannian
manifold ℜ, like one of a four Poynting vector field on it
associated with free electromagnetic waves. To distinguish
this “electromagnetic” field from the conventional one, we
denote it by Uµ, instead of the usual Aµ. We see that it would
allow such a hydrodynamic interpretation of electromagnetic
field that Uµ corresponds to the velocity field and that the
associated vorticity field defined by

describes the field strength. In Eq. (1), ∇� denotes the covari-
ant derivative defined on ℜ. Since we assume that Uµ is 
parallel to a null geodesic, it satisfies 

Introducing a couple of Clebsch variables (�, �) arising 
from the study of Hamiltonian structure of barotropic flows 
[6], we parameterize U� here as 

(1)S�� = ∇�U� − ∇�U� ,

(2)
U�∇�U� = U�(∇�U� − ∇�U�) + ∇�(U

�U�∕2) = U�S�� = 0.

(3a, b, c)

U� = �∇��, where� and � satisfy, respectively,

∇�∇�� = 0 and∇�∇�� − (�0)
2� = 0,

where �0 in (3c) is a constant parameter to be discussed later. 
Note that U� of the form: U� = ∇�� automatically satisfies 
Eq. (2), since S�� vanishes for such an irrotational U� field. 
The reason why we introduce Clebsch-parameterized flow 
(3a) is that, as is the case for free electromagnetic waves, we 
are interested in a rotational vector field tangent to Robinson 
congruence. Actually, from (1) and (3a), we readily derive 

A couple of Eqs. (3b, c) are scalar ones, so that we can 
impose a directional constraint C�L� = 0 on them, from which 
we can show that L� is necessarily spacelike, i.e., L𝜈L𝜈 < 0, 
since C� is lightlike. Using this orthogonality relation together 
with C�C� = 0, we see that Clebsch-parameterized flow 
(3a) in fact satisfies geodesic equation (2), because we have 
U�S�� = (L�C

�)�C� = 0.

An intriguing aspect of Clebsch-parameterized flow comes 
out when we consider the energy–momentum tensor T̂𝜈

𝜇
 of 

Clebsch-parameterized vortex dynamics which is defined 
similar to that of free electromagnetic field in such a form as 
T�
�
= −F��F

�� , namely 

It can be shown that (5a) actually satisfies the 
energy–momentum conservation ∇𝜈 T̂

𝜈
𝜇
= 0 (for details, see 

SOO) and possesses a dual representation of the form: 

This clearly shows that T̂𝜈
𝜇
 corresponds to the free motion of 

continuous medium, whose “momentum” field is represented 
by �C�. The essential difference between the conventional 
Maxwell theory and the Clebsch-parameterized vortex dynam-
ics can be seen through the comparison between ∇�T

�
�
= 0 and 

∇𝜈 T̂
𝜈
𝜇
= 0 in such forms as 

In the vacuum situation with no electric current j�, Eq. (6a) 
vanishes because of j� = ∇�F

�� = 0. On the other hand, using 
Eq. (3c), we have 

In spite of the above difference, Eq. (6b) holds owing to 
Eq. (2), since ∇𝜈 T̂

𝜈
𝜇
= −S𝜇𝜎∇𝜈S

𝜈𝜎 = (𝜅0)
2S𝜇𝜎U

𝜎 = 0.

To see the meaning of this difference, we first look into the 
vector identity of ∇�F

�� , namely 

where R�
�
 denotes Ricci tensor. For the reason explained 

shortly, we keep the term R�
�
A� except for the discussions in 

Sect. 3, although it must be quite small being neglected in 

(4a, b, c)
S�� = C�L� − L�C� , where C� ≡ ∇�� and L� ≡ ∇��.

(5a)T̂𝜈
𝜇
= −S𝜇𝜎S

𝜈𝜎 .

(5b)T̂𝜈
𝜇
= −S𝜇𝜎S

𝜈𝜎 = 𝜌C𝜇C
𝜈 , where 𝜌 ≡ −L𝜈L𝜈 .

(6a, b)∇𝜈T
𝜈
𝜇
= −F𝜇𝜎∇𝜈F

𝜈𝜎 = 0, ∇𝜈 T̂
𝜈
𝜇
= −S𝜇𝜎∇𝜈S

𝜈𝜎 = 0.

(7)∇�S
�� = −(∇�L

�)C� = −(�0)
2�C� = −(�0)

2U� .

(8a)∇�F
�� = −g��∇�(∇�A

�) + [g��∇�∇�A
� + R�

�
A�],

2
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the usual discussion of electromagnetism. If we decompose 
A� into A� = �� + g��∇��, where ∇��

� = 0, then (8a) is 
rewritten as 

The last expression simply says that ∇�F
�� is expressed 

in terms of gauge independent �� and it reduces to 
g��∇�∇��

� + R�
�
�� = 0 in the absence of electric current

j�(= ∇�F
��) = 0. In conventional electromagnetic theory, 

where ∇�A
� causes no physical effects, it can safely be elimi-

nated by Lorenz-type gauge condition. In Sect. 3, however, we 
show that there is a case for which −g��∇�(∇�A

�) in (8a) can 
be reinterpreted as an electric field associated with longitudi-
nal mode of electromagnetic field.

As to scalar modes ∇�A
� in electromagnetic field, there still 

seems to be a prevailing confusion on their interpretation. It is 
well known that if we try to recover the microscopic quantum 
gauge field A� from the gauge invariant F�� alone, then we 
have a mathematical difficulty. As far as microscopic particle-
excitation modes are concerned, the difficulty can be avoided 
by eliminating longitudinal photon with negative norm and 
by giving null probability to scalar photon ∇�A

� . As briefly 
touched upon in Introduction, however, Ojima [4] showed that 
we need the gauge dependent A� on the macroscopic side, 
where the longitudinal photons and Goldstone mode in the 
Higgs phase are physical in condensed non-particle modes. 
In addition, in the context outside of Ojima’s micro–macro 
duality, the coexistence of a longitudinal electric field and 
transverse modes of free electromagnetic waves was reported 
in classical electromagnetism in such theoretical and experi-
mental papers (see, e.g., Cicchitelli et al. [7]). In Sect. 3, we 
show that a longitudinal electric field is directly related to 
∇�A

� , so that the result of Ojima and those of classical elec-
tromagnetism are mutually consistent, while they are derived 
in separate studies. In this sense, it is meaningful to look into 
the following equations: 

Note that Clebsch-parameterized vortex dynamics dis-
cussed above corresponds to the case in which we have 
� = ∇�A

� that satisfies the energy–momentum conserva-
tion law F��∇�F

�� = 0. The fact that Clebsch-parameterized 
vortex dynamics with lightlike U� = �∇�� = �C� involves 
spacelike Klein–Gordon (KG) equation (3c) is reflected in the 
following spacelike “Proca equation” in Clebsch-parameter-
ized vortex dynamics: 

(8b)
∇�F

�� = −g��∇�(∇�A
�) + [g��∇�∇�A

� + R�
�
A�]

= g��∇�∇��
� + R�

�
��
.

(9a, b, c)
g��∇�∇�A

� + R�
�
A� = 0; ∇�F

�� = −g��∇�(∇�A
�)

with g��∇�∇�(∇�A
�) = 0.

(10a)∇�(∇
�U� − ∇�U�) − (�0)

2U� = 0,

which directly follows from Eq. (7). Since the conventional 
Proca equation has the form: 

we can say that U� is an extended electromagnetic field in the 
spacelike domain and the detailed discussion on the exten-
sion from a lightlike case to a spacelike one is given in SOO 
and the major outcomes on this extension will be briefly 
touched on in the beginning of Sect. 4. In the context of 
group representation theory, the sharp differences involving 
��A

� between massive and massless vector fields obeying the 
Proca equation (10b) have historically been well known. In 
the present discussion, we have also encountered the Proca 
equation (10a) with negative mass term −(�0)2, and we will 
see at the end of Sect. 3, as to how the meaning of ��A� will 
change according to these different contexts.

3  Novel view on “gauge condition” in the context 
of Clebsch duality

Going back to Eq. (9a), let us look into it from the viewpoint of 
a balance equation between the rotational (��) and irrotational 
(∇�� ≡ g��∇��) parts of A�. For simplicity, we consider the 
balance in a flat Minkowski space {x�}, where the operator ∇� 
is replaced by �� and R�

�
= 0. Then, the balance equation (9a) 

for A� becomes 

Note first that, for a given non-zero ��A�, the solution 
�� to (11a) consists of a homogeneous solution satisfying 
�����

(h)
�

= 0 and an inhomogeneous one �(i)
�

: 

Since �(h)
�

 is a well-known solution in transverse modes, 
what we are actually interested in is �(i)

�
.

A well-known example of such a balance equation is seen 
in two-dimensional irrotational motion of an incompressible 
fluid. Let (u, v) be a Cartesian velocity field of the fluid. The 
incompressibility of fluid means that its motion is non-diver-
gent in the sense of �xu + �yv = 0, while the vorticity must 
vanish, since its motion is irrotational, i.e., �xv − �yu = 0. As 
a result of these two constraints, the velocity field (u, v) must 
have dual expression, namely 

where � and � are velocity potential and stream function, 
respectively. Since (12a, b) are equivalent to the famous 
Cauchy–Riemann equations, � and � are the real and imagi-
nary parts of a certain analytic function satisfying ∇2� = 0 
and ∇2� = 0. In addition, since �x��x� + �y��y� = 0, they 
are called conjugate harmonics.

In what follows, we will show that, owing to (11b) 
and a relation similar to (12a, b), ��A� can be related to a 

(10b)∇�(∇
�A� − ∇�A�) + m2A� = 0,

(11a)������ + ��(��A
�) = 0.

(11b)�����
(i)
�
+ ��(��A

�) = 0.

(12a, b)u = �x� = �y� , v = �y� = −�x� ,
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longitudinal electric field. In (11b), we can assume without 
loss of generality that non-zero components are those with 
subscript � taking values � = 0 (x0) and � = 1 (x1). Corre-
sponding to this specification of propagation direction, we 
can also assume that 

For the sake of simplicity of notation, let us introduce 
new notations: �� ≡ �����

(i)
�

 and � ≡ ��A
�. Then, (11b) is 

rewritten as 

Since ��is divergence free by definition, i.e., ���� = 0, 
there exists � satisfying 

Combining (14) and (15a, b), we obtain 

Note that F�� in Maxwell equation j� = ∇�F
�� can be 

considered mathematically as a sort of extended “stream 
functions” for non-divergent vector j�. Since the dimension 
of �� is the same as that of j�, we can use this relation to 
redefine � in (15a, b), whose consistency in the present 
context will be checked shortly. Thus, we have 

where j� = ∇�(−F
��) is used instead of j� = ∇�F

��, in view 
of the irrelevance of the sign in the equation to determine 
“stream functions”, in contrast to the situation in Maxwell 
equation: the reason why we only use F01 here is because 
� = ��A

� in (13) is expressed solely in terms of A0 and 
A1. Substitution of � = −F01 = F01 = �0A1 − �1A0 and 
� = �0A

0 + �1A
1 = �0A0 − �1A1 into (16a, b) yields 

which is an expected property of A� for propagating waves 
and justifies our choice of � = −F01. Similarly, by cross 
differentiating (16a, b), we get 

For a simple plane wave solution of A0 = A1 = exp i

(kx0 − kx1), we get � = � = 2ik exp i (kx0 − kx1) which shows 
that ��A� in this case is equal to the electric field F01 of a longi-
tudinal mode.

Concerning the physical reality of vector potential A�, 
what has actually been verified in the experiments performed 
by Tonomura et al. [4] is the presence of the rotational com-
ponent of A� and the irrotational one was left untouched. The 
analysis presented above, however, shows that the irrota-
tional part of A� also has a physical meaning and should not 
be treated as a simple mathematical device. If we accept this, 
then Lorenz gauge condition ��A� = 0 can be regarded as a 
“ground” or unexcited state of the divergence of a physically 

(13)��A
� = �0A

0 + �1A
1.

(14)�� + ��� = 0.

(15a, b)�0 = �0 = �1�, �1 = −�1 = −�0�.

(16a, b)�1� + �0� = 0, �0� + �1� = 0.

(16c, d)�0 = �1(−F
01), �1 = �0(−F

10) = �0F
01,

(17a, b)(�2
00
− �2

11
)A0 = 0, (�2

00
− �2

11
)A1 = 0,

(18a, b)(�2
00
− �2

11
)� = 0, (�2

00
− �2

11
)� = 0.

meaningful vector A�. According to Proca equation (10b), in 
a timelike domain in which m2 > 0, we must have ��A� = 0.  
In this section, we have shown that the constraint ��A� = 0 
does not necessarily hold any more for lightlike solutions, 
and in Sect. 2, we discussed “Proca equation” (10a) as a 
candidate to extend (10b) naturally into spacelike domain by 
the help of Clebsch-parameterized vortex dynamics in which 
an excited state of ��A� plays a key role. In the following sec-
tion, we start from explaining briefly how this extension is 
achieved to obtain a new model of off-shell virtual photons.

4  Dressed photons in off-shell virtual modes

In Sect.  2, we have discussed Clebsch-parameterized 
vortex dynamics in the case of lightlike C� which corre-
sponds to free electromagnetic waves in vacuum. Math-
ematically, as we see from (5b), a lightlike case is shown 
in such a form that the trace of T̂𝜈

𝜇
 vanishes, namely, 

T̂𝜈
𝜈
= −S𝜈𝜎S

𝜈𝜎 = 𝜌C𝜈C
𝜈 = 0, which suggests that a space-

like case would be realized by replacing a null vector C� 
by a spacelike one. Actually, this conjecture turns out to be 
correct and by repeating similar procedures starting from 
the geodesic equation (2), we can eventually obtain the 
energy–momentum tensor T̂𝜈

𝜇
 for a spacelike C� (see SOO 

for the details of derivations). In terms of a new notation 
Ŝ𝜇𝜈𝜎𝜌 = S𝜇𝜈S𝜎𝜌, T̂𝜈

𝜇
 can be expressed as 

which satisfies ∇𝜈 T̂
𝜈
𝜇
= 0. Since Eq. (19a) is isomorphic to 

the l.h.s. of Einstein equation which represents Ricci curva-
ture of the spacetime: 

with Riemann curvature tensor R���� satisfying∇�G
�
�
= 0,  

we can say that (19a) describes an inherent spacetime 
structure of the extended electromagnetic field. The 
trace of (19a) becomes as Ŝ 𝛼𝛽

𝛼𝛽
 and it can be shown that 

Ŝ
𝛼𝛽

𝛼𝛽
= 8(𝜅0)

2U𝜈U𝜈 which is negative, since U� is spacelike.
Equations (3b, c) for a spacelike case now become a cou-

ple of KG equations: 

Since DPs tend to manifest themselves at a sharp end in 
an open space as the simplest setting for such a configura-
tion, let us consider � field in a spherical coordinates system 
(r, �, �). Utilizing the method of separation of variables, we 
assume 𝜆 = exp(ik0x

0)�̃�(r, 𝜃,𝜙) = exp(ik0x
0)R(r)Θ(𝜃)Φ(𝜙) 

and get from (20b): 

(19a)T̂𝜈
𝜇
= −Ŝ 𝜈𝜎

𝜇𝜎
+

1

2
Ŝ

𝛼𝛽

𝛼𝛽
g𝜈
𝜇
,

(19b)G�
�
= −R ��

��
+

1

2
R

��

��
g�
�
,

(20a, b, c)
∇�∇�� − (�0)

2� = 0, ∇�∇�� − (�0)
2� = 0with g��∇��∇�� = 0.
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where Δ denotes the Laplacian in terms of spherical coor-
dinates. For simplicity, let us consider a solution dependent 
only on r. Then, (21) reduces to 

Recall that a timelike KG equation having the form of 
∇�∇�� + m2� = 0 is formally transformed into a spacelike 
one of (20b) if we replace the rest mass m by i�0. Quantum 
theoretically speaking, k0 in the time dependent part of � is 
proportional to the energy of a given state. In parallel to the 
case of transformation of m into i�0, we consider the case of 
k0 → ie. The behavior of spacelike KG equation is explained, 
for instance, by [8], and it is shown that non-localized wave-
like solutions are stable, while localized ones are always 
unstable (either amplifying or damping). The reason why 
we consider the case of k0 → ie is because DPs are spatially 
localized. Replacing k0 by ie in (22), we obtain 

which yields a spatially localized Yukawa-potential-type 
solution of 

The significance of this solution is that when the magni-
tude of energy fluctuation arising from incident light–matter 
interactions combined presumably with a quantum mechani-
cal effect of the uncertainty principle exceeds a certain 
threshold value of �0 which is basically determined by the 
scale of nano-materials involved, an unstable (temporally 
damping and spatially localized) solution � = exp(−et)R(r) 
of a spacelike KG equation pops up into a timelike domain. 
Given the above-mentioned incident light–matter interac-
tions as a background “forcing”, the incessant process of 
excitation of the field (19a) and resultant damping looks 
similar to “vacuum fluctuation” in which modeled DP field 
plays a role of virtual photons. A spatially localized feature 
of (19a) shows that it is asymptotically flat and is continu-
ously connected to a far field. In the above argument, we 
exclude growing-up modes with negative e, because we are 
interested in a solution which is bounded both spatially as 
well as temporally for t > 0.

5  Summary

A new interpretation of gauge condition has been pro-
posed by looking at the balance between the rotational and 

(21)Δ�̃� + [(𝜅0)
2 + (k0)

2]�̃� = 0,

(22)d2R

dr2
+

2

r

dR

dr
+ [(�0)

2 + (k0)
2]R = 0.

(23)d2R

dr2
+

2

r

dR

dr
− [e2 − (�0)

2]R = 0,

(24)R(r) =
1

r
exp

[

−

√

e2 − (�0)
2r

]

.

irrotational parts of vector potential A�. Our analysis shows 
that ∇�A

� has a physical meaning and it can be regarded 
as longitudinal electric field. As a supporting justification 
of this result, we refer to theoretical interpretations made 
by Ojima on longitudinal and scalar photons from the 
viewpoint of micro–macro duality. On the basis of physi-
cal reality of ∇�A

�, we have extended conventional elec-
tromagnetic field A� into spacelike domain by introducing 
Clebsch-dual electromagnetic field. As quantum field theory 
tells, spacelike energy–momentum support is a necessary 
ingredient to describe field interactions mathematically as 
is the case for Coulomb interaction in which virtual photons 
play key roles, so that Clebsch-dual field yielding spacelike 
energy–momentum supports can be regarded as a natural 
approach to construct a model of DPs as virtual photons. 
A newly introduced model of Clebsch-dual can explain 
extreme localization as well as ephemerality of the field, 
which seems to make this model a promising candidate for 
the model of DP as virtual photon.
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1 Introduction

In this paper, we examine a new aspect of the interplay 
between mathematical–physical arguments and light–mat-
ter fusion technologies in terms of the concept of “effective 
mass”, starting from a fundamental (and seemingly naive) 
question: who has seen a free photon?

Since the argument by Newton and Wigner [8] and the 
theorem by Wightman [13], it has been known in mathe-
matical physics that any position operator cannot be defined 
for a massless free particle with a non-zero finite spin, in 
sharp contrast to the cases of massive particles which can 
be localized.

This statement is clearly in contradiction to the intui-
tion of almost all physicists and engineers who have used 
the concept of “position of a photon” as one of the basic 
ingredients of theory and application of quantum mechanics. 
Without specifying its position who can see a free photon?

This dilemma is resolved by introducing the “effective 
mass” of a photon due to the interaction with material sys-
tems. As we will discuss later, the validity of this interpreta-
tion is confirmed in reference to the picture of “polariton”, a 
basic notion in optical and solid physics [3, 4].

The scenario can be applied to more general settings. As a 
striking example, we focus on the roles played by nanoparti-
cles in the context of “dressed photons” [9], which open the 
door to the “off-shell” sciences and technologies.

2  On‑shell vs. off‑shell

Toward introducing the notion of “dressed photons” and 
“off-shell” sciences and technologies, let us begin with 
reviewing the concepts of on-shell/off-shell. The equation

(1)E = mc2,

Abstract In the present paper, a new aspect of the inter-
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and light–matter fusion technologies in terms of the concept 
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is probably one of the most well-known formulas in physics.
The right-hand side is the product of the mass and the 

square of the light speed, and the left one it represents is 
the so-called “static energy”. It is an expression symboliz-
ing the striking recognition of mass–energy equivalence, 
and the impact of this formula will not be diminished.

One should be aware, however, that this expression 
does not cover the whole world. The equality E = mc2 
belongs to a more general expression of the relation 
between energy, momentum and mass

which is called the ”(on-the-)mass-shell” condition or “on-
shell” condition (for short). Its Fourier-transformed version 
is the free Klein–Gordon equation:

This condition universally characterizes macroscopically 
identifiable particles and each of such particles is all thought 
to fulfill this condition with some specific value of m.

In quantum field theory that has been built with the 
aim of integrating the theory of relativity and quantum 
theory (which was another revolution in physics), how-
ever, it is known that the world cannot be described satis-
factorily only in terms of on-shell entities [10].

To describe actual physical phenomena, it is absolutely 
necessary to have “agents” that do not satisfy the on-shell 
condition. These agents usually called “virtual particles” 
represent crucial characteristics of quantum fields which 
cannot be explained by classical particle description.

The mode of existence deviating from the on-shell con-
dition is called “off-shell” (aspects of quantum fields). 
In the naive common-sense knowledge among physicists, 
it is believed that only in the subatomic scale the con-
sideration of this kind of off-shell becomes practically 
necessary.

From the mathematical viewpoint, however, a quan-
tum field becomes a free field without interactions if its 
energy–momentum spectrum does not cover the total dual 
space of the spacetime [10].

The experimental manifestation of this mathematical 
consequence can be found in the phenomena described by 
the concept of “dressed photons” [9] which should con-
stitute exactly the “off-shell science” in the nano-scale. 
Taking the interaction with nanomaterials into account, 
the “aspects as a quantum field” of the light becomes 
significant.

In what follows we introduce the notion of dressed 
photons from the viewpoint of mathematical physics, 
especially from the so-called “localization problem” of 
a photon.

(2)E2 − c2p2 = m2c4,

(3)
(

1

c2
�2

�t2
− ∇2 +

(
mc

ℏ

)2
)
� = 0.

3  Photon localization problem

It is often said that “light is a wave and a particle”. Here, light 
as a particle is a particle with zero mass, that is,

Hence, it is considered as a particle which satisfies the on-
shell condition in the form mentioned above. Later on, we 
will call light as particle in this sense as “free photon”.

It should be noted here that “particle” notion as used 
herein refers to the digital behavior of exchanging energy and 
momentum. It is not considered as being spatially localized.

In fact, this picture is never compatible with the concept 
of free photon. Newton and Wigner [8] and Wightman [13] 
showed that a mathematical result meaning

Particles with mass 0 (spin is not 0) cannot be localized 
under the standard and general formulation of particle 
and localization.

More precisely, Wightman proved the result based on the 
argument by Newton–Wigner by formulating the general 
notion of localization. The “general notion of localization” 
can be summarized as follows [11–13]:

(i) The spectral resolution of position operators: it is
defined by a family (ℝ3) ∋ � ⟼ E(�) ∈ Proj(ℌ)

of projection-valued measures E(�) in a Hilbert space
ℌ defined for each Borel subset � of ℝ3, characterized
by the following properties (ia), (ib), (ic):

(ia) E(�1 ∩ �2) = E(�1)E(�2);
(ib) E(�1 ∪ �2) = E(�1) + E(�2), if �1 ∩ �2 = �;
(ic) E(ℝ3) = 1;

 (ii) Physical interpretation of E(�): when the system is
prepared in a state �, the expectation value �(E(�)) of
a spectral measure E(�) gives the probability for the
system to be found in a localized region �;

 (iii) Covariance of the spectral resolution: under a trans-
formation (�,)with a spatial rotation  followed by
a spatial translation �, a Borel subset � is transformed
into � + �. Corresponding to this, we have its uni-
tary implementer U(�,) in ℌ, which represents (�,)

covariantly on E in such a way that

To see why the system defined above can be considered as 
a basis for localization, we give a sketch in a conventional 
quantum mechanical manner: let � be a region, for example, a 
closed volume in ℝ3,

(4)E2
free

− c2p2
free

= 0.

E(�) → E(� + �) = U(�,)E(�)U(�,)−1.

E(𝛥) = ∫
𝛥

d3r|r >< r|,

8



Dressed photons from the viewpoint of photon localization: the entrance to the off-shell science  

1 3

Page 3 of 6  724 

and

Then, the position operator is defined as r̂|r >= r|r >.
The difference between the massive case and the mass-

less case comes from the difference of the Wigner lit-
tle groups, i.e. the stabilizer subgroups of standard four 
momenta. From the system in the axioms corresponding to 
the position operator, we can construct a covariant repre-
sentation under the action of three-dimensional Euclidean 
group, which generates an induced representation from its 
little group. In the massless case, however, we can prove 
by purely representation–theoretic method that there is no 
such covariant representation for the massless case whose 
little group is the two-dimensional Euclidean group, in 
sharp contrast to the massive case whose little group is the 
three-dimensional rotational group.

According to the above concept of localization, the 
position operator can be defined consistently. It is impor-
tant to note that this concept is concerned with localization 
of states in space at a given time formulated in terms of 
spatial translations � and rotations , respectively. If we 
considered the axioms like (i)–(iii) on the whole space-
time, it would imply the validity of the canonical commu-
tation relations between four momenta p� and spacetime 
coordinates x�, which would imply the Lebesgue spec-
trum covering the whole ℝ4 for both observables p̂𝜇 and 
x̂𝜈. Then, any such physical requirements as the spectrum 
condition or as the mass spectrum cannot be imposed on 
the energy–momentum spectrum p̂𝜇, and hence, the con-
cept of localizability in space–time does not make sense.

From this point of view, position should not be consid-
ered the “a priori” observables. It is defined with respect 
to some fixed reference system (some chosen inertial sys-
tem). Then the problem is whether we can construct the 
position operator consistently or not. Wightman proved the 
following mathematical results:

Theorem 1 ([13], excerpt from theorem 6 and 7) A Lor-
entz or Galilei covariant massive system is always localiz-
able. For the Lorentz case, the only localizable massless 
elementary system (i.e. irreducible representation) has spin 
zero. For the Galilei case, no massless elementary system 
is localizable.

Corollary 1 A free photon is not localizable.

The fact that a free photon cannot be localized here 
means that “position” for a free photon is not well defined 
as a physical quantity for any reference system (reference 
inertial system).

𝜔(E(𝛥)) = ∫
𝛥

d3r < 𝛹 |r >< r|𝛹 > .

But, if it is so in reality, can we say nothing about “the posi-
tion of photons”? This does not seem to match our intuition 
about many real optical situations (including quantum optics). 
How can we solve this paradox anyway?

4  Effective mass generation

Our strategy for the photon localization problem can be sum-
marized as follows [11, 12]:

• Photons are coupled with a material system into a compos-
ite system with a coupled dynamics.

• Positive effective mass emerges in the composite system 
as a result of the interaction between the photons and the 
matter.

• Once the positive effective mass is generated, Wightman’s 
theorem based on Newton–Wigner arguments itself pro-
vides the “basis” for the localization of a photon.

From our point of view, therefore, this theorem of Wightman, 
which is interpreted traditionally as a no-go theorem against 
the localizability, becomes actually an affirmative support for 
it. It simply means:

Whenever a photon is localized, it should carry a non-
zero effective mass.

As a first typical example of our scheme, we focus first on a 
photon interacting with a homogeneous medium, in the case 
of the monochromatic light with angular frequency � as a clas-
sical light wave. For simplicity of the argument, we neglect 
here the effect of absorption, that is, the imaginary part of 
refractive index.

When a photon interacting with the homogeneous medium 
can be treated as a single particle, it is natural to identify its 
velocity � with the “signal velocity” of light in the medium. 
The relativistic total energy E of the particle should be related 
to the absolute value of the velocity v ∶=

√
� ⋅ � by its effec-

tive mass m���:

Since v is well known to be smaller than the light velocity 
c in vacuum, m��� should be positive, as far as the particle 
picture above is valid.

Then we consider m��� as the relativistic (rest) mass, and 
identify its momentum � with

(5)E =
m���c

2

√
1 −

v2

c2

.

(6)
� =

m����√
1 −

v2

c2

.
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Hence, as long as “an interacting photon” can be well 
approximated by a single particle, it should have positive 
mass. Then its “localization problem” is resolved.

Although the concrete forms of energy/momentum are 
related to the Abraham–Minkowski controversy [1, 2, 6, 7] 
and modified versions of Einstein/de Broglie formulae [11], 
our argument itself does not depend on the energy/momen-
tum formulae.

The only essential point is that a massless particle can 
be made massive through interactions with external system. 
That is, while a free photon satisfies its on-shell condition

an “interacting photon” should satisfy the different on-shell 
condition

In short, an “interacting photon” can gain a positive effective 
mass, while a “free photon” remains massless. This is the 
key for solving the photon localization problem.

We note, however, the present argument is based on the 
assumption that “a photon dressed with interactions”, which 
itself should be viewed as coupled system of the photon and 
the material system, can be viewed as a “single particle”.

In the next section we proceed to consolidate the validity 
of this picture, especially the existence of particles whose 
effective mass is produced by the interactions, which is quite 
analogous to Higgs mechanism: such a model for photon 
localization certainly exists, which is based on the concept 
of “polariton”, well known in optical and solid physics.

5  Polaritons

As is well known, the refractive index n microscopically 
comes from the interaction between the light and the 
medium. From this viewpoint, it is quite natural to think 
that photons acquire “effective mass” in the medium.

This simple idea can be justified in the picture of “polari-
ton” [3, 4], which was known in the field of optical proper-
ties. Polariton (more precisely, “exciton polariton”) is noth-
ing but a synthetic system of free photon and exciton (the 
excitation of the material field caused by light is regarded 
as a quantum field).

A polariton satisfies the on-shell condition different from 
free photon

Here m������ denotes the effective mass of the polariton.
If we consider interacting photons as particles with effec-

tive mass, the framework in the Newton–Wigner [8] and 
Wightman [13] itself gives the way of localization.

(7)E2
free

− c2p2
free

= 0,

(8)E2 − c2p2 = m2
���
c4 > 0.

(9)E2 − c2p2 = m2
������

c4 > 0.

As we remarked earlier, the meaning of localizability 
here means that position at each time as physical quantity 
depending on some chosen reference inertial system. By 
taking a stationary coordinate system for a homogene-
ous medium as a reference system, it becomes possible to 
define a physical quantity consistent with our intuition as 
position of photons.

More concretely, photon localization problem for pho-
tons in a homogeneous medium can be solved as follows 
[11, 12]:

Let us consider the chain of processes composed of 
creation of an “excition (an excited state of polarization 
field above the Fermi surface)” and annihilation of a pho-
ton followed by annihilation of an exciton and creation of 
a photon.

The chain of processes itself is often considered as the 
motion of particles called polaritons (in this case “exci-
ton–polaritons”), which constitute particles associated 
with the coupled wave of the polarization wave and elec-
tromagnetic wave.

The concept of polariton has been introduced to develop 
a microscopic theory of electromagnetic interactions in 
materials, i.e. the behavior of photons in material systems 
[3, 4].

Photons become polaritons by the interaction with mat-
ter. The polariton picture has provided an approximation 
better than the scenarios without it. Moreover, the velocity 
of polaritons discussed below gives another confirmation 
of the presence of an effective mass.

It is well known that the permittivity �(�) is given by

Hence, we can determine the dispersion relation (between 
frequency and wave number), which is nothing but the on-
shell condition, of polariton once the formula of permittiv-
ity is specified. In general, this dispersion relation implies 
branching, quite analogous to the Higgs mechanism. The 
signal pulse corresponding to each branch can also be 
detected in many optical experiments. For example, see the 
experiments in [5] cited below.

In the simplest case, the permittivity is given by the 
transverse frequency �T of exciton’s as follows:

where �∞ denotes lim�→∞ �(�) and �st = �(0) (static 
permittivity).

With a slight improvement through the wavenumber 
dependence of the exciton energy, the theoretical result 
of polariton velocity 𝜕𝜔

𝜕�
< c based on the above dispersion 

(10)�(�) = n2 =
c2k2

�2
.

(11)�(�) = �∞ +
�2
T
(�st − �∞)

�2
T
− �2

,
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relation, or the on-shell condition, can explain satisfacto-
rily experimental data of the passing time of light in mate-
rials (for example, [5]). This strongly supports the validity 
of the polariton picture, and hence, of our argument for the 
photon localization problem.

6  Dressed photons

As we have discussed, the arguments of Newton–Wigner 
[8] and the theorem of Wightman [13] says the following 
in short: for position to have physical meaning, it must 
have effective mass.

Then the next question is what will happen if we con-
sider localization possibilities beyond homogeneous media 
and more general forms.

As a typical example of more general form of localiza-
tion via interaction, let us consider the system composed 
of light and nanoparticles. In this context the notion of 
“dressed photons” [9] is introduced as a universal model 
for photon localization.

If we focus on the interaction of free photons and 
excitons as a synthetic system there always remain some 
aspects not to be covered in on-shell framework alone. In 
spite of this serious obstruction, all the discussion so far 
has been done ironically within the on-shell framework.

It should be evident that light in the coupled system 
with nanoparticles can no longer be captured in the on-
shell framework.

Let us consider the coupled system composed of two 
nanoparticles included in a homogeneous medium. When 
the light enters the coupled system, photons become polar-
itons in a uniform medium as we have discussed. Then 
the polaritons intermediate the interaction between two 
particles.

By applying the methods of renormalization (see Chap-
ter 2, especially Section 2-2, in [4] and references therein), 
the main part of interaction can be described by Yukawa-
type potential. Microscopically, it means that two nanopar-
ticles exchange the massive off-shell particles (or “virtual 
particles”), which can be interpreted as “photons dressed 
by excitation of nanoparticles”. We call the off-shell par-
ticle as “dressed photon” (DP) [9].

As a Yukawa field, the dressed photon field around a 
nanoparticle satisfies the (time-independent) Klein–Gor-
don equation:

Here m�� denote the mass of the dressed photon given 
by the renormalization method (see Chapter 2, especially 

(12)
[
∇2 −

(m��c

ℏ

)2
]
�(r) = 0.

Section 2-2, in [9] and references therein), which is depend-
ent on the effective mass of the electrons in the nanoparticles 
and the effective mass of the polaritons.

The solution for the Klein–Gordon equation is Yukawa 
type:

Hence, the dressed photons are localized around the particle. 
The scale of the effective radius of the dressed photon field 
is almost the same as the one of the nanoparticle.

In this paper we have started from the photon locali-
zation problem and have clarified the significance of the 
concept of dressed photon. For free photons, position is 
not an intrinsic physical quantity, only interaction with 
matter allows localization. Hence, the simple answer to 
our original question “Who has seen a free photon ?” is, 
just “Neither I nor you”. But when the matter reacts trem-
bling, interacting photons are there.

If the matter is macroscopically homogeneous, it was 
possible to solve the localization problem within the on-
shell framework in terms of polariton.

As soon as taking the nanoparticles into account, how-
ever, it is necessary to think of off-shell particle which we 
call dressed photon. Unlike the case of a homogeneous 
medium, here the translational symmetry is broken and 
the momentum conservation is violated.

Therefore, if we try to think about the interaction 
between light and matter under such circumstances, we 
must inevitably get into the off-shell world. The intrinsic 
energy fluctuation of the light current gives the physical 
basis for “off-shell” interaction.

In short, dressed photons are nothing but the excitations 
of the quantum field of composite system of photons and 
nanoparticles with macro-system based on the nonequi-
librium stationary state as a kind of fluctuating “vacuum”.

7  Conclusion

The perspective above gives the fundamental insight: the 
essential mathematical structure of quantum field theory 
for the so-called elementary particles in subatomic scale 
can also be applied to certain phenomena in the nano-
scale. This insight will actualize completely new interplays 
between mathematical physics and optical technology.

In the history of modern physics, such a biased idea 
has been prevailing as a “common sense” that on-shell is 
fundamental and that off-shell plays role only in the suba-
tomic scale, as has been symbolized by too much empha-
sis on the “famous formula” E = mc2. The discovery of 

(13)�(r) =
e
−(

m��c

ℏ
)r

r
.
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dressed photons and its various applications, however, will 
promote fundamental change in such a biased “common 
sense”.

Here the fundamental is rather off-shell: the possibility to 
research and apply “light as a quantum field” beyond the on-
shell particle picture has already opened up. Speaking more 
ambitiously, the possibility to construct “off-shell science” 
that analyzes various phenomena in a wide range of scales 
not restricted to the combination of light and nanoparticles 
is open also in the universal framework. In other words, by 
the discovery of dressed photons the photon localization 
problem has turned out to be the entrance to the coming 
off-shell science.
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26870696.
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Abstract We investigated how the injected current and the

irradiation light power for dressed-photon–phonon (DPP)-

assisted annealing affected the performance of the fabri-

cated device. It was shown that there exists a threshold

injection current for DPP-assisted annealing. In the case of

the devices we fabricated, the threshold current was about

400 mA: When the injected current was below the

threshold, the electroluminescence emission intensity did

not change even after DPP-assisted annealing. On the other

hand, when the injected current was above the threshold,

the emission intensity increased by two orders of magni-

tude. The role of irradiation light was also examined and it

was found that the emission spectral profile varied

depending on the intensity of the irradiation light power in

DPP-assisted annealing. Furthermore, we confirmed that

the emission intensity had a quadratic dependence on the

driving current when the driving current was higher than

400 mA. This quadratic dependence was considered to be

due to electron–electron scattering.

1 Introduction

Crystalline silicon (Si) has long been a key material sup-

porting the development of technology for more than half a

century because of its numerous advantages: Si is an

abundant material in the earth’s crust, and it is easy to

produce high-quality Si substrates. In addition, the rapid

development of fine process technology has made Si the

most popularly used material for electronics.

However, because Si is an indirect transition-type

semiconductor, it has been considered to be unsuitable for

light-emitting devices; since the bottom of the conduction

band and the top of the valence band in Si are at different

positions in reciprocal lattice space, the momentum con-

servation law requires an interaction between an electron–

hole pair and phonons for radiative recombination. How-

ever, the probability of this interaction is low. Neverthe-

less, Si has been the subject of extensive research on the

fabrication of Si light-emitting devices because of its

excellent compatibility with electronic devices and the

merits mentioned above. These include, for example,

research using nanoparticles such as quantum dots [1] and

porous Si [2], or using the Raman effect [3]. However, the

devices fabricated in these research studies have some

limitations, such as low efficiency, the need to operate at

low temperature, complicated fabrication processes, and

the difficulty of current injection.

To solve these problems, a novel method that exploits

the dressed-photon (DP) has been invented [4–6]. The DP

is a quasi-particle created when a photon couples with an

electron–hole pair as a result of a near-field interaction.

Theoretical studies have shown that a DP could excite

multi-mode coherent phonons and create a coupled state

with these multi-mode coherent phonons, called a dressed-

photon–phonon (DPP) [4, 7]. The operating principle of a
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light-emitting device based on a DPP is that electron–hole

pairs could receive enough momentum from coupled

coherent phonons if the spatial distributions of dopants in a

p–n homojunction could be optimized for creating DPPs.

Therefore, the light emission efficiency would be drasti-

cally increased by obeying the momentum conservation

law.

In the present paper, first, the principle and method of

DPP-assisted annealing for fabricating Si-based LEDs are

described (Sects. 2, 3, respectively), and then their light

emission features and dependences on the injected current,

originating from the DPP-assisted annealing, are presented

(Sect. 4).

2 Principle of fabrication

A novel method, named DPP-assisted annealing, has been

invented by the authors to fabricate Si light-emitting diodes

(LEDs) [4, 5]. The principles of this method are as follows:

When a forward current Ianneal is injected into a p–n

homojunction, it generates Joule energy in the crystal. As a

result, dopants (B atoms) diffuse, causing their spatial

distribution to vary. As a result of this diffusion, the spatial

distribution of B atoms in some regions can become suit-

able for creating DPPs [8]. In these regions, stimulated

emission is brought about because the created DPPs allow

the injected carriers to recombine radiatively through

interaction with phonons, as described in Sect. 1. Since the

emitted light propagates away to the outside of the Si

crystal, a part of the Joule energy is dissipated in the form

of photons, by which the Si crystal is locally cooled, and

consequently, the diffusion rate of B atoms locally

decreases. As a result of the balance between the heating

by Joule energy and cooling by stimulated emission, the

distribution of B atoms tends to reach a stationary state in a

self-organized manner [9], and this state can be the opti-

mum state for photon emission. Here, it should be noted

that a unique feature, named photon breeding, has been

found in the emission process [8, 9]. That is, the photon

energy hmem of the light emitted from the fabricated device

is equivalent to the photon energy hmanneal of the light

irradiated during the DPP-assisted annealing.

A recent study has found that DPP-assisted annealing

varies the distribution of B atoms such that B atom-pairs

tend to orient in the\100[ direction [8]. Phonons can be

strongly confined at these B atom-pairs because the pairs

serve as cavity resonators for the lattice vibration [7]. As a

result, localized phonons can be created (Fig. 1). Since the

\100[ direction corresponds to the C - X direction in

reciprocal lattice space and the DP excites localized multi-

mode coherent phonons at the B atom-pairs, DPPs having

momenta necessary for radiative recombination are

created. Therefore, the more B atom-pairs tend to orient in

the\100[direction, the higher the possibility of radiative

recombination is. Moreover, a physical model based on a

two-level quantum mechanical system has successfully

explained the dynamics of DPP-assisted annealing and

shown that the optimum spatial distribution of B atoms is

formed at a microscopic level by DPP-assisted annealing

[9]. More recent studies have shown that the measured

positions of phonon sidebands in the emission spectrum

agreed well with theoretical calculations that assumed

coupling of electron–hole pairs with LO-mode and TO-

mode phonons via DPPs [10].

Based on these theoretically and practically sound

foundations, LEDs using SiC or GaP, which are indirect

transition-type semiconductors [5, 11, 12], and bulk Si

crystal-based lasers [6, 13] have also been successfully

fabricated.

3 Device fabrication

To fabricate a Si diode, As-doped n-type Si substrates with

a thickness of 625 lm were used. The orientation of the

substrates was (100), and the electrical resistivity was

10 X cm. These substrates were subjected to ion implan-

tation to form a p–n homojunction. That is, B atoms were

implanted as donors with energy of 700 keV and a dose of

1.7 9 1014/cm2. The peak concentration of B atoms was

1 9 1019/cm3. We skipped the normally performed sub-

sequent thermal annealing process for two reasons: (1)

Activation and recovery of the crystallinity should be

accomplished during the DPP-assisted annealing process.

(2) Analysis of the acquired Raman spectra showed that

they did not contain any spectral components caused by

damage due to ion implantation.

An Al thin film with a thickness of 300 nm was

deposited by sputtering on the back side (the n-type side) to

Fig. 1 Schematic explanation of localized phonons. Sinusoidal

curves (A) and (B) represent localized phonons created at B atom-

pairs oriented in the \100[ direction and another direction,

respectively
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serve as an anode. We used a double layer for the front side

(the p-type side) by successively depositing an ITO thin

film with a thickness of 100 nm and a Pt thin film with a

thickness of 150 nm. The Pt layer was patterned into a

mesh-like shape by a lift-off process. This double-layered

cathode was designed to allow the light to irradiate the

device surface during the DPP-assisted annealing and to

efficiently extract the electroluminescence (EL) light

emitted from the p–n homojunction. Then, the substrate

was diced into 1 mm 9 1 mm chips, and the chips were

fixed to a PCB by soldering. Finally, wire-bonding was

performed. Figure 2a shows a photograph of the fabricated

Si diode. Figure 2b shows the measured relationship

between the forward bias voltage and the driving current

I injected into the device. Figure 2c indicates a fine recti-

fication characteristic in the low current region, and a

negative resistance at I[ 80 mA.

After the fabrication above, DPP-assisted annealing was

carried out. A Peltier device was used to keep the tem-

perature of the Si diode constant. A forward current was

injected into the Si diode. To prevent the device from being

damaged by a temperature increase during the DPP-as-

sisted annealing, a triangle-wave current Ianneal of 1-Hz

repetition frequency was injected. During this injection, the

Si diode surface was irradiated with CW light with energy

hmanneal = 0.943 eV (wavelength, 1313 nm). The irradia-

tion light power was fixed at 1 W.

4 Results and discussion

We examined the dependences of the EL spectral features

on the DPP-assisted annealing conditions. First, we

examined the dependence on the injected current Ianneal.

For the DPP-assisted annealing, the irradiation power was

set to 1 W. Figure 3 shows the EL spectral profiles

acquired when the DC injection current I for driving the

fabricated device was 300 mA. It is clear from Fig. 3a that

when the peak value of the triangle-wave current Ianneal was

250 mA, the weak EL spectrum did not change its profile

or emission intensity even after DPP-assisted annealing for

8 h. On the other hand, Fig. 3b shows that when the peak

of the triangle-wave current Ianneal was increased to

500 mA, the EL spectral profiles changed significantly, and

the emission intensity increased by two orders of magni-

tude after DPP-assisted annealing for only 2 h. We exam-

ined this increase by incrementally increasing Ianneal in

50 mA steps. The maximum annealing time was set to 8 h.

As a result of this examination, we found that the effect of

DPP-assisted annealing (the increase in the emission

intensity) was seen only when the peak of the triangle-

Fig. 2 a Photograph of the

fabricated Si diode. b,

c Measured relationships

between the forward bias

voltage and the driving current

I injected into the device (b and

c are low and high current

regions, respectively). In c,

negative resistance is seen at

I[ 80 mA

Fig. 3 EL spectral profiles acquired when the DC injection current

I for driving the fabricated device was 300 mA. For the DPP-assisted

annealing, the irradiation power was set to 1 W. a Spectra before

DPP-assisted annealing (curve A) and after DPP-assisted annealing

for 8 h (Ianneal = 250 mA) (curve B). b Spectra before DPP-assisted

annealing (curve A) and after DPP-assisted annealing for 2 h

(Ianneal = 500 mA) (curve B)
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wave current Ianneal was higher than about 400 mA, which

represents the threshold of the injected current Ianneal

required for DPP-assisted annealing.

Second, we examined how the irradiation light power

contributed to the DPP-assisted annealing using two sam-

ples: samples 1 and 2 were irradiated with light having

powers of 1 W and 300 mW, respectively. The peak of the

triangle-wave current Ianneal was set to 500 mA. After the

DPP-assisted annealing, the EL spectra were acquired with

a driving current I of 300 mA. Figure 4 shows the result,

which represents two specific features. One is a bump

centered at 0.943 eV (wavelength, 1313 nm), which is

equal to the energy hmanneal of the light irradiated during the

DPP-assisted annealing. The height of this bump in the

case of sample 1 was higher than that in the case of sample

2, which is because of the photon breeding described in

Sect. 2 [8, 9]. The higher the light power, the clearer the

photon breeding feature is.

The other feature is a narrow peak at 0.815 eV (wave-

length, 1520 nm), whose height in the case of sample 1 was

lower than that in the case of sample 2. This was attributed

to the distribution characteristics of the B atom-pairs. The

number of B atom-pairs as a function of the length d of the

pair has been represented by the Weibull distribution

p dð Þ ¼ 3=bð Þ � d=bð Þ2� exp � d=bð Þ3
h i

ð1Þ

where b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3=4pd3

p
and d is the concentration of the doped

B atoms [8]. By least squares fitting of Eq. (1) to the

measured distribution profiles, it was found that p(d) took a

maximum at d = 5a (a: the lattice constant of Si) [8]. Here,

to obey the momentum conservation law for radiative

recombination, the value of the wave number of the pho-

non has to be 1/a for coupling with an electron–hole pair.

This is because the difference in the wave-number at the C
point and the X point in reciprocal space is 1/a. When d is

equal to 5a, the value of the wave-number of the lowest

localized phonon mode is 1/5a, and thus, the electron–hole

pair requires five phonons to obey the momentum conser-

vation law [14]. Based on this requirement, the emitted

photon energy is given by hmem = Eg - 5ELO, where Eg

(= 1.14 eV) and ELO (= 65 meV) are the bandgap energy

of Si and the LO phonon energy, respectively. From this

equation, hmem was found to be 0.815 eV. That is, the

narrow peak at 0.815 eV is attributed to the distribution

characteristics of B atom-pairs represented by Eq. (1). The

height of this peak in the case of sample 1 is lower because

the DPP-assisted annealing with higher irradiation power

significantly modified the original distribution of B atom-

pairs so that photon breeding is clearly manifested at

0.943 eV.

Third, we examined the dependence of the EL emission

power on the driving current I. Figure 5a shows the

experimental results. The maximum power was 20 mW at

I = 1.0 A. This figure also shows that the emission power

was proportional to I at I\ 400 mA, which is a known

inherent feature of the DPP-assisted process. On the other

hand, the emission power was proportional to I2 at

I[ 400 mA, which may be because the main contribution

to the emission was thermal radiation. However, the pos-

sibility of this contribution was denied for the following

two reasons: (1) Fig. 5b shows the emission spectra

acquired over a photon energy range wider than that in

Fig. 4. Although the emission intensity in this figure in-

creased with increasing I, the spectral profile does not show

any dependence on I. If this emission were due to thermal

radiation, they should be blue-shifted with increasing I. (2)

No light emission was observed before the DPP-assisted

annealing even when I was as high as 1.0 A.

Thus, we concluded that this light emission comes from

the momentum transfer between localized phonons and

electrons caused by electron–electron scattering, as is

schematically explained by Fig. 6. In the case of an LED

fabricated with a direct-transition-type semiconductor,

electron–electron scattering decreases the light emission

efficiency. However, in a DPP-assisted LED, this scattering

process plays a different role. As was explained in Sect. 2,

the B atom-pairs in the p–n homojunction tend to orient in

the \100[ direction due to the DPP-assisted annealing.

Here, not only phonons but also electrons can be captured

by these B atom-pairs because they serve as cavity res-

onators for creating localized phonons. In other words,

electrons can appear due to DPP-assisted annealing even in

the area of the energy band structure of Fig. 6 where

Fig. 4 EL emission spectral profiles at the driving current

I = 300 mA, which were acquired to examine the contribution of

the irradiation power to the DPP-assisted annealing. The current

Ianneal injected for the DPP-assisted annealing was set to 500 mA. The

irradiation power for the DPP-assisted annealing was 1 W for sample

1 (curve A) and 300 mW for sample 2 (curve B). Broken circle and

ellipse represent a bump centered at 0.943 eV (wavelength, 1313 nm)

and a narrow peak at 0.815 eV (wavelength, 1520 nm), respectively
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electrons cannot exist originally. Thus, two electrons could

couple with localized phonons, leading to light emission by

electron–electron scattering and the resulting I2-depen-

dence of the emission intensity.

5 Conclusion

First, we found that the injection current for generating

Joule energy should be higher than a certain threshold in

order for DPP-assisted annealing to be effective. In the case

of the devices we fabricated, the threshold was about

400 mA. Next, we confirmed the contribution of light

irradiation to DPP-assisted annealing: The higher the

power of the irradiation light, the higher the emission

intensity at the photon energy of the irradiation light

(0.943 eV), which represents photon breeding. Finally, we

found that the emission power increased in proportion to I2

(I[ 400 mA). From this quadratic dependence, light

emission at high current was explained by electron–elec-

tron scattering.
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Fig. 5 Dependence of the EL

emission power and spectral
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emission power. b Emission
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and C, respectively). These

spectra were acquired over a

photon energy range wider than

that in Fig. 4
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Abstract: We investigated infrared photon emission mechanisms in the Si light-emitting diode 
fabricated by dressed-photon-phonon-assisted annealing. Photoluminescence measurements 
indicated that triple optical phonons played an important role in the high-power infrared emission 
of 200 mW.  
OCIS codes: (230.3670) Light-emitting diodes; (160.6000) Semiconductor materials; (300.6470) Spectroscopy, 
semiconductors,  

1. Introduction

Recent advances in dressed photon (DP) research have given rise to a new breakthrough in Si light-emitting diodes 
(LEDs) and Si lasers [1]. Despite being an indirect-band-gap semiconductor, Si can be used as an efficient photon 
emitters through momentum exchange between conduction-band electrons and dressed photons-phonons (DPP) [1]. 
The high-power Si LED is possible by engendering special arrangements of borons implanted in Si using the DPP-
assisted annealing [2]. Of particular importance is the fact that such DPP-assisted photon emitters show the photon 
breeding effect where emitted photon energy of the device after the annealing is equal to that of the irradiated photons 
(at 1.3 μm wavelength) used in the annealing. In this paper, we show the output characteristics of the Si LED. In 
particular, we investigate, via a photoluminescence study, the effect of the generated DPP states that contribute to the 
high-power light emissions in the Si LED. 

2. Fabrications

The fabricated Si LED is shown in Fig. 1. It consists of a pn homojunction formed by a single-step boron implantation 
(700 keV acceleration energy, with 1019/cm3 concentration) into an As-doped Si substrate (10 Ω-cm). A stable thin-
film mesh electrode of Cr/Al compositions was integrated on top of the boron-implanted surface. The back electrode 
of the LED was fabricated from a Cr/Al/Au triple layer. The fabricated device was soldered onto an AlN printed circuit 
board. The top thin-film electrode was connected to the circuit board by wire bonding. In order to activate the light 
emission of the LED, DPP-assisted annealing was performed at atmospheric pressure by irradiating a 1314 nm laser 
light of a power of 1 W to the upper surface while simultaneously injecting a time-varying electrical current into the 
device in a forward bias configuration. The time-varying electrical current had a triangular waveform that ramped up 
and down between 0 A and 1 A at a frequency of 1 Hz. A Peltier temperature controller was used to control the device 
temperature at 16 ˚C throughout the annealing process that lasted for 2 hours.      

Fig. 1. The Si LED. (a)  The schematics of the Si LED. (b) The top view photo. 
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3. Characterizations

The optical performance of the fabricated Si LED was evaluated after the fabrication. The characteristics of the total 
optical output power versus the injected electrical current (P-I) of the fabricated Si LED is shown in Fig. 2a. When I 
< 1.0 A, the Auger scattering process dominated, leading to the thermal effect where the optical power is proportional 
to the square of injected current (P∝I2). When I > 1.0 A, the total optical output power is an exponential function of 
I. In our test, the maximum power as high as 200 mW was obtained at I = 1.4 A. This remarkably high optical output
power is 100 times as large in comparison with commercially available GaAs LEDs [3]. The external quantum
efficiency is as high as 14 %.

To investigate the origin of the high optical output power and the contribution of the DPP, electroluminescence 
(EL) spectra and photoluminescence (PL) spectra were measured. Fig. 2b shows the EL spectrum obtained from the 
fabricated Si LED. In the case of I < 1.0 A, the EL spectrum shows a broad yet flat emission spectrum below the 
normalized intensity of 0.2. As shown in the inset of Fig. 2b, the central wavelength was at 1.20 μm (1.03 eV) for I < 
1.0 A. When I > 1.0 A, the emission spectrum shows significantly higher emission intensity for all wavelengths 
measured. The central wavelength of the spectrum was shifted to 1.28 μm (0.969 eV) which was close to that of 
annealing laser (1.31 μm or 0.946 eV), indicating the photon breeding effect at high injected current.  

Although the contributions of phonons have been discussed previously by the authors [2], clear observations of 
the emission peaks were difficult because of the broad emission spectrum caused by the Auger scattering process. The 
PL spectrum analysis can further reveal the electronic structure of the device as well as the contributions of the DPP 
states at various stages of fabrications. Using a 532 nm laser of a 200 mW output power, we obtained the PL spectra 
before and after the DPP-assisted annealing. For the PL spectrum before the annealing, we pumped the laser of a large 
beam spot onto a boron-implanted Si wafer. For the spectrum after the annealing, the laser was focused onto the small 
device surface. The PL spectra before and after DPP-assisted annealing are shown in Fig. 3a and Fig. 3b, respectively. 
Figure 3a shows a broad peak centered at 1.104 eV (1123 nm) resulted from the interband transition. No additional 
PL emission peak were observed. This indicates the lack of DPP states and thus of the DPP contributions before the 
DPP-assisted annealing. It should be noted that the light intensity in Fig.3a is extremely lower than that in Fig.3b. 
After the annealing, an emission peaks at 0.924 eV (1342 nm), which was close to that of the annealing laser and that 
in the EL measurement, were observed. Moreover, the broad emission peak from the band gap transition is shifted to 
1.049 eV (1182 nm).  

We explain the occurrence of the new emission peaks by using the band diagram of the DPP-assisted Si LED 
shown in Fig. 3c. The difference in energy of 63 meV between the original broad emission peak of the B-implanted 
Si before annealing and the red-shifted one from the annealed Si LED is equal to the energy quanta of a single optical 
phonon (64 meV) [4], indicating the phonon-assisted emission in the Si LED. On the other hand, the 180 meV-shifted 
energy of the DPP-assisted emission peak appeared at 0.924 eV translates to around 3 phonon energy quanta (3 × 64 
meV), indicating the triple phonon-assisted emission process. We believe that the remarkably high optical output 
power in the device is contributed also by lesser re-absorptions since the newly created emission peaks around 1.3 μm 
were not absorbed back by the interband transition.  

Fig. 2. The measured P-I characteristics and EL spectra of the Si LED. (a) The P-I characteristics as a function of the forward-biased injected current. (b) The EL 
spectra at the different injected currents. 
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4. Conclusions

The mechanisms of the photon emissions in the Si LED, fabricated by DPP-assisted annealing, was investigated in a 
PL study by using a 532 nm laser excitation. The P-I characteristics together with the EL spectra at different injected 
currents were measured. We observed the PL emission peaks around 1.3 μm corresponding to those obtained from the 
EL peaks for high injected current (> 1.0 A) and that of the annealing laser, confirming the photon breeding effect in 
the Si LED. Photoluminescence measurements indicated coupling between electrons and triple optical phonons played 
an important role in the high-power infrared emission of 200 mW. Presently, the DPP mechanism has also been applied 
for a high-power Si laser device that has realized a 14 W optical output power [5].  
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Fig. 3. The PL spectrum measurement results right after the boron implantation (a) and after DPP-assisted annealing (b). The band 
diagram of the Si LED (c) shows the relaxation process of electrons assisted by the optical phonons. The horizontal blue lines represent 
the energy levels of the optical phonons equally spaced by 63 meV.    
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A B S T R A C T

This article reviews recent progress in theoretical studies of dressed photons. For providing con-
crete physical images of dressed photons, several experimental studies are demonstrated. They are
applications of dressed photons to novel optical functional devices, nano-fabrication technologies,
energy conversion technologies, and photon breeding devices. After these experimental demon-
strations, as the main part of this review, quantum-field theoretical formulation of dressed photons
is attempted in use of the newly introduced Clebsch-dual variable of electromagnetic field. The
reason for introducing the new formulation will be explained in the final section from the view-
point to exhibit the contrast between free and interacting quantum fields in regard to their energy-
momentum supports which are seldom touched upon (or forgotten) in the common physical
discussions about quantum fields.
1. Introduction

The aim of the present paper is to clarify the conceptual and mathematical basis of the dynamic behaviors of dressed photons dis-
covered by M. Ohtsu, one of the co-authors of this article, from the viewpoint of the duality relations between the usual free photon field
and its “Clebsch-dual field”, the latter of which is to be explained in what follows.

In the context of quantum field theory (QFT), the familiar common language is based on the particle pictures in terms of the creation

ayk and annihilation al operators, ½al; ayk�∓ ¼ δlk, acting on a Fock space constructed on the vacuum state j0〉 as the (symmetric or anti-
symmetric) tensor powers V ¼ �

n�0
Vn; V0 ¼ ℂj0〉; Vn :¼ V�n

1 (: symmetric or anti-symmetric tensor product) of 1-particle states V1 :¼

Linfayk
���0〉; k : momentumg; Vn ¼ Linfayk1a

y
k2
⋯aykn

���0〉; k1; k2; ⋯; kng. While this language is very convenient in treating many-body

problems in both contexts of relativistic particle physics and of non-relativistic solid state physics, its serious pitfall lies in its “for-
getfulness” about the strict restriction on its applicability in physical nature! Since the above simple-minded interpretation of quantum
fields in terms of creation and annihilation operators is meaningful only for free fields without interactions, the validity of this vocabulary is
at most for the asymptotic fields and states which describe quantum fields approximately only in the remote past or future regimes,
respectively, before or after the actual scattering processes. The serious gap between interacting and free quantum fields in terms of Fock
space language can clearly be seen in their totally different energy-momentum spectral supports, the latter being restricted to the mass
hyperboloid p2 :¼ pμpμ ¼m2 but the former extending over the whole p-space(!!) according to a general result due to the axiomatic QFT
r Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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(as a mathematical formulation of quantum fields) [1].
The typical examples of this sort in the relativistic QFT on the vacuum are given by intermediate states between in-coming and out-

going states of scattering processes in particle physics, which are described in terms of off-shell particles and which cannot be identified
with any on-shell free particles described by creation/annihilation operators of asymptotic fields. In solid state physics described by
quantum statistical mechanics, another typical non-applicability domain of particle pictures can also be found in the well-known
phenomena of phase transitions caused by the instability between two stable thermodynamic phases with different particle pictures,
through which the same physical system undergoes drastic changes in material configurations: for instance, a phase transition from the
normal phase with non-vanishing electric resistance to the superconducting one characterized by the vanishing resistance. These examples
clarify that the on-shell states (abbreviation of “states on-the-mass shell”) described by the creation and annihilation operators are not
eternal invariants of a system but variables highly dependent upon the environments in which the relevant physical system is placed.
When certain continuous symmetry present in one phase is broken in the other, there arise somemassless excitation modes in the broken
phase, according to a general theorem called Nambu-Goldstone theorem, as is the case of the phase transition from the normal one with
unbroken electromagnetic Uð1Þ to the superconducting one with broken Uð1Þ symmetry.

Furthermore, the commitment of electromagnetic field (quantum and/or classical) causes more complications as will be discussed,
like the case of infrared divergences, where “infrared soft photons” carrying low energies cause serious divergences through the coupling
with the “on-shell states” of charged particles. What has been known as a solution to these infrared divergences is the mechanism to
generate non-vanishing mass of photons due to the accumulated contacts between charged particles and soft photons which usually take
place in continuous media: this kind of coupling mechanism has been found effective [2] in the mechanism involving the polaritons
whose non-vanishing mass is directly related with the refractive index of the medium. Namely, the problem is solved in this case by a
shift of the mass position of on-shell states, which defines new quasi-particles.

In the phenomena associated with dressed photons (to be abbreviated as DPs), however, this sort of quasi-particle pictures are not
sufficient for explaining their dynamic behaviors, because of the strong localization of the associated creation and annihilation pro-
cesses. To explain the characteristic dynamic behaviors of DPs, therefore, we need to incorporate the effects of interactions in a sat-
isfactory way. Because of the above-mentioned serious differences between interacting and free fields with respect to their support
properties in energy-momentum pμ, this task seems to be quite non-trivial! For this purpose, our strategy is just to look for a free field Sμν,
which resembles the free electromagnetic field Fμν but whose pμ-support covers all the spacelike pμ’s complementary to that p2 � 0 of
Fμν. If we succeed in formulating such Sμν, then the joint pμ-support of Fμν and Sμν covers the whole p-space! Thus, we can mimic the
essential features of interacting electromagnetic field by the combined use of two free fields Fμν and Sμν. To achieve this task, a theo-
retical reformulation of electromagnetic theory is necessary as presented here from the viewpoint of Clebsch variables; corresponding to
the free field strength Fμν supported by lightlike energy-momentum p2 ¼ 0, its “Clebsch-dual” Sμν can be constructed whose energy-
momentum support covers the spacelike region p2 <0.

To understand the roles of energy-momentum supports in the present context, it may be useful to examine some example cases. For
the simplest case, it is convenient to consider a relativistic process of two-body scattering involving four energy-momentum vectors, p1;
p2 for incoming two particles and p3; p4 for outgoing two, in terms of which variable s; t and u are defined by s :¼ ðp1 þ p2Þ2 ¼ ðp3 þ p4Þ2,
t :¼ ðp3 � p1Þ2 ¼ ðp2 � p4Þ2, u :¼ ðp4 � p1Þ2 ¼ ðp2 � p3Þ2 (: so-called Mandelstam variables). s represents essentially the square of
conserved energy in the system of center of mass of incoming two particles, t the square of energy transfer from the incoming particle 1
to the outgoing 3 and u corresponds to t in the crossed channel. In these variables, the process is described by positive variable s and by
negative ones t and u, the latter of which are closely related with the interaction or potential terms between two particles. The first one is
usually called s-channel, and the second and the third ones t- and u-channels. By taking such parallelisms as Fμν ↔ s-channel and Sμν ↔ t-
and u-channels, one can get some instructive images about “Clebsch-dual” Sμν.

The organization of this paper is as follows. After reviewing in Section 2, the past and present status of the theoretical description of
phenomena involving DPs, we try in Section 3 to show recent progress in experimental studies of DPs [3]. Here, we should point out that
there still remain problems to be solved for gaining a deeper understanding of DPs and exploring more applications. For the purpose of
solving these problems, we present the Clebsch dual field of electromagnetic field in Section 4. The final section, Section 5, is devoted to
the discussion for summarizing the presented concepts and the context formed to clarify the meaning of the key concept of DPs.

2. Dressed photon as a physical picture of an off-shell photon

As mentioned in the previous section, the concept of elementary excitations [4] is working effectively everywhere in solid state
physics: namely, excited states of a many-body system can be described in terms of a collection of certain fundamental excited modes
called elementary excitations or “quasi-particles” in short. An exciton as a well-known example represents a quasi-particle related to an
electron-hole pair in a solid. The interaction between a photon and an exciton forms a new steady state which also represents a quasi-
particle called an exciton-polariton. Its dispersion relation between the wavenumber and energy of the exciton-polaritons in macro-
scopic space is described by curves A and B in Fig. 1. Note that other kinds of quasi-particles also show dispersion relations similar to
these curves.

In this figure, we note the presence of a wide space around the curves A and B, as shown by the green shaded rectangle. A quasi-
particle is created also in this space whose large size gives the following characteristic features to the created quasi-particle:

(1) As represented by the horizontal double-pointed gray arrow, the wavenumber k of this quasi-particle spans a wide range. This
also means that its uncertainty Δk is large, which is related to the non-conservation of momentum ℏk of the quasi-particle (where
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Fig. 1. Dispersion relation between the wave-number k and the energy E. The curves A and B represent the dispersion relation of the exciton-polariton. The broken
line is for light in free space. The green shaded rectangle is for the dressed photon.

H. Sakuma et al. Progress in Quantum Electronics 55 (2017) 74–87
ℏ ¼ h=2π and h is the Planck constant) involving a large number of normal modes. At the same time, this implies, according to the
Heisenberg uncertainty relation ΔðℏkÞ⋅Δx � ℏ, that the uncertainty Δx of position x of the quasi-particle is small, and hence, the
size of this quasi-particle is very small.

(2) As is represented by the vertical double-pointed gray arrow, the energy E of this quasi-particle spans a wide range, and hence, its
uncertainty ΔE is large, which implies the non-conservation of the energy. Owing to the Heisenberg uncertainty relation ΔE⋅Δ
t � ℏ with large uncertainty ΔE, the time uncertainty Δt is small. Therefore, this quasi-particle is created and subsequently
annihilated within a short time.

The small size in the first feature is due to the small scale of such materials as nanomaterial to create the quasi-particle, where a part
of the field generated by this quasi-particle penetrates through the surface of the nanomaterial to the outside. This leaking field has been
called optical near field [5]. The second feature of the short lifetime suggests the interpretation of the quasi-particle as a sort of virtual
photon. The concept of a DP provides a unified physical picture for describing these two features consistently, including both the large
number of normal modes and the spectral sideband features of (1) and (2).

To compare these features with the exciton-polariton represented by the curves A and B in Fig. 1, we note that the latter one rep-
resents a quasi-particle in a macroscopic material with the size much larger than the wavelength of light. This quasi-particle propagates
into a wide space as a real photon; its momentum and energy are conserved (Δk ¼ 0, ΔE ¼ 0). The behavior and properties of this real
photon have long been studied in the traditional optical science and technology. The situation corresponds to a physical system
described by states “on-the-mass shell” (or, on-shell states, in short) in QFT [6–8].

In contrast, the green shaded rectangle corresponds to the situations with “off-shell” photons. While real on-shell photons conserve
their momentum and energy, off-shell virtual photons do not. Light-matter couplings in nanometric space can exhibit characteristic
distributions in the values of the physical quantities of nanomaterials, such as momentum and energy. To study the off-shell virtual
photons, we note that there are such unsolved problems and untouched subjects in analyzing these distributions as

(I) QFT is required to describe the numbers of photons and electron-hole pairs in a many-particle system, which can vary as a result
of light-matter couplings in a nanometric space. For this description, creation and annihilation operators have to be defined by
quantizing the light and elementary particles. However, a serious problem for off-shell photon is that a virtual cavity cannot be
defined in a sub-wavelength sized nanometric space, which makes it difficult to derive the Hamiltonian of the optical energy. In
addition, the wavelength (wavenumber) of light and the photon momentum have large uncertainties due to the sub-wavelength
size of the space under study.

(II) The off-shell photons are generated and localized on the surface of a nanomaterial under light irradiation. Furthermore, they are
virtual photons mediating the interaction between the polarizations induced on the nanomaterial surface. For detecting these
photons, therefore, another nanomaterial has to be placed in close proximity to convert them into real photons via multiple
scattering of the virtual photons. This conversion makes it possible to detect the virtual photons through the detection of the
scattered light in the far field region. Here, the first and the second nanomaterials may be regarded as the source and detector of
the virtual photons, respectively. In contrast to the conventional optical phenomena, however, the source and detector are not
independent of each other, but are coupled via the virtual photons.

(III) Since the nanomaterials in an actual nanometric subsystem are always surrounded by a macroscopic subsystem composed of
macroscopic materials and electromagnetic fields, the contribution from the macroscopic subsystem must be taken into account
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in analyzing the interactions between the nanomaterials for estimating the magnitude of the resulting energy transfer and dis-
sipation in the nanometric subsystem.

For solving the above problems (I)-(III), novel theories have been developed and these theories have succeeded in providing a
physical picture of the optical near fields and virtual photons consistently, which has been beyond the traditional scope of conventional
classical and quantum optics designed only for the on-shell photons in the macroscopic space. Solutions to problems (I)-(III) are as
follows:

(i) To solve problem (I), an infinite number of electromagnetic modes with infinite frequencies, polarization states, and energies are
assumed, which correspond to the large number of normal modes and the spectral sideband features of (1) and (2) above. An
infinite number of energy states are also assumed for the electrons and holes. On these assumptions, the total Hamiltonian is
derived to define the creation and annihilation operators of quasi-particles so as to represent the light-matter interactions in the
nanometric space [9]. Since these operators are given by the sum of the operators of photons and electron-hole pairs, this quasi-
particle is called a DP as a photon dressed in the clothes of material energy of the electron-hole pairs [10]. The DP can also couple
with multi-mode coherent phonons in the nanomaterial to create another quasi-particle, named the dressed-photon-phonon
(DPP) [11].

(ii) To solve (II), the theoretical approach reviewed in (i) has been used for analyzing the interaction between the two nanomaterials
in terms of the annihilation of a DP from the first nanomaterial and of its creation on the second nanomaterial. It has been
confirmed by experimental and theoretical studies that the second particle exhibits a characteristic optical response if it absorbs
the energy of the modulation sideband described in (i).

(iii) To solve (III), the virtual photon interaction between the nanomaterials in the nanometric subsystem has been analyzed by
renormalizing the effects originating from the macroscopic subsystem in a consistent and systematic way [12]. As a result, the
spatial distribution of the virtual photon interaction energy can be derived and expressed in terms of a Yukawa potential, which
also makes it possible to describe the interaction between the two nanomaterials mediated by the DP (DP-mediated interaction)
[13]. This function quantitatively shows that the interaction range is equivalent to the size of the nanomaterial and does not
depend on the wavelength of the incident propagating light. Starting from this size-dependent interaction range, novel optical
response characteristics have been determined: since the DP is localized in nanometric space, the conventional long-wavelength
approximation valid for the light-matter interactions in macroscopic space is not applicable to the DP-mediated interaction. As a
result, a transition forbidden via electric dipole becomes an allowed one. Furthermore, size-dependent resonance and spatial
hierarchy in the DP-mediated interaction has been found [14].

3. Applications of dressed photons

In this section, recent progress in experimental studies of DP is reviewed. There are four examples of applications that have been
developed by using the intrinsic features of the DP-mediated interaction and the resulting DP energy transfer.

(1) Optical functional devices: These devices have been named DP devices by using semiconductor nanomaterials. They enable the
transmission and readout of optical signals by the energy transfer and subsequent dissipation of the DP energy [15]. Examples of
DP devices developed so far are as follows: a logic gate device for controlling optical signals [16], an energy transmitter for
transmitting optical signals between DP devices [17], and an input interface device for converting an incident on-shell photon to
a DP [18]. Practical NOT gate and AND gate devices that operate at room temperature have also been fabricated by using InAs
nanomaterials [19].

(2) Nano-fabrication technologies: By photochemical etching, bumps on a rough material surface are autonomously removed by
using chemically radical atoms. These atoms are created by photo-dissociating gaseous molecules due to DPP energy transfer
from the apex of the bump to the molecules under visible light irradiation [20]. Using this method, the surfaces of glass substrates
have been smoothed for use as high-power laser mirrors [21], for magnetic storage memory disks [22], for EUV masks [23], and
for side walls of densely aligned corrugations of a diffraction grating [24]. This method has been applied to other materials, such
as plastic PMMA [25], crystalline GaN [26], and crystalline diamond [27].

(3) Energy conversion:

(3-1) Optical-to-optical energy conversion: Near infrared light has been converted to visible light by using energy up-conversion

in the process of DPP energy transfer between organic dye particles. Red, green, and blue light has been emitted from dye
particles by irradiating them with 0.8–1.3 μm wavelength infrared light [28,29].

(3-2) Optical-to-electrical energy conversion: A photovoltaic device using an organic P3HT film has been developed [30]. The
electrode surface conformation of this device was autonomously modified by using novel DPP-assisted deposition of silver
particles for efficient DPP generation. A Si photodiode has been also developed, in which the spatial distribution of doped
boron (B) atoms was autonomously modified by a novel DPP-assisted annealing method [31]. In these two devices, a
phenomenon, “photon breeding”, (refer to (4) below) has been confirmed. Furthermore, in the case of the Si photodiode, an
optical amplification capability was confirmed, which is due to stimulated emission triggered by the DP.
(4) Photon breeding devices: They are novel LEDs fabricated by using bulk crystals [60–62, Springer Si LED&LD] [32–35] of indirect-
transition-type Si semiconductors. The autonomous modification method reviewed in (3-2) above was also used, resulting in
efficient momentum transfer between electrons and phonons in Si. Besides Si, an indirect transition-type GaP semiconductor has
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been used for fabricating an LED emitting yellow-green light [36,37]. An indirect transition-type SiC semiconductor has also been
used for fabricating LED emitting blue-violet light [38], ultraviolet light [39], and white light [40]. In addition to LEDs, an optical
and electrical relaxation oscillator [41] and a near infrared laser have been realized by using crystalline Si [42–44]. Furthermore,
an LED [45], a light polarization rotator [46], and a light beam deflector [47] have been developed by using ZnO crystal. A light
polarization rotator using SiC crystal has been also developed [48].

For simple demonstration, Fig. 2(a) shows the cross-sectional structure of the Si crystal used as the laser medium (1 mm width,
150 μm thickness) [49,50]. The length of the crystal is 15 mm, as seen in the photograph in Fig. 2(b). Closed squares in Fig. 2(c) mean
the measured relation between the injection current density J and the optical output power Pout of 1.3 μm-wavelength, emitted from one
output facet of the fabricated device. The threshold current density Jth is 60 A=cm2. The value of Pout takes a maximum value of 13 W at
J ¼ 100A=cm2. This value is more than 102-times higher than that of a conventional double heterojunction-structured InGaAsP/InP
laser.

Remaining part of this section is devoted to review how to fabricate and operate the photon breeding devices because this review
demonstrates characteristic features of DPs and how to gain a deeper understanding of DPs, which will be discussed in next sections.

To realize a device by using a Si bulk crystal, DPPs are used twice: first for device fabrication, and next for device operation.

(4-1) For device fabrication, a p-n homojunction formed in the Si crystal is annealed, via Joule-heat produced by current injection, in
order to diffuse B atoms (the p-type dopant). During the annealing, the Si crystal surface is irradiated with light (Fig. 3(a)) to
create DPPs on the B atom surface. Driven by the created DPPs, electron-hole recombination takes place, emitting light. Since the
energy of the emitted light dissipates from the Si crystal, the efficiency of the Joule-heating decreases. As a result, a characteristic
spatial distribution of B atoms is realized, which depends on the created DPP energy. This novel annealing is called DPP-assisted
annealing. It has been experimentally confirmed that, in this spatial distribution, neighboring B atoms form a pair, and the
resultant B atom-pair orients in a specific direction to efficiently create localized phonons [51].

(4-2) For the operation of the fabricated Si-LED, the light irradiation is not required any more; it is used only during the DPP-assisted
annealing. Only forward current that is much lower than that used for annealing is injected, as is the case of the conventional LED
operation. By this forward current, an electron is injected into the conduction band at the p-n homojunction and creates a photon
by spontaneous emission even though its probability is very low. However, once this photon is created, it subsequently creates a
DPP on the surface of the B atom at the p-n homojunction, and this DPP interacts with another electron in the conduction band to
exchange momentum so that a secondary photon is created. By repeating these momentum exchange and photon creation
processes, the emitted light intensity is amplified and reaches a stationary value within a short period, so that light with a
sufficiently high intensity is emitted from the p-n homojunction.

It should be noted that photon breeding occurs during device operation [52]. As a result, the photon energy of the emitted light is
equal to the photon energy hνannsal of the light irradiated during the annealing (Fig. 3(b)). This is in contrast to a conventional device,
where the photon energy of the emitted light is determined by the bandgap energy Eg of the semiconductor material used. This is also
because the difference between hνannsal and Eg is compensated for by the energy of the created phonons. This means that the photon
energy of the light emitted from the device is identical to hνannsal. This is because the spatial distribution of the B atoms has been
controlled by the light irradiated during the DPP-assisted annealing, enabling most efficient stimulated emission and spontaneous
emission of photons with identical photon energy. In other words, the light irradiated during the DPP-assisted annealing serves as a
“breeder” that creates photons with an energy equivalent to hνannsal. This is the reason why this novel phenomenon is named photon
Fig. 2. A near infrared laser. (a) Cross-sectional profile of the Si crystal. (b) Photograph of the laser. (c) Measured relation between the injection current density,
JðA=cm2Þ, and the optical output power, Pout ðWÞ, emitted from one output facet of the Si crystal.
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Fig. 3. Fabrication (a) and operation (b) of a photon breeding device.
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breeding with respect to photon energy.
Photon breeding has been observed not only for the photon energy but also for the photon spin [51]. For example, linearly polarized

light is emitted from the LED if it is fabricated by irradiating linearly polarized light during the annealing step.
At the end of this section, it should be pointed out that there still remain problems to be solved for gaining a deeper understanding of

DPs and exploringmore applications. These include: (1) Improving the accuracy of the physical picture of the quasi-particle representing
the coupled state of a photon, an electron, and a phonon in a nanometric space. (2) Detailed description of energy transfer and dis-
sipation between nanomaterials, mediated by DPs or DPPs. (3) Detailed description of phonon-assisted light-matter interactions in
nanometric space. (4) Detailed description of the physical origins of autonomy and hierarchy.

For more advanced methods that will allow us to see the DP and to describe its origin, further studies on the energy transfer from the
nano- to macro-systems are required. In particular, as a comment on problem (4) above, the physics of this complex system should be
developed on the basis of micro-macro duality in quantum theory [53], which facilitates the formation of micro-macro composite
systems consisting of the object physical systems and the probe systems [2]. The specific features that originate from the inherent
hierarchy of DPs will be smoothly and conveniently described in this framework with the aid of category-theoretical concepts [54].

4. Novel theoretical attempt on modeling of virtual photon

4.1. Polarization and so far unnoticed duality of electromagnetic field

Since the concept of virtual photons (similarly to that of other particles) has emerged from the perturbative calculations in QFT, its
definition may look somewhat loose compared to that of real photons. The present situation lacking a clear picture or clear under-
standing of DP as a form of virtual photons seems to reflect this vagueness in its definition. Since real and virtual photons are physical
entities responsible for the dynamical processes of charged particles, however, they both should be treated on the equal footing.

As we have seen in sections 2 and 3, one of the essential aspects of DP dynamics is its active coupling with other fields generated by
materials ubiquitously present in the environment. This feature, however, need not necessarily lead to the absence of a clear physical
picture of DP since not all the properties but the intrinsic ones of photons must be preserved in such processes of interactions and since
the ground for calling them “photon” would otherwise be lost. An instructive example of such a process is a well-documented mass-
acquiring mechanism of a photon as a massless gauge boson in which polarization and longitudinal mode play a significant role.

Motivated by this perspective, we exhibit new aspects about the mutual relations (¼duality) between what is dominantly visible and
what is invisible in a given domain, from a flexible viewpoint that such mutual relations can easily be changed through a shift from one
situation to another. In the specific context of the mathematical description of virtual photons, we show the presence of a duality of
electromagnetic field hidden so far. Along this line, we can benefit from the guiding principle of quantum-classical correspondencewhose
importance has been recognized anew in the context of Micro-Macro Duality due to one of the authors [55], aiming at overcoming the
drawback of disconnected relations betweenmicro andmacro physics caused inadvertently throughmany twists and turns in the history
of quantum mechanics.

4.2. Clebsch parameterized vortex model

It is obvious that an important missing factor in the particle model of geometric optics is the “spin” of a particle. Since we confine
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ourselves to the classical physics here, by “spin”we mean rotational field associated with the velocity of a given particle, i.e., vorticity in
hydrodynamic terminology. Since the actual spin of photon is closely related to the polarization of associated wave representation, it is
relevant to focus on this quantity here. In geometric optics, a light ray is represented as a null geodesic (line) in a four dimensional (4d)
pseudo Riemannian manifold M. A geodesic is characterized by the property that adjacent tangential vectors on it are connected by
parallel displacement, so that velocity field Uμ of (the classical) light particle tangential to a geodesic assumes the form of

ð∇UUÞμ ¼ Uν∇νUμ ¼ Uν
�
∇νUμ � ∇μUν

�
þ∇μðUνUν=2Þ ¼ 0; (1)

where∇X denotes the covariant derivative along a vector field X ¼ Xμ∂μ associated with the Levi-Civita connection. Since the Levi-Civita
connection is torsion-free and since a given geodesic field is null, Eq. (1) is seen to reduce to a simpler form as

Uν∇νUμ ¼ Uν
�
∂νUμ � ∂μUν

�
¼ UνSμν ¼ 0; (2)

where Sμν≡∂νUμ� ∂μUν is a vorticity field derived from Uμ. Note that a spinless (irrotational) velocity field Uμ ¼ ∂μϕ automatically
satisfies (2), which corresponds to a conventional model of geometric optics.

In order to have a spinning model of the classical “photon”, let us consider a Clebsch parameterized (CP) velocity field Uμ [56]
defined originally by

Uμ≡λ∇μϕþ ∇μχ: (3)

While the Clebsch parameterization is well known in the context of the Hamiltonian structure of barotropic fluid [57], to our best
knowledge, a preliminary study [58] due to one of the authors' (H. S.) seems to be the only case of its application to a null geodesic field.
Since we are concerned with rotational modes of Uμ, we consider in what follows a reduced form of (3), namely,

Uμ ¼ λ∇μϕ: (4)

Notice first that the reduced CP flow field is parameterized by two parameters, in which we must specify differential equations for ϕ and
λ. Here, we assume that

gμν∇μ∇νϕ ¼ 0;
�
gμν∇νϕ∇μϕ ¼ 0

�
; (5)

gμν∇μ∇νλ� ðκ0Þ2λ ¼ 0;
�
gμν∇νλ∇μλ ¼ �ðκ0Þ2λ2

�
; (6)

with a certain real constant κ0. The reason whywe select a spacelike Klein-Gordon equation for Eq. (6) will be seen shortly. Since Eqs. (5)
and (6) are scalar equations, we can impose a directional constraint on ∇μϕ and ∇μλ. For notational simplicity, let us define covectors

(abbreviation of covariant vectors) Cμ, Lμ and a simple bivector Sμν as

Cμ≡∇μϕ; Lμ≡∇μλ; Sμν≡∇νUμ � ∇μUν ¼ CμLν � LμCν: (7)

By the last equation in Eq. (7) a skew-symmetric Sμν is given by an exterior product of Cμ and Lμ, according to the definition of a
simple bivector which plays an important role in our CP formulation. In our reduced CP, we adopt such a directional constraint as

Cν∇νLμ ¼ 0; (8)
which simply says that Lμ is advected (or convected) by Cν. Immediate consequences of this constraint are as follows:
Lμ
�
Cν∇νLμ

�
¼ 0;⇒Cν∇ν

�
LμLμ

�
¼ 0; (9)

Cμ
�
Cν∇νLμ

�
¼ 0;⇒Cν

�
∇ν

�
CμLμ

�
� Lμ∇νCμ

�
¼ Cν∇ν

�
CμLμ

�
¼ 0:

(10)

In deriving (10), we have used Cν∇νCμ ¼ 0, which says that Cν itself satisfies the null geodesic equation. By (10), the following
orthogonality can be assumed between the two vectors Lμ and Cμ as an initial condition for (8):

LνCν ¼ 0: (11)

Since any vector perpendicular to a given null vector is either the same null vector or a spacelike one, we can choose Lν such that it is
a spacelike vector satisfying (11), namely,

ρ≡� LνLν >0: (12)

With the orthogonality relation given in Eqs. (11) and (2) becomes

Uν∇νUμ ¼ SμνðλCνÞ ¼
�
CμLν � LμCν

�
ðλCνÞ ¼ ðLνCνÞλCμ ¼ 0; (13)

according to which CP flow represented by Eq. (4) satisfies a null geodesic equation. We note here the similarity between Eq. (13) and
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the following equation for the electromagnetic field:

FμνPν ¼ 0; (14)

where Fμν and Pν denote, respectively, the electromagnetic skew-symmetric tensor and Poynting 4-vector. The latter one is parallel to a

null geodesic perpendicular to both the electric E
!¼ ðF01; F02; F03Þ and themagnetic H

!¼� ðF23; F31; F12Þ vectors. The difference in form
between Eqs. (13) and (14) is that the skew-symmetric tensor Fμν is not defined as the curl of Pμ while Sμν is derived by the curl of Uμ.

One of the direct consequences of Eq. (4) is the following identity:

D≡S01S23 þ S02S31 þ S03S12 ¼ 0; (15)

where D ¼ Pf ðSÞ is the Pfaffian of the anti-symmetric matrix Sμν: D2 ¼ DetðSμνÞ. Similarly to E
!⋅H!¼ 0 for the electromagnetic field Fμν,

the orthogonality between ðS01; S02; S03Þ and ðS23; S31; S12Þ follows from the existence of non-zero vector Uν satisfying the matrix Eq.
(13) because of DetðSμνÞ ¼ D2.
4.3. Lightlike field with an embedded classical wave-particle duality

Corresponding to the energy-momentum tensor Tν
μ (in the mixed tensor form) associated with electromagnetic field given by

Tν
μ ¼ �FμσFνσ ; (16)

we have the similar quantity bT ν

μ for Sμν defined by
bT ν

μ ¼ �SμσSνσ ¼ �
�
CμLσ � LμCσ

�
ðCνLσ � LνCσÞ

¼ �ðLσLσÞCμCν ¼ ρCμCν;
(17)

where use has been made of equations (5), (11) and (12). While Cμ is lightlike, (17) is identical in form to the energy-momentum tensor
of freely moving (fluid) particles. Actually, from Cν∇νCμ ¼ 0, ∇νCν ¼ 0 and Cν∇νρ ¼ 0, owing to (5), (9) and (12), we get
∇ν
bT ν

μ ¼ 0: (18)

Since (17) has dual representations, (18) can also be expressed in terms of Sμν as

∇ν
bT ν

μ ¼ �∇ν

�
SμσSνσ

�
¼ �Sμσ∇νSνσ ¼ 0: (19)

In deriving the above equation, the well-known Bianchi identity ∇νSρσþ ∇ρSσνþ ∇σSνρ ¼ 0 is used in combination with the condition
SνρSνρ ¼ 0 corresponding to massless property of electromagnetic field. An intriguing consequence of the dual representation (17) is that
we readily get the classical version of Einstein - de Broglie relation which cannot be recovered by the conventional classical electro-
magnetic theory. In fact, we have, on the basis of (17),

bT ν

0 ¼ �S0σSνσ ¼ ρC0Cν; (20)

which is the Poynting four vector representing the flux of energy density. The hydrodynamic representation on r.h.s. readily allows us to
regard this as the advection of energy density ρC0 by a given “velocity” field Cν. In addition, since ρ can be regarded as density, namely,
the number of “molecules” per unit volume, the energy associated with one “molecule” is proportional to the frequency of ϕ field.

Going back to (19), we see that the corresponding quantity ∇νTν
μ ¼ � Fμσ∇νFνσ in Maxwell's theory of electromagnetism vanishes

under the following condition of no electric current:

∇νFνσ ¼ 0; (21)
which yields the electromagnetic wave equation in the vacuum. Note, however, that ∇νSνσ ¼ 0 is sufficient for (19) but not necessary,
and, in the case of CP flow under consideration, simple manipulations on (6) yields
∇νSνσ ¼ �ð∇νLνÞCσ ¼ �ðκ0Þ2λCσ ¼ �ðκ0Þ2Uσ : (22)

By virtue of (13), therefore, Eq. (19) holds whether ∇νSνσ ¼ 0 holds or not. Note that, because of ∇νSνσ ¼ ∇νð∇σUν� ∇νUσÞ, Eq. (22) can
be rewritten as

∇νð∇νUσ �∇σUνÞ � ðκ0Þ2Uσ ¼ 0; (23)

which can be regarded as “Proca equation” in our CP vortex dynamics. The original Proca equation for electromagnetic theory takes the
form:

∇νð∇νAσ � ∇σAνÞ þ m2Aσ ¼ 0; (24)
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in terms of the electromagnetic vector potential Aμ and the massm2. Eq. (24) clearly shows that lightlike solutions to∇νð∇νAσ�∇σAνÞ ¼
0 are gauge invariant, while solutions to (24) must have a gauge fixing ∇νAν ¼ 0. In other words, the massless property of a real photon
described by the rotational part of Aμ is directly related to the gauge invariance. A peculiar feature of (23) is that it is valid even for
lightlike Uσ with a fixed “gauge” of ∇νUν ¼ 0, which is assured by the orthogonality condition of (11).

A polarization vector represents an important aspect of electromagnetic waves, since electric andmagnetic vectors E
!
, H
!

are a couple
of elemental physical factors, at least in the classical electromagnetic theory, in terms of which other physical quantities are expressed.

In Fig. 4, we illustrate a plane-polarized electromagnetic wave whose E
!

and H
!

are parallel (or anti-parallel) to x3 and x2 axes,

respectively. Then we can readily construct the corresponding wave in the CP model: ϕ ¼ bϕsinðkx0� kx1Þ and λ ¼ bλcosðkx0� kx1� lx3Þ
give a wave with such S03 and S31 denoted in Fig. 4. In Fig. 4, E3 as well as H2 change in a space-time domain according as sinðkx0� kx1Þ
whose space-time dependence are exactly the same as those of C0 and C1 derived from ϕ ¼ bϕsinðkx0� kx1Þ.

So, wemay regard C0 and C1 as the polarization vector of plane-polarized “light”wave described by CP vortex dynamics. If we accept
this interpretation, then we can say that the polarization vectors of conventional electromagnetic field perpendicular to the associated
Poynting vector and those of a dual “electromagnetic” field described by CP vortex dynamics are complementary in the sense that they
provide a complete orthogonal basis of 4-dimensional spacetime. It is also interesting to note that this complementarity is directly
related to the classical wave-particle duality picture manifested in the energy momentum representation (17). Concerning the longi-
tudinal modes in electromagnetic field, there have been many discussions: within the context of the classical Maxwellian theory, for
instance, Lax et al. [59] discussed it in relation to paraxial optics and Cicchitelli et al. [60] further discussed their results and showed that
the existence of longitudinal modes can be experimentally proven. Note also that the longitudinally polarized photons as virtual ones,
similar to ðC0; C1Þ mentioned above, are necessary physical ingredients in the perturbative calculations of quantum electromagnetic
interaction theory [61] and one of the authors [62] discussed the physical relevance of the longitudinal mode in the formulation of
manifestly covariant quantization of electromagnetic field.

4.4. Further remarks on the longitudinal modes

For the sake of a unified understanding of the longitudinal modes of electromagnetic field, we need clearly to treat both the rela-
tivistic and non-relativistic situations on the same footing. In the standard approach to this problem, however, the theoretical frame-
works prepared are not along this way of thinking! For instance, in the so-called covariant quantization of gauge fields, it is common to
focus upon the purely relativistic situation neglecting the presence of non-relativistic one, as a result what remains as physical modes in
the physical Hilbert space are only the transverse modes with positive metric, with the longitudinal modes being confined as unphysical
modes. To understand the mutual relations between such physical and unphysical modes, we need to unify both the relativistic
microscopic level with high energies and the non-relativistic macroscopic level with low energies. Adopting such a wider formulation,
we can observe that the longitudinal modes with negative metric hiding themselves from the high energy regions can show up
themselves without the visible effects of negative metrics condensed into classical modes.

4.5. Extension to non-lightlike cases

The arguments developed so far are restricted to the dual vortex structure of the lightlike electromagnetic field whose energy-
momentum tensor is given by (16) and that of the associated Sμν in (17). In this section, we show that the newly introduced CP vor-
tex formulation can be extended to the cases where Uμ is spacelike. Timelike Uμ is excluded because of (23). In terms of the vector
symbols given in (7), the reduced CP flow vector originally defined in (4) can now be redefined as
Fig. 4. Dual configuration of ½ E!; H
!
; P
!� and ½S03 ; S31 ; C

!�.
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Uμ ¼
1
2

�
λCμ � ϕLμ

�
: (25)

For electromagnetic field, we assume that Uμ satisfies the geodesic equation (1) which is rewritten as

SμνUν þ ∇μV ¼ 0; (26)
where V≡UνUν=2 and Sμν remains to be the same as that given in (7). A natural extension from a lightlike to spacelike CP vortex for-
malism would be attained through replacing the d’Alembert equation (5) for ϕ by the Klein-Gordon Eq. (6) for λ, that is,
gμν∇μ∇νψ � κ20ψ ¼ 0: (27)

Namely, ϕ and λ satisfy the same equation. In the preceeding discussions on lightlike cases, we confine ourselves to real variables, but, in
what follows, for mathematical simplicity let us consider a complex plane wave solution to (27) with the form of ψ ¼ expiðkσxσÞ which
satisfies the following a couple of equations:

gμν∇μ∇νψ ¼ �kσkσψ ; gμν∇μψ∇νψ ¼ �kσkσψ2; (28)
where κ20 ¼ � kσkσ . Here, the second equation in (28) should not be confused with that in (6) since we now employ complex repre-
sentations. Since ϕ and λ satisfy (28), using (7), we have
∇νCν � κ20ϕ ¼ 0;CνCν � κ20ϕ
2 ¼ 0; (29)

∇νLν � κ20λ ¼ 0; LνLν � κ20λ
2 ¼ 0: (30)

For the directional constraint between ∇μϕ and ∇μλ, we can employ exactly the same conditions as (8) and (11). Note that using (8),
(11) and the integrability conditions of ∇νLμ ¼ ∇μLν ¼ ∇μ∇νλ and the same for ϕ, we obtain

Cν∇νLμ ¼ 0;CνLν ¼ 0;⇒Lν∇νCμ ¼ 0: (31)

With this orthogonality condition, it can readily be shown that Uν is a divergence free vector, namely, ∇νUν ¼ 0, which can be regarded
as the Lorentz gauge in CP vortex formulation. In the use of the second equations in (29, 30) and of the orthogonality condition CνLν ¼ 0
in (31), the quantity V ¼ UνUν=2 is reduced to

V ¼
�
1
2

�3

ðλCν � ϕLνÞðλCν � ϕLνÞ ¼
�
1
4

�
ðκ0Þ2ðλϕÞ2: (32)

Now, going back to (26), direct calculations of SμνUν and ∇μV yield

SμνUν þ ∇μV ¼ 1
4
ðλϕÞ2∇μðκ0Þ2 ¼ 0; (33)

since κ0 is not a variable but a constant. By similar simple calculations, we also get
Uσ∇σðλϕÞ ¼ 0;Ω≡SμνSμν ¼ 2ðκ0Þ4ðλϕÞ2; (34)

from which we obtain an important advection equation:

Uσ∇σΩ ¼ 0: (35)

In lightlike case, we have looked into the form of energy-momentum tensor given by (17) based on (16). For non-lightlike case, if we
follow the conventional electromagnetic knowledge again, it is natural to start with the form:

bT ν

μ ¼ �SμσSνσ þ
1
4
SαβSαβgνμ: (36)

Through the well-known manipulation in electromagnetic theory, we get

∇ν
bT ν

μ ¼ �Sμσ∇νSνσ : (37)

By similar manipulations leading to (22), we have

∇νSνσ ¼ ½ � Cσð∇νLνÞ þ Lσð∇νCνÞ� þ ½Cν∇νLσ � Lν∇νCσ �: (38)

We see that, by using (31), (38) reduces to a form similar to (22) and hence (37) becomes
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∇ν
bT ν

μ ¼ �Sμσ ½ � Cσð∇νLνÞ þ Lσð∇νCνÞ�
¼ κ20SμσðλCσ � ϕLσÞ ¼ 2κ20SμσU

σ :
(39)

By using (26), (32) and the second equation in (34), the above equation leads to

∇ν
bT ν

μ ¼ ∇ν

�
�1
4
Ωgνμ

�
: (40)

Combining (36) and (40), and introducing a new notation: bSμνσρ ¼ SμνSσρ, we finally obtain

∇ν
bGν

μ ¼ 0; bGν

μ≡� bSνσ

μσ þ
1
2
bSαβ

αβg
ν
μ; (41)

which is isomorphic to the following Einstein tensor Gν
μ:

∇νGν
μ ¼ 0;Gν

μ≡� Rνσ
μσ þ

1
2
Rαβ
αβg

ν
μ ¼ Tν

μ ; (42)

where Rμνσρ denotes Riemann tensor and Tν
μ is an energy-momentum tensor of non-gravitational origin. Since (41) is isomorphic to (42),

tensor bGν

μ is well qualified for being an energy-momentum tensor of a new type of electromagnetic field. Recall that “space” and “time”
as a couple of conceptual quantities in Newtonian physics were merged into a single notion of flat Minkowski spacetime by the theory of
special relativity in which light plays a crucial role. CP vortex model for the new type of electromagnetic field has shown that not only
flat but also curved spacetime structure can be regarded as an emergent feature of electromagnetic field with a “mass” term of SμνSμν. In
order to check whether “mass” term Ω is positive or not, we first check the magnitude of V denoted by kVk based on (32). Since Uμ is
spacelike, kVk must be negative, which can be verified by

kVk ¼ 1
23
ðλCν � ϕLνÞ�ðλCν � ϕLνÞ ¼ �1

4
ðκ0Þ2ðλ�λÞðϕ�ϕÞ; (43)

where superscript * denotes the complex conjugate. Then, by combining (43) with the second equation in (34), we have

jjΩjj ¼ 8ðκ0Þ2jjV jj; (44)

from which we see that kΩk is also negative.
In order to see the implication of (44), let us introduce a couple of constant dimensional and variable non-dimensional parameters bV 0

and n with which the squared magnitude of Uμ given at one line below (26), namely, V ¼ UνUν=2, is scaled as

V ¼ 1
2

�bV 0n
�2
vνvν; (45)

where vν denotes non-dimensional four velocity vector satisfying a spacelike condition of kvνvνk ¼ � 1. Since � jjΩjj is a squared
magnitude of the vorticity tensor in CP model, we can introduce ωwhich represents the magnitude of vorticity as ω2≡� kΩk. Then, with
this ω and (45), Eq. (44) is rewritten as��~ω�� ¼ 2ðκ0Þ2n; (46)

where ~ω≡κ0ω=bV 0. Note that Eq. (46) is isomorphic to the linear relation known as Regge trajectories for resonance particles in the field
of high energy particle physics. Actually, since the dimension of the r.h.s. of (46) is l�2 which is equal to M2 in a natural units system,
(46) says that the rotational measure defined as ~ω is proportional to the magnitude of squared “mass”field. In the case of Regge tra-
jectories, the l.h.s. corresponds to the angular momentum of a resonance particle practice.
4.6. Physical interpretation of CP vortex as a model for off-shell photons

According to our discussion so far, there exist a couple of electromagnetic fields characterized respectively by (23) and (24), which
may be called spacelike and timelike electromagnetic fields when we exclude lightlike modes in respective fields. Although both fields
satisfy formally the same Lorentz gauge condition of the form:∇νAν ¼ 0 and∇νUν ¼ 0, their physical meanings are quite different. While
the physical origin of Cμ ¼ ∇μϕ in a lightlike mode is discussed in subsections 4.2 and 4.3, the fate of Lμ ¼ ∇μλ has not been settled yet.
Let us consider first the physical meaning of Sμν expressed in a bivector representation in terms of Cμ and Lν given in (7). Since Cμ can be
regarded as the linear momentum vector field of a given current of “photons” as the classical particles, the vorticity tensor Sμν may be
formally regarded as the associated angular momentum tensor field if Lν plays the role of the position vector field of the current, which is
consistent with the fact that Lν must be spacelike in CP vortex formulation. Note also that the physical dimension of Uμ becomes exactly
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the same as that of Aμ, if ϕ ¼ ∇νAν and the physical dimension of Lμ is that of length! Clearly, in this reinterpretation, Sμν becomes a so-
called orbital angular momentum field. One of the striking features of photon missing in the classical electromagnetic theory is its
intrinsic spin which is related to circularly polarized (right or left) classical electromagnetic field. So, in this sense, we may say that
circularly polarized state is more fundamental than plane-polarized one. Notice that the circular motions of electric and magnetic

vectors E
!

andM
!

in such a circularly polarized state naturally induce a current σμ whose mathematical expression is quite similar to that
of the Poynting vector defined as the exterior product of those two vectors. In subsection 4.1, we referred to quantum-classical cor-
respondence as an important guiding principle bridging the gap between the classical and quantum descriptions. From the viewpoint of
quantum-classical correspondence, the introduction of a hypothetical σμ current as an intrinsic helicity vector field corresponding to the
spin of photons seems to be a plausible component which smoothly connects the classical electromagnetic theory to quantum one and,
from this viewpoint, the vector field Uμ ¼ λ∇μϕ given in (4) considered to be the vector potential for Sμν can be physically interpreted as
the above σμ current.

As we have shown in subsections 4.2 and 4.3, the difference between lightlike modes for (23) and (24) is the configuration of
polarization vectors and the above argument on identifying circularly polarized state as the classical “photon” accompanying σμ current
implies that such a state is a combined mode of (23) and (24) and is complete in the sense that its four polarization vectors provide
orthogonal basis of the spacetime. WhenUμ in (23) becomes spacelike, unlike the case of polaritons corresponding to timelikeAμ in (24),
an excited state, when it interacts with a localized disturbance with timelike components in the Fourier-transformed space cannot
remain to be a stable on-shell mode [63] even if it should elude the limitation arising from the uncertainty principleΔEΔt >ℏ. However,
there exists an important exceptional case to this situation. Since any material field in a steady state is represented by spacelike vectors,
the interactions with such fields does not lead to the instability of Uμ field. We think that the manifestation of DP around spatially fixed
substances occurs as a result of such a stable interaction with steady state material fields and spacelike Uμ field excited at the char-
acteristic length scale of ðκ0Þ�1. A spherically symmetric solution to the Klein-Gordon equation (27) without a temporal differential term
is known to yield Yukawa potential whose magnitude decreases exponentially in the radial direction. So far no theoretical attempt
including ones referred to in section 2 can successfully reproduce such an experimentally verified damping feature of DP field in near
vacuum environment. Thus, CP vortex model proposed in this article seems to be a promising approach to the undiscovered realm of DP.
5. Discussion and summary

For clarifying the essential line of main contents, it would be useful to make the following comments on the energy(-momentum)
spectra of field operators and of state vector spaces. As mentioned in Introduction, there is a sharp difference in energy-momentum
spectra of field operators between free and interacting fields, which cover a mass hyperboloid p2 ¼ m2 to characterize the on-shell
particles in the former case and the whole p-space in the latter. While the latter situation has been always neglected in the standard
discussions in physics, it plays the crucial roles in describing all the interaction processes and also in the consistent formulation of DPs
and of DPPs, which has been implemented in Section 4 by the help of Sμν as the Clebsch dual of Fμν. Namely, the Clebsch duality relation
between Fμν and Sμν can be seen from the viewpoint of duality between visible and invisible aspects, originating from the duality
between positive and negative sides of the lightcone p2 ¼ 0.

The next remark to be given is the difference in the energy-momentum spectrum between field operators and state vector spaces,
which is important though seldom noted nor mentioned explicitly: the presence of positive/negative energy spectra in field operators
should easily be seen by the existence of creation and annihilation operators, which could not be distinguished without the sign dif-
ference of energies carried by these operators. In the state vector space, however, such a familiar condition on the vacuum vector j0〉 as
aj0〉 ¼ 0 to characterize the Fock space structure is working as the selection of one-sided spectrum of energy at the level of state vector
space. From this situation, such a blind belief seems to start that the energy spectra in quantum theory must always be positive, in
combination with which the vacuum vector j0〉 generating all the state vectors (due to the cyclicity assumption) becomes such a
mysterious object as creating everything in spite of its emptiness!! If we move from the vacuum situation to thermal ones, then the right/
left symmetry of state vector space of Gibbs state or the modular inversion symmetry valid in the Tomita-Takesaki extension [64] of
thermal equilibrium to infinite systems implies that energy spectrum in this situation is symmetric under the sign change of the energy.
Actually, the positive energy spectrum is seen to be an exceptional condition to characterize the concept of vacua and it can be easily
violated in almost all the physical situations. The scenario explained briefly in Introduction can naturally be understood, once the above
two kinds of remarks are accepted: For instance, if you stick to the standard familiar concept of the usual (i.e., massless on-shell)
photons, then the concept of off-shell photons or DPs may sound quite strange and unfamiliar. If you start to realize that any kinds
of particles will experience their off-shell forms during the mutual interactions, then the existence of off-shell photons or DPs is seen to
be quite natural in spite of their being invisible. As for the invisibility, you cannot observe any meaningful interaction processes causing
changes on any seemingly “unchangeable” objects, without which this world become frozen!!

Therefore, it may be useful to add a comment on the parallelism of the above ubiquitous changes (of seemingly unchangeable objects
via the duality between visible and invisible) with the essence of thermodynamics involving stability and instability! When we see any
processes of working thermal engines, e.g., Carnot cycles for instance, it is one of the universal features that the cycle contains the
subprocesses in which heat and/or energy is absorbed and emitted. If we take the starting point of exerting the work as the origin of the
energy levels, then the absorbing process is seen to correspond to the states with negative energy spectrum and the working one with
energy emitted to those with positive energy spectrum. From this viewpoint, the usual formulation of the vacuum states in relativistic
QFT can be seen to be quite unrealistic, where the existence of states with negative energy spectrum is denied and where the state with
the zero energy is identified with the vacuum state. In this context, the usual Fμν can be seen to correspond to the processes emitting heat
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to the cooler reservoirs exerting the work onto the external world, and Sμν to those absorbing heat from the hotter heat reservoirs.
Similarly in the example of Mandelstam variables for scattering processes, the s-channel with incoming and outgoing particles can be put
in analogy with the processes with energy emitted and t-channel with energy-momentum transfer caused by interaction potentials with
those absorbing energy. If the former aspect is also put in correspondence with the branches of back and forth fluctuations in the steepest
descent method, then the latter one with falling down slope, along which energy absorbing process let the working system climb up to
the saddle point. These two kinds of examples can be unified actually into the context of large deviation principle [65,66], from the
viewpoint of which the essence of DP will be well understood.
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Abstract: 

In order to identify the requirements in theoretical studies for analyzing the physical properties of dressed 

photons, this paper adopts a fiber probe developed for creating and measuring dressed photons. The 

principles and practices of using such a fiber probe in illumination and collection modes are reviewed. It 

is pointed out that the fiber probe can be replaced by a nano-particle and that multiple nano-particles 

exhibit a specific phenomenon of dressed photons, namely, autonomous energy transfer. A phase diagram 

is presented in order to identify the requirements in a novel theory for finding the optimum conditions for 

measuring dressed photons. It is pointed out that this theory should be able to describe the autonomy 

above and also the hierarchy that exists in the measurement. To meet these requirements, promising novel 

theoretical approaches are reviewed. One is the Clebsch dual field theory. The use of the quadrality 

scheme based on the category theory and a novel measurement theory are also suggested as promising 

approaches for analyzing the detailed physical properties of dressed photons, and this will open up a new 

field of off-shell science. 

1 Introduction 

A dressed photon (DP) is a form of photon created in a nanometer-sized material. It 

exists in an off-shell area that is displaced from the shell of the dispersion relation 

between energy and momentum [1]. To analyze its physical properties in detail, which 

will open up a new field of off-shell science, a novel theory that describes the micro-

macro duality of quantum fields is essential. In order to develop such a theory, this paper 

reviews the requirements in theoretical studies, which have been identified from 

experimental results accumulated for more than a quarter of a century. For this review, 

a fiber probe is adopted as a representative device to create and measure the DP [2]. 

Since this device has a simple structure, it should be possible to analyze the 
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transformation of an electromagnetic (EM) field between micro- and macroscopic 

systems, which will open up a new field of off-shell science. 

This fiber probe has been used at the heart of a novel microscope and spectrometer 

that exhibit ultrahigh spatial resolution beyond the diffraction limit of propagating light 

[3]. Conformations and structures of a variety of nanometric materials have been 

measured and analyzed with these instruments, which have been commercially available 

[4]. 

 

2. Experimental evaluation of the dressed photons 

 

In order to identify requirements from an experimental viewpoint, this section reviews 

the principles of creation and measurement of DPs. The structures and performance 

levels of fiber probes are also reviewed. Also, it is pointed out that a fiber probe can be 

replaced by a nano-particle (NP). Finally, requirements for developing novel theories 

are presented. 

 

2.1 Principles of creation and measurement of dressed photons 

 

As schematically explained by Fig. 1, the DP is a quantum field that exists in an off-

shell area that is displaced from the shell of the dispersion relation between energy and 

momentum [1,5]. Since the uncertainty p  of the momentum p  is large in this area 

 p p  , the size a   of the DP is much smaller than the wavelength    of the 

propagating light  a    due to the Heisenberg uncertainty principle. In order to 

create such a small DP, a fiber probe has been used, as is schematically explained by Fig. 

2(a). The operating mode of the fiber probe in this figure is called the illumination mode 

(I-mode) [6], in which the tail of the fiber probe is illuminated with propagating light 

(the EM field on shell) to create a DP at the nanometric tip of the probe. 

Since the created DP is localized on the tip, it is measured by inserting a sonde 

into the DP for acquiring the response from the DP. That is, the DP is measured by 

acquiring its response to a stimulus applied from the outer system. A nano-particle (NP) 

has been used as such a sonde (Fig. 2(b)). By putting this NP in close proximity to the 

tip of the fiber probe, the DP energy is exchanged between the fiber probe tip and the 

NP, resulting in excitation of an electron in the NP. The excited electron can create a 

photon. Since this photon is a conventional scattered light field on shell, it can be 
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measured by a conventional photo-detecting device, and thus, the response can be 

acquired. In this I-mode, the fiber probe and NP respectively play the roles of a light 

source and a detector for creating and measuring the DP. 

 

Fig.1  Dispersion relation between the momentum and energy of the electromagnetic field. 

The green line and black curves are for the fields in vacuum and in a macroscopic material, respectively. 

They are the fields on shell. The green shaded rectangle is for the field off shell. 

It is possible to exchange the roles of the fiber probe and the NP: First, the NP 

is illuminated by propagating light to create the DP. Next, a fiber probe, which is used 

as a sonde, is brought close to the NP (Fig. 3(b)). The DP energy is thus exchanged 

between the NP and fiber probe tip, resulting in excitation of an electron in the tip of the 

fiber probe. The excited electron can create a photon, i.e., scattered light. Since this 

scattered light is guided through the fiber probe and reaches its tail, it can be measured 

by a conventional photo-detecting device, and thus, the response can be acquired. The 

operating mode of the fiber probe in this figure is named the collection mode (C-mode) 

[6]. 
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Fig.2  Illumination mode for the fiber probe operation. 

(a) For creating the DP. (b) For measuring the DP. 

 

 

Fig.3  Collection mode of the fiber probe operation. 

(a) For creating the DP. (b) For measuring the DP. 

 

2.2 Performance of fiber probes 

 

As is summarized in Fig. 4(a), a variety of fiber probes have been developed so far, some 

of which have been commercially available [2]. The size and conformation of the tip and 

taper of the fiber probe have been empirically controlled during the fabrication process, 

resulting in sufficiently high efficiencies for creating and measuring DPs for practical 

use. These high efficiencies are indispensable for reliable conversion of the EM field 
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from macro- to microscopic systems and also from micro- to macroscopic systems, 

respectively, in the case of the I- and C-modes.  

 

Fig. 4  Developed fiber probes. 

(a) Cross-sectional profiles and scanning electron microscopic images. (b) The efficiency of measuring 

the DP.  fd  is the foot diameter of the taper protruding from an opaque metallic film. Open circles, 

open triangles, and closed circles represent the experimental results measured for the fiber probes A, B, 

and C in (a), respectively. 

 

 Figure 4(b) represents the efficiency of measuring the DP acquired when the 

fiber probe was used in the I-mode [7]. This efficiency is expressed as the “throughput”, 

which is the ratio between the measured optical power and the optical power incident at 

the tail of the fiber probe. The horizontal axis is the diameter fd  of the foot of the 

taper protruding from an opaque metallic film, which was deposited for blocking 

unwanted scattered light. In these old experimental results acquired more than 15 years 

ago, it should be pointed out that a certain amount of unwanted scattered photons was 
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measured simultaneously with the DP when fd  was larger than 100 nm. This signal 

mixing was due to insufficient shielding resulting from the immature metallic film 

coating technology available at the time.  

 It should be noted that the spatial resolution of this novel microscope and 

spectrometer are determined by the value of the tip radius, pa . Detailed discussions of 

the special resolution, and also of the image contrast, are given in Appendix [8]. 

 

2.3 Using nano-particles 

 

A novel method has been developed recently in order to replace the role of the fiber 

probe operating in the I-mode by an NP, as is schematically explained by Fig. 5(a). In 

this scheme, an NP is illuminated by propagating light to create a DP. One may worry 

that the creation efficiency will be very low because the interface between the macro- 

and microscopic systems, i.e., the taper of the fiber probe in Fig. 2, is missing in this 

configuration. However, novel interface devices, such as an optical nano-fountain and 

an optical energy transmitter [9], have been developed by using multiple NPs, enabling 

drastic increases in efficiency. 

 

Fig. 5  Nano-particles for creation and measurement of the DP. 

The multiple randomly arranged NPs correspond to the taper of the fiber probe.(a) For creating the DP.  

(b) For measuring the DP. 
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The replacement mentioned above has been realized also for the C-mode: As is 

schematically explained by Fig. 5(b), in this scheme, multiple NPs are arranged around 

the NP on which the DP is originally created. As a result, the DP energy is exchanged 

between the center NP and the surrounding multiple NPs to excite an electron. The 

excited electron can subsequently create scattered light, which can be acquired by a 

conventional photo-detecting device. 

 It should be pointed out that a specific phenomenon of autonomous DP energy 

exchange has been observed among multiple randomly arranged NPs [9]. That is, it has 

been experimentally confirmed that the optimum route was autonomously selected for 

the DP energy transfer in the optical nano-fountain and optical energy transmitter 

devices above.  

 

2.4 Requirements for novel theories  

 

The gray cone in the phase diagram of Fig. 6 represents the area in which the DP 

measuring efficiency is high, which was empirically found through experimental work 

on fabricating and using an I-mode fiber probe. Here, pa  is the tip radius, sa  is the 

radius of the spherical NP, /s pa a  is their ratio, and   is the cone angle of the taper.  

It should be pointed out that the efficiency is the highest when / 1s pa a  , which is due 

to the size-dependent resonance feature of the DP energy exchange [10].  A similar 

conical area can be derived also for the C-mode. A novel theory is required since one of 

the major requests from experimentalists is to find the optimum condition for realizing 

the highest efficiency of creation and measurement of DPs. It is expected that Fig. 6 will 

serve as a reference to find this condition.  

 To find the optimum condition, it should be also noted that the detailed profile 

of the tip and taper of the fiber probe are not smooth but have some roughness on their 

surfaces, as is schematically shown in Fig. 7. Specifically, Fig. 7(a) represents a conical 

surface profile with a smooth surface, which can be observed from a far field view point. 

However, the NP in Fig. 2(b), which is installed in the near field of the fiber probe 

surface, may see a magnified surface and find a lot of bumps (Fig. 7(b)), on which 

multiple DPs with a variety of sizes are created. That is, a hierarchy exists in the DP 

measurement, which depends on the position and size of the NP to be used as a sonde 

for the measurement. A novel theory that can describe this hierarchy, as well as the 
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autonomy mentioned in Section 2.3, is needed. 

 

Fig. 6  Phase diagram for representing the area in which the efficiency of measuring the DP is high.  

  is the wavelength of the light incident on the fiber probe. 

 

 

Fig. 7  Hierarchy of measuring the DP created on the tip and taper of the fiber probe. 

(a) Cross-sectional profile of the tip and taper of the fiber probe.(b) Magnified profile of (a).  

 

3 Strategies for novel theories 

 

This section presents problems to be solved, which have been requested by 

experimentalists. Some promising novel theoretical methods for solving these problems 

are reviewed.  
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3.1 Problems to be solved 

 

In the case where the I-mode is used by illuminating the tail of the fiber probe with 

propagating light, it is advantageous to create: 

  (A) a small DP for achieving high-spatial-resolution measurement, 

and  

  (B) a high energy DP for achieving high-sensitivity measurement. 

 In order to find the criteria for designing a fiber probe for creating these DPs, 

the following two-step theoretical calculation ought to be carried out (Fig. 8). That is, 

the problems to be solved are 

(1) 1st step: Three kinds of EM fields in the taper have to be derived. They are 

  a) Propagating light, which is guided through the taper (EM field on shell). 

  b) Scattered light, which is dissipated via radiation from the taper (EM field on shell). 

  c) A DP (EM field off shell), whose size is equivalent to the size of the taper because 

the spatial profile of the DP is expressed as a Yukawa function [10]. 

(2) 2nd step: The DP on the tip of the fiber probe has to be derived. 

 

Fig. 8  Two-steps for theoretical calculation. 

  is the wavelength of the light incident on the fiber probe. 

 

 The DP in (2) is created as a result of the DP energy transfer from the fields (1a) 

and (1c). It means that the conformation and structure of the taper play essential roles in 

creating the DP of (A) and (B) on the tip. In other words, it is essential to optimize the 

magnitude of the energy dissipated from the taper, which is the magnitude of the energy 

of the field (1b). 

 It should be pointed out that this taper is the interface between micro- and 

macroscopic systems (i.e., between the tip and the tail of the fiber probe), and thus, it 
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plays an essential role in the micro–macro duality. However, EM fields in the taper have 

never been correctly described by the conventional EM field theories because these 

theories cannot be applied to the taper due to its sub-wavelength diameter. Namely, a 

method of numerical analysis based on Maxwell’s equations (for example, the Finite 

Difference Time Domain (FDTD) method) is not suitable for deriving the EM field of 

(1b) and (1c) [11]. In particular, in the case of (1c), the use of the FDTD method is 

useless because it does not take into account the longitudinal component of the electric 

field [12]. 

 

3.2 Expected theoretical methods 

 

Several novel theoretical methods have been proposed to solve the problems presented 

in Section 3.1. This section reviews these methods. 

 Figure 6 shows that the highest efficiency was obtained in the case of  

/ 1s pa a  , due to the size-dependent resonance in the DP energy exchange between 

the fiber probe and the NP [10]. This case corresponds to the case where the magnitude 

of the energy dissipation from the taper (the scattered light energy of (1b) in Section 3.1) 

takes the minimum. Therefore, in order to find the creation methods (A) and (B) in 

Section 3.1, it is essential to explore the conformation and size of the fiber probe which 

maximize the difference between the energy of the DP localized at the tip and the energy 

lost due to dissipation at the taper. For this exploration, Fig. 9(a) was derived, in which 

the value of /s pa a  in Fig. 6 was replaced by the magnitude of the energy loss dE  

(magnitude of the light energy scattered from the taper). It should be noted that this 

figure uses the energy dissipation rate  /d d iE E  , which is defined by the ratio 

between dE  and the energy iE  of the light incident on the tail of the fiber probe. For 

this replacement, a semi-quantitative relation between /s pa a  and d   was derived 

based on Fig. 2.6 of ref. [10], which is shown by Fig. 9(b).  

 Here, the problem is that the conventional EM field theories cannot be used to 

analyze the magnitude dE  of energy dissipation because the taper is of sub-wavelength 

size. To solve this problem, it would be advantageous to use the concept of effective 

mass of the EM field instead of using the conventional method. This may enable 

estimation of the magnitude of the energy dissipation by assuming that the energy 
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dissipation takes place during the process of transforming the massless free photon on 

shell to the off-shell photon with a finite mass. The Clebsch dual field theory was 

developed for this estimation by noting the duality between the fields in the space-like 

and time-like areas in the Minkowski diagram [1,13].   

 

 

Fig.9  Phase diagram for representing the area in which the efficiency of measuring the DP is high.  

(a) The ratio of the sizes /s pa a  in Fig. 6 is replaced by the energy dissipation rate d . (b) The relation 

between /s pa a  and d  used for illustrating (a). 

 

 The energy–momentum tensor of the Clebsch dual field is isomorphic to the 

left-hand side of the Einstein field equation represented as a Ricci curvature tensor 

defined in terms of a contracting Riemann tensor, thus suggesting an interpretation 

wherein the energy–momentum tensor of a virtual photon field carries a part of the 

energy–momentum of “vacuum”, as in classical space-time. It also suggests that it may 

represent a so-far unidentified energy field similar to the controversial dark energy in 

cosmology, since, corresponding to its space-like characteristics, the associated scalar 

curvature is negative. According to a quantum mechanical point of view, a vacuum is 

considered as a fluctuating energy field where creation and annihilation of a variety of 

virtual particles occur incessantly. 

 Mathematical analysis of the Clebsch dual field shows that a space-like Clebsch 

field is stable as long as it exists in wave-like modes extending uniformly in space–time. 

However, once local perturbations arising from the interactions of material fields are 
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given, the energy of the Clebsch field becomes unstable and is transformed into a 

spatially localized form having a Yukawa-potential distribution if its energy level 

exceeds a certain threshold value. In the case of Figs. 2(a) and 3(a), the Yukawa-potential 

means that the spatial extent of the DP field corresponds to the sizes of the tip of the 

fiber probe and that of the NP, respectively. The above unstable Clebsch field consists 

of amplifying and damping fields. When we consider the latter, we can interpret it as a 

rapidly decreasing time-like mode returning the excited energy back to the 

environmental material field in a manner consistent with the conventional explanation 

given in terms of the uncertainty principle since the damping rate is proportional to the 

magnitude of the excited energy. 

Based on the discussions above, applying the Minkowski diagram to the I-mode 

reveals that the EM fields in the light-like, time-like, and space-like domains correspond 

to the propagating light incident on the tail of the fiber probe, the scattered light radiating 

from the taper of the fiber, and the DP created on the tip of the fiber probe, respectively, 

as is schematically explained by Fig. 10(a). In the case of the C-mode, this 

correspondence is also explained by Fig. 10(b). Since the light-like field produces a pair 

consisting of time-like and space-like fields, the creation rate of the space-like field can 

be maximized by minimizing the creation rate of the time-like field. As a result, the DPs 

in (A) and (B) in Section 3.1 can be efficiently created. It should be pointed out that the 

hierarchy explained in Fig. 7 can be described by including the nonlinear interaction in 

the theoretical approach described above. 

 

Fig.10  Electromagnetic fields in the light-like, time-like, and space-like domains. 

(a) Illumination mode (transformation from macro- to microscopic systems). (b) Collection mode 

(transformation from micro- to macroscopic systems). 
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 It should be noted that the gray cones in Figs. 6 and 9(a) have asymmetric 

profiles. This is because the DP is intrinsically created on the tip of the fiber probe, 

which has a translationally asymmetric profile. Theoretical models for the off-shell EM 

field should be developed based on this asymmetry. For this advanced theoretical model, 

use of the quadrality scheme [14] based on category theory is expected to be a promising 

approach for describing the transformation of the microscopic DP to the macroscopic 

system. Furthermore, a novel measurement theory should be constructed by noting that 

the fiber probe and NP in Figs. 2(b) and 3(b) form a composite system originating from 

the DP energy exchange. Tomita’s decomposition theorem [15] is expected to be 

promising for this construction. Further advances in these theoretical studies are 

expected to lead to developments in the field of off-shell science. 

 

4 Summary 

 

This paper adopted a fiber probe to identify the requirements in theoretical studies for 

analyzing the physical properties of DPs. The principles of using this fiber probe in 

illumination and collection modes were reviewed. After the structures and performance 

of a variety of fiber probes were presented, it was pointed out that the fiber probe could 

be replaced by an NP, and that multiple NPs exhibited a specific phenomenon of 

autonomous energy transfer of the DP. A phase diagram was empirically derived through 

experiments in order to show the experimental condition for achieving high-efficiency 

measurements of the DP. Based on this diagram, requirements for a novel theory were 

identified to find the optimum condition giving the highest efficiency. Furthermore, it 

was required that this theory should be able to describe the intrinsic phenomena of the 

autonomy mentioned above, and also the hierarchy in the DP measurement. 

It was pointed out that the conventional EM field theories cannot meet these 

requirements, as well as a description of the field in the taper of the fiber probe. To meet 

the requirements, some promising novel theoretical approaches were reviewed. One was 

an approach based on Clebsch dual field theory. The use of the quadrality scheme based 

on category theory and a novel measurement theory were also presented as promising 

approaches for analyzing the detailed physical properties of DPs, leading to the 

development of a new field of off-shell science. 

The Appendix discusses the spatial resolution and the contrast of the image 

acquired by a microscope and spectrometer using such a fiber probe. 
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Appendix Spatial resolution and image contrast in measurements using a fiber 

probe 

 

As was reviewed in Section 1, DPs have been used in a novel microscope and a 

spectrometer with ultrahigh spatial resolution beyond the diffraction limit of light. The 

NPs in Figs. 2(a) and 3(a) correspond to the specimens to be measured by these 

instruments. In the I-mode, the DP on the tip of the fiber probe serves as a light source 

to illuminate the specimen. In the C-mode, the light source is the DP on the NP, which 

is picked up by the fiber probe.  

 In order to analyze the spatial resolution and contrasts of the acquired 

microscopic and spectroscopic images, the cross-sectional profile of the fiber probe is 

shown in Fig. A(a), as was given in Fig. 4(b) [8]. Here, pa  is the tip radius, fd  is the 

diameter of the foot of the taper protruding from an opaque metallic film, which is 

deposited for blocking the propagating scattered light, and   is the cone angle. The 

spatial resolution of the measurement is governed by the size of the DP created on the 

tip, which is equivalent to the tip radius pa , because the spatial profile of the DP field 

is represented by the Yukawa function.  

 

 

Fig. A  A fiber probe and spatial Fourier spectra of the acquired image.  

(a) Cross-sectional profile of the fiber probe. (b) A taper approximated by a chain of spheres.(c) Spatial 

Fourier spectrum of the image acquired in the Collection mode. Lines A and B correspond to the fiber 

probe with small and large cone angles  , respectively. Line C represents the spectrum acquired by a 

conventional optical microscope. 
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 Here, the contributions from the DPs created on the taper have to be also 

considered for evaluating the contrast of the acquired image. For this consideration, Fig. 

A(b) schematically explains that the taper is approximated as a chain of small spheres 

which are connected in order to increase the radius, from pa  up to / 2fd , as shown in 

Fig. 10. These spheres receive the DP energy created on the NP in the case of the C-

mode, whereas they create the DP on their surfaces in the case of the I-mode. Therefore, 

in the case of the C-mode, due to the size-dependent resonance feature of the DP energy 

exchange [10], high-efficiency measurement is achieved if the size of the DP on the NP 

falls between pa  and / 2fd . This means that this efficiency has the characteristics of 

a spatial band-pass filter. Its spatial Fourier spectra are shown by the lines A and B in 

Fig. A(c). They show that the C-mode can detect a DP whose size falls within the pass 

band of this spatial filter (i.e., between pa  and / 2fd ). Its high-frequency cutoff hf  

is proportional to 1

pa
, showing that the spatial resolution is determined by pa . On the 

other hand, the low-frequency cutoff lf  is proportional to 
1

fd
.  

 Figure A(c) shows that with a smaller   (line A), a lower efficiency is 

exhibited at lf  than that with a larger   (line B), because the sphere of radius / 2fd

is farther from the tip in the case of a smaller  . This means that the sharper fiber probe 

can achieve higher selectivity in measuring the DP with a size as small as the tip radius 

pa . In other words, the high-spatial-resolution component in the image is acquired with 

higher contrast. In the case of the I-mode, the lines A and B represent the size dependence 

of the DP energy created on the fiber probe; that is, a DP with a size ranging from pa  

to / 2fd  is efficiently created.  

 A conventional optical microscope collects propagating light scattered from the 

specimen with convex lenses for acquiring an image of the specimen. The spatial Fourier 

spectrum of the acquired image is represented by the line C in Fig. A(c). Due to the 

diffraction limit of light, it has the characteristics of a low-pass filter, whose high-

frequency cutoff cf  is determined by the wavelength    of the light, i.e., is 
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proportional to 1 .  

By comparing the lines A, B, and C, it is confirmed that the spatial resolution 

of the microscope using DPs is much higher than that of the conventional microscope 

because 
pa   ( h cf f  ), which is the origin of the name “ultrahigh spatial 

resolution microscope” 

 It should be noted here that the spatial Fourier spectral characteristics of the 

microscopic images acquired by this ultrahigh spatial resolution microscope and the 

conventional optical microscope do not have any strong correlation between each other. 

In other words, the images acquired by these microscopes are totally different from each 

other, in addition to the ultrahigh spatial resolution feature of the former. This is because 

their spatial filtering characteristics are different; i.e., band-pass filtering and low-pass 

filtering. By noting the size-dependent resonance feature of the DP energy exchange [10], 

it should be pointed out that the microscope using DPs acquires an image of the fiber 

probe tip itself instead of an image of the specimen NP. 
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Abstract: It has been shown that dressed photon (DP) energy transfer exhibits unique 

autonomous spatial evolution features, and novel functional devices have been 

demonstrated as a first example of the practical application of this transfer. Temporal 

evolution features originating from nutating DP energy transfer followed by radiative 

relaxation have also been demonstrated. A novel film for highly efficient optical energy 

conversion is presented as a second example of the application of these features. It is 

suggested that these spatial and temporal evolution features can be analyzed based on 

theoretical models based on a quantum walk and a random walk. This film was placed on a 

silicon solar battery to convert UV light energy to visible light energy, resulting in an 

increased electrical power generation efficiency of 20.2%. 

1 Introduction 

The dressed photon (DP) is a novel form of quantum field, which is created in 

a nanometer-sized space [1]. It is also called an off-shell photon because it 

exists in the off-shell area that is displaced from the shell of the dispersion 

relation between energy and momentum. In drawing a physical picture of 

this quantum field, there have been some problems originating from the 

intrinsic nature of the DP; namely, its electromagnetic mode could not be 

defined do to its sub-wavelength size. However, recently developed novel 

69

t-murakami
タイプライターテキスト
OffShell: 1710R.001.v1



2 

 

theories have succeeded in solving these problems, allowing the intrinsic 

properties of the DP to be suitably described. These properties are: 

(a) A DP is created in or on the surface of a nano-particle (NP). 

(b) The created DP localizes on the NP, and the extent of localization is 

equivalent to the size of the NP.  

 Two novel phenomena were predicted as a result of successfully 

describing these properties. They are:  

(1) A transition that is normally electric dipole-forbidden becomes allowed. 

(2) Size-dependent resonance occurs. 

These phenomena, which originate from DP energy transfer between NPs, 

have been experimentally confirmed and applied to the development of a 

variety of novel application technologies. Progress in this area has been 

reviewed in a previous article in the Off-shell Archive [2]. 

 Section 2 of the present paper reviews unique features of DP energy 

transfer between NPs, based on phenomena (1) and (2) above. Section 3 

introduces the principles and practices of novel nanometric functional 

devices and an optical energy converter. Section 4 reviews the application of 

this DP energy transfer to optical energy conversion. In Sections 3 and 4, 

spatial and temporal evolutions of the DP energy transfer are demonstrated. 

A summary and conclusions are presented in Section 5. 

 

2 Energy transfer of dressed photons 

 

Novel devices that operate by using DPs are named DP devices. Some of 

these devices are introduced in Section 3. In order to examine the principle of 

operation of DP devices, two different-sized cubic semiconductor NPs are 

assumed, in which exciton energy is quantized, as schematically explained 

by Fig. 1. Small and large NPs (NPS and NPL,, respectively) in this figure are 

used as input and output terminals, respectively. These NPs are irradiated 

with propagating light whose photon energy is resonant with the lowest 

quantized energy level (1,1,1) of the exciton in NPS. This light corresponds to 

the input signal to the DP device. The propagating light emitted from the 

lowest energy level (1,1,1) in the large NPL corresponds to the output signal.  

 Based on the localized nature of the DP (property (1) in Section 1), 

these NPs are installed in close proximity to each other, with a separation as 

short as their sizes. By assuming that the ratio between their side lengths is 
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1: 2 , one can readily find that the exciton energy of level 1,1,1   in NPS is 

equal to that of level 2,1,1  in NPL; that is, these two energy levels are 

resonant with each other. It should be noted that level (2,1,1) in NPL is an 

electric-dipole forbidden level, whereas level (1,1,1) in NPS is an 

electric-dipole allowed level. Thus, the energy of the irradiated propagating 

light normally cannot be transferred from level (1,1,1) in NPS to level (2,1,1) 

in NPL.  

 

 

Fig. 1  

DP energy transfer and dissipation in two cubic semiconductor NPs. 

 

 However, because of phenomena (1) mentioned above in Section 1, 

there is a way for the energy to be transferred from NPS to NPL, as 

represented by the blue double-headed arrow in Fig. 1. The transfer process 

is: 

(1) An exciton is excited to level (1,1,1) in NPS by the irradiated propagating 

light. 

(2) A DP is created by this exciton and is localized on NPS. 

(3) The energy of this DP is transferred to NPL. 

(4) An exciton is excited to level (2,1,1) in NPL even though this level is 

electric-dipole forbidden.  

 After this process, the exciton promptly relaxes to the lower level 

(1,1,1) in the NPL and dissipates a small amount of energy, as shown by the 

downward blue arrow. Then, the relaxed exciton emits propagating light, to 

be used as the output signal. 

 

3 Application to functional devices 

 

The unique transfer and dissipation of the DP energy, reviewed in the 

previous section, have been applied to the development a variety of novel DP 

devices, such as AND and NOT logic gates, by integrating size-controlled 
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semiconductor NPs on a substrate. Figure 2 demonstrates the structure and 

operation of these devices [3]. In addition to these logic gate devices, a 

variety of other DP devices have been developed, including a nano-optical 

condenser [4], a digital-to-analog converter [5], an energy transmitter [6], a 

frequency up-converter [7], a delayed-feedback optical pulse generator [8], 

and so on. As representative examples of these devices, this section reviews a 

nano-optical condenser and an energy transmitter. 

 

Fig. 2 Dressed photon devices. 

(a) Prototype of integrated circuit composed of DP devices.  

(b) Cross-sectional structure of mesa-shaped NOT logic gate composed of InAs NPs.  

(c) Scanning transmission electron microscope image of structure in (b) (left) and optical 

microscope image of a two-dimensional array of structures in (b) (right). 

(d) Measured spatial distribution of the output signal intensity from a two-dimensional 

array of fabricated devices composed of InAs NPs. 
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3.1 Nano-optical condenser 

 

A nano-optical condenser that converts propagating light to DPs with high 

efficiency has been developed on the basis on the unique spatial evolution 

features of the DP energy transfer [4]. In order to construct this device, a 

large number of small nano-particles (NPS) are used, and one large 

nano-particle (NPL) is installed at the center, as shown in Fig. 3(a). Moreover, 

medium-sized nano-particles (NPM) are installed in the intervening spaces. 

Since the sizes of these NPs are tuned so that the quantized exciton energy 

levels are resonant with each other, as was the case between the two NPs in 

Fig. 1, when an exciton is created in NPS by irradiation with propagating 

light, the DP energy is transferred from NPS to NPM. After this transfer, 

relaxation promptly occurs in NPM, and subsequently, the energy is 

transferred from NPM to NPL. After relaxation in NPL, the output signal is 

generated from the exciton in the lowest energy level. Here, since the energy 

level (1,1,1) in NPS is tuned to the photon energy of the incident propagating 

light, almost all the incident propagating light energy can be absorbed by a 

large number of NPSs. 

 

Fig. 3 Nano-optical condenser. 

(a) Structure of the device. (b) and (c) show the spatial distribution and temporal evolution of 

the light intensity emitted from CuCl NPs, respectively. 

 

 Furthermore, since the energy dissipation in this system is due to the 

relaxation in NPM and NPL, its magnitude is very small. As a result, a high 
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efficiency is expected for concentrating the energy of the incident 

propagating light at NPL.  

 Figure 3(b) shows an observed near field optical microscopic image of 

the spatial distribution of the DP energy by applying propagating light with 

a wavelength of 385 nm to cubic CuCl NPs in an NaCl host crystal. The 

bright spot at the center corresponds to the place at which the incident light 

energy was condensed at NPL, which had a side length of 8 nm. Its diameter 

was about 20 nm, including the size of the probe apex used for the 

microscope, which governs the resolution of the measurement. The light 

power in this spot was more than five-times higher than that of the light 

power emitted from NPL when it was isolated from the NPs. From these 

results, it is confirmed that this device worked as a high-efficiency optical 

condenser beyond the diffraction limit. This novel device has also been called 

an optical nano-fountain [4]. 

The high performance of this device can be confirmed by comparing 

it with a conventional convex lens. When propagating light is focused by a 

convex lens, the theoretical spot diameter at the focal plane is expressed as 

   / NA, which corresponds to the diffraction limit of a focused light beam. 

Here,   is the wavelength of the incident light, and  NA is a parameter 

called the numerical aperture, which depends on the shape and material of 

the lens, being smaller than unity. By substituting the spot diameter in Fig. 

3(b) into this formula, we fid that  NA is more than 40, which is much larger 

than that of a conventional convex lens.  

Figure 3(c) shows the measured spatial and temporal evolutions of 

the light intensity. The horizontal axis at the top of the figure represents 

time, and the vertical axis represents the radial position in polar coordinates 

centered at NPL. The brightness gradation is proportional to the number of 

emitted photons, from which one can find that the energy is condensed at 

NPL with a time constant as short as 2 ps. 

 Because of the extremely low energy dissipation due to the relaxation 

from the upper to lower energy levels in NPM and NPL, the efficiency of 

optical energy concentration can be higher than 0.9. The energy transfer 

process in the nano-optical condenser described above is similar to that in 

photosynthetic bacteria [9], whose high energy transfer efficiency is 

receiving attention as a novel system function inherent to such complex 

systems in a nano-scale space [10,11]. 
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3.2 Energy transmitter  

 

In addition to the nano-optical condenser described above, another example 

that uses the spatial evolution features of the DP energy transfer is an 

energy transmitter. This transmitter is used to transmit a signal from one 

DP device to another, corresponding to the function of a metallic wire in an 

electrical circuit or an optical waveguide in a conventional optical integrated 

circuit. It should meet the following two requirements: 

(1) Signal reflection from the DP devices connected to the tail of this 

transmitter must be avoided to achieve stable uni-directional energy 

transmission. 

(2) Transmission loss must be sufficiently low to realize a long transmission 

length. 

 

Fig. 4 Structure of energy transmitter. 

 

Figure 4 shows the structure of an energy transmitter that was 

developed to meet these requirements. It is composed of an array of  N  NPs 

of the same size (NP1 – NPN), and a large NP (NPO) installed at the end of 

this array. In the case of using cubic NPs, as an example, an exciton is 

created in energy level  (1,1,1)  in NP1 by applying an input signal, i.e., by 

irradiating NP1 with propagating light. This light is converted to a DP and is 

transferred to energy level  (1,1,1)  in NPN, and nutation occurs among the  N  

NPs. As a result, these NPs are coupled with each other. If the size of NPO is 

tuned so that its electric dipole-forbidden level  (2,1,1)  is resonant with the 

energy level of this coupled state of the  N  NPs, nutating energy is 

transferred to the upper energy level  (2,1,1)  in NPO, and by subsequent 

relaxation to the lower energy level  (1,1,1) . Finally, the light is emitted from 

the exciton in level (1,1,1) and is used as the output signal.  

The device in Fig. 4 meets requirement (1) above because the 

exciton cannot be excited to the upper energy level (2,1,1) in NPO even if the 

exciton is created in the lower energy level (1,1,1) in NPO by back-transfer of 
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the signal from the DP devices installed at the stage after NPO. Thus, the 

energy is not back-transferred from NPO to NP1 – NPN.  

It can be easily found that requirement (2) is met because the 

magnitude of the energy dissipated during the relaxation from level (2,1,1) to 

level (1,1,1) in NPO is as low as 20 meV, which is much lower than the photon 

energy of the light radiated onto the device.  

For device fabrication, it is much easier to randomly disperse NP1 – 

NPN and NPO on a substrate than to arrange them accurately so as to 

maintain a constant separation. Figure 5(a) schematically explains this 

configuration [12], in which small NPs are randomly dispersed along the  x -, 

 y -, and  z -axes, and are used as NP1 – NPN, whose numbers of rows are 

denoted by 
 
N

x
, 

 
N

y
, and 

 
N

z
, respectively. NPO is installed among the 

dispersed small NPs. NP1 and NPO are respectively denoted by NPin and 

NPout in this figure. 

 

Fig. 5 Calculated results for NPs dispersed on a planar substrate. 

(a) Arrangement of multiple small NPs (NPS) and one larger NP (NPL). 

(b) Dependence of the energy transfer length  on the thickness  of the small NP 

layers. 

 

 For experiments, spherical CdSe NPs were used for simplicity of 

material preparation. The diameters of NP1 – NPN were maintained at 2.8 

nm, whereas that of NPO was 4.1 nm in order to satisfy the resonance 

condition of the exciton energy levels. These spherical CdSe NPs were 

dispersed on a SiO2 substrate, and the average separation between the 

 L  H
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adjacent NPs was arranged to be close to 7.3 nm in order allow efficient DP 

energy transfer (refer to property (b) in Section 1). Moreover, the thickness of 

the NP layers,  H  in Fig. 5(a), was fixed to 10 nm, 20 nm, and 50 nm, which 

is proportional to the number of rows 
 
N

z
 of NP1 – NPN along the  z -axis. 

These devices are denoted by A, B, and C, respectively.  

 By applying propagating light with a wavelength of 473 nm, the 

energy transfer length  L  was measured as a function of  H . The results are 

shown in Fig. 5(b), from which the values of  L  for devices A, B, and C were 

found to be 1.92 m, 4.40 m, and 11.8 m, respectively. These are much 

longer than the wavelength of the incident light, which also meets 

requirement (2) above. This figure shows that these measured values agree 

with the values calculated by using the rate equations representing DP 

energy transfer between two adjacent NPs. It also shows that  L  increases 

with increasing  H , i.e., with increasing 
 
N

z
. 

 

3.3 Autonomy in dressed photon energy transfer 

 

The DP devices reviewed in the previous subsections exhibit novel 

characteristics which are superior to those of conventional photonic devices. 

They are: single-photon operation [13], low energy dissipation [14], low 

energy consumption [15], tamper resistance [16], and skew resistance [17]. 

Furthermore, an outstanding advantage conferred by the spatial evolution 

features is autonomy in the DP energy transfer [18], which is reviewed in 

this subsection. 

 As is schematically explained by Fig. 6(a), the present model contains 

N small NPs (NPS) and one large NP (NPL). By assuming that each NPS is 

initially occupied by an exciton, quantum master equations for the density 

matrix are solved to derive the occupation probability of the exciton in the 

lower energy level in NPL. The time-integrated value of this probability 

corresponds to the output signal intensity. 

 This intensity is calculated as a function of the number  N  of CuSe 

NPS. The calculated results are indicated by closed circles in Fig. 6(b) and 

show that the efficiency in energy transfer is highest when  N  4. Since the 

radiative relaxation rate from the lower energy level in NPL takes a finite 

value, the DP energy is not transferred to NPL until the exciton in the lower 

energy level is annihilated, and as a result, the energy is dissipated from 
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NPS if  N  is too large. Therefore, the output signal intensity does not 

increase if too many NPS are installed around an NPL, and as a result, the 

efficiency of the energy transfer to NPL decreases when  N  is larger than 4. 

 

 

Fig. 6 Autonomy of the DP energy transfer. 

(a) Layout of NPs. (b) Dependences of the output signal intensities emitted from CuSe NPs 

on the ratio of the number of NPSs to that of NPL. 

 

 Small and large spherical CdSe NPs (2.0 nm and 2.8 nm diameters, 

respectively) were used, as was the case described in Subsection 3.2, to 

experimentally measure the magnitude of the energy transferred from NPS 

to NPL. The results are represented by the closed squares in Fig. 6(b), which 

show that the output signal intensity takes the maximum at N 4. 

 The dependence of the energy transfer on the number  N  of the NPs 

suggests that the output signal intensity can be controlled by designing the 

positions of the NPs. Let us assume that interactions between some NPSs 

and NPL may be degraded or lost because their resonant conditions are not 

satisfied due to, for example, size-detuning of NPs, fluctuations in the 

separations between NPs, and deterioration of the NP materials. In the case 

of a pentagonal layout, as shown in Fig. 7(a), there can be eight degraded 

configurations: By referring to system E0 without any degradations, system 

E1 represents the layout in which the interaction between one NPS and NPL 

is degraded or lost (represented by the mark   between NPS1 and NPL in 

this figure). Systems E2 and E2’ have two degraded interactions.   
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Fig. 7 Degraded or lost interaction between NPSs and NPL.  

(a) Layout of NPs. (b) Time-integrated values of the occupation probabilities for systems E0 

to E5. (c) and (d) are temporal evolutions of the occupation probabilities of the exciton in the 

energy levels in five NPSs in systems E2 and E0, respectively. 

 

 Figure 7(b) shows the relation between the systems (E0–E5) and the 

time-integrated values of the occupation probability of the exciton in NPL. 

This figure shows that system E5 does not generate any output signals 

because the interaction between NPS and NPL is completely lost. In contrast, 

the output signal intensities from systems E1–E4 with degraded interactions 

are larger than that from system E0. In particular, the value of the output 

signal intensity from system E2 is 1.64-times that from system E0, which is 

consistent with the fact that the signal intensity takes the maximum at N 

4 in Fig. 6(b).  

 Moreover, the autonomy in energy transfer can be understood from 

Fig. 7(c). This figure shows the temporal evolutions of the occupation 
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probabilities of excitons in the energy levels in five NPS in system E2, in 

which two interactions are degraded (NPS2–NPL and NPS3–NPL), as was 

shown in Fig. 7(a). The energy levels in all the NPS are initially occupied by 

excitons, and afterward for several ns, the occupation probabilities in NPS2 

and NPS3 remain high, which means that the energy is efficiently stored in 

NPS2 and NPS3 until it is transferred to NPL. On the other hand, Fig. 7(d) 

shows the time evolutions of the occupation probabilities in the case of 

system E0, in which the energy levels in three NPS (NPS1, NPS3, and NPS4) 

are initially occupied by excitons. It is found from this figure that the 

occupation probabilities for NPS2 and NPS5 increased within 2 ns even 

though they were initially zero. This means that, in a sense, the transferred 

energy autonomously searches for unoccupied NPSs in the system. 

 It was demonstrated that a single energy transfer process is about 

104-times more efficient compared with the single bit-flip energy required in 

conventional electronic devices [14]. On the other hand, energy transfer in 

light harvesting antennas exhibits superior efficiency [19], and these 

structures have similarities to nanostructures networked via interactions by 

DP energy transfer. In summary, these studies will be extremely helpful for 

developing advanced DP devices with higher performance.  

 

3.4 Temporal evolution of dressed photon energy transfer 

 

In addition to the spatial evolutions shown in Subsections 3.2 and 3.3, Fig. 8 

(a) shows the temporal evolution of the output signal from the DP device, i.e., 

the light intensity from NPL, emitted when a propagating light pulse (pulse 

width: 10 ps) is applied to NPS. Red circles are the measured values acquired 

for 0 t 4 ns. The optical intensity increases rapidly with a rise time r  of 

90 ps, which depends on the magnitude of the transferred DP energy. After 

the applied signal pulse decays, the output signal also decays with small 

amplitude oscillation. This oscillation originates from the nutation of the DP 

energy transfer between NPS and NPL. The period of oscillation is found to be 

about 400 ps from this figure. The decay time, i.e., the fall time 
f , is about 

4 ns, which depends on the value of the radiative relaxation rate from the 

low energy level in NPL. The solid curve represents the result calculated by 

using quantum master equations for the density matrix [20], which agrees 
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well with the experimental results.  

 For more detailed analyses of the temporal evolution of the DP 

energy transfer, the optical intensity was acquired in the time range 0 t 10 

ns, which is longer than that in Fig. 8(a). Black squares in Fig. 8(b) are the 

acquired values. The blue curve represents the temporal evolution expressed 

as  1exp / ft  , where 
1f  is the fall time, depending on the magnitude of 

the transferred DP energy. This curve agrees with the black squares only for 

an initial stage as short as 0 t 2 ns. On the other hand, the red curve 

represents the temporal evolution expressed as  2exp / ft  , where the fall 

time 
2f  is the radiative relaxation rate from the low energy level in NPL. 

This agrees with the black squares for a wide range of time periods up to 10 

ns. For more detailed analyses of the DP energy transfer dynamics, it will be 

advantageous to suppress the component expressed as  2exp / ft  , which 

can be realized by decreasing the device temperature.  

 

Fig. 8 Temporal evolution of the light intensity emitted from the CuCl NPL . 

(a) and (b) are the optical intensities, acquired for 0 4 ns and for 0 10ns, 

respectively. 

 

4 Application to optical energy conversion 

 

t  t 
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A novel thin film was invented recently, which efficiently converts ultraviolet 

(UV) photon energy to visible photon energy by means of DP energy transfer 

and dissipation. It has been used to drastically improve the electrical power 

generation efficiency of a solar cell battery. This section reviews the principle 

and operation of this film.   

 

4.1 Principle 

 

Transparent silicone or ethylene-vinyl acetate (EVA) was used as the film 

material, with a thickness of 10  m. ZnO semiconductor NPs (average size 

and number density are 3–5 nm and 1017 to 1018 /cm3, respectively) and DCM 

dye NPs (weight density 3–5 mg/cm3) were dispersed in this film. It is 

required that the separation between the ZnO and DCM NPs be as close as 

possible to their sizes in order to transfer the DP energy between them (refer 

to (b) in Section 1). The number density and weight density above meet this 

requirement [21,22]. 

 The roles of the ZnO and DCM NPs in this film are to absorb UV 

light and emit visible light, respectively. They correspond respectively to NPS 

and NPL in Fig. 1. That is, UV light absorption excites an electron in the ZnO 

NP to create the DP. Then, the DP energy is transferred to the DCM NP, 

resulting in excitation of the electron in the DCM NP. This electron 

dissipates a small amount of its energy by relaxing to a lower energy level, 

emitting visible light.  

For the DP energy transfer, an electronic dipole-forbidden transition 

is utilized (refer to (1) in Section 1). Furthermore, since the magnitude of the 

energy dissipation above is very low, very high-efficiency optical energy 

conversion can be realized. 

 Figures 9(a) and (b) show the electronic energy levels in the ZnP and 

DCM NPs for UV light absorption and visible light emission, respectively. 

They are: 

 

[In ZnO NP] 

ZnOa : An energy level of the electron in the conduction band. Since it is an 

electric dipole-allowed level, the electron is excited to this level by UV light 

absorption. 
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ZnO'a : An electric dipole-allowed energy level in the conduction band. Its 

energy is slightly lower than that of 
ZnOa . 

ZnOb : Several energy levels in the bandgap, which originate from impurity 

atoms in the ZnO NP. They consist of electric dipole-allowed and -forbidden 

energy levels. 

ZnOc : An electric dipole-allowed level of the energy levels 
ZnOb  above, 

which is a defect level originating from the oxygen atoms in the ZnO NP. The 

electron in this level emits blue light. 

ZnOe : An electric dipole-forbidden level of the energy levels 
ZnOb  above. 

However, it can emit light because it is the lowest energy level of 
ZnOb . 

 

 

Fig. 9 Electronic energy levels in a ZnO NP (a) and a DCM NP (b). 

 

[In DCM NP]  

DCMb : An electric dipole-allowed level. Thus, the electron in this level can 

emit light. It is resonant with the energy level 
ZnOb  in the ZnO NP.  

DCMd : Electric dipole-forbidden energy levels, which originate from the 

impurity atoms in the DCM NP. Some of them are resonant with the energy 

level 
ZnOc  in the ZnO NP. 
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DCMe : An electric dipole-allowed level of the energy levels 
DCMd . Thus, the 

electron in this level can emit light. It is resonant with the energy level 

ZnOe  in the ZnO NP. 

The UV light absorption and visible light emission processes in the 

ZnO NP and DCM NP, are: 

[In ZnO NP (Fig. 9(a))]  

An electron in the ZnO NP is excited to the energy level 
ZnOa  by UV light 

absorption. This excited electron has a higher probability of UV light 

emission than that of relaxation to a lower energy level. Thus, the conversion 

efficiency from UV light to visible light is low. 

[In DCM NP (Fig. 9(b))]. 

After an electron in the DCM NP is excited to a higher energy level by UV 

light absorption, it relaxes to an electric dipole-forbidden energy level, which 

is a triplet energy level. Thus, the conversion efficiency from UV light to 

visible light is low. 

However, in the case where both the ZnO and DCM NPs are 

dispersed in the film, the light absorption and emission processes are 

remarkably different from those above. They are (Fig. 10): An electron in the 

ZnO NP is excited to the energy level 
ZnOa  by UV light absorption. It 

subsequently relaxes to the lower energy levels 
ZnOb , 

ZnOc , or 
ZnOe . 

Then, a DP is created, and its energy is transferred to the resonant energy 

levels 
DCMb , 

DCMd , or 
DCMe  in the DCM NP. As a result, an electron is 

excited to these levels and emits visible light. This visible light emission 

realizes a high efficiency of energy conversion from UV light to visible light. 

It should be noted that the DP energy can be transferred back from the DCM 

to the ZnO particles even though the electron in the DCM particles relaxes to 

the triplet energy level. This back transfer contributes to further increases in 

the energy conversion efficiency. 
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Fig. 10 Light absorption and emission of a film in which ZnO and DCM NPs are dispersed. 

 

4.2 Operating characteristics 

 

Figure 11 shows measured excitation spectra, in which the horizontal axis 

represents the wavelength of the light incident on the film, and the vertical 

axis is the intensity of the visible light (wavelength 560 nm) emitted from the 

electron in the energy level 
DCMe  of the DCM NP. Figures 11(a) and (b) 

show the results acquired when only the ZnO and DCM NPs are dispersed in 

the film, respectively. Figure 11(c) shows those when both ZnO and DCM 

NPs are dispersed. Comparing the areas below the curves in these figures, 

the efficiency of the conversion from UV light to visible light (wavelength 560 

nm) energy in Fig. 11(c) is estimated to be at least 10-times higher than that 

in Fig. 11(a) or (b). 

 Furthermore, a bump A on the curve in Fig. 11(c) represents that the 

efficiency of the visible light emission is selectively enhanced when the 

incident UV light is resonant with the energy level 
ZnOa  of the ZnO NP. 

Furthermore, the bumps B and C also represent that the efficiency is 

selectively enhanced when the incident light is resonant with the energy 

level 
ZnOb  or 

ZnOc  of the ZnO NP. These selective enhances are due to the 

DP energy transfer to the energy levels 
DCMb  or 

DCMd  of the DCM NPs, 

and subsequent relaxation to the energy level 
DCMe . 
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Fig. 11 Excitation spectra. 

(a) and (b) The results acquired when only the ZnO and DCM particles are dispersed in the 

film, respectively. (c) The result when both ZnO and DCM particles are dispersed.  

 

Figure 12 shows the measured relation between the incident UV 

light intensity (wavelength 325 nm) and the efficiency of the energy 

conversion to visible light (wavelength 560 nm). It shows that the measured 

efficiency is proportional to the square of the incident UV light intensity*. 

This is because the conversion efficiency is proportional to the product of the 

numbers of DPs created in the ZnO and DCM NPs. 

 

* Figure 12 shows that the efficiency saturates when the UV light intensity is higher than 

0.2 W/m2. Since the UV light component in sunlight is higher than 0.2 W/cm2, this 

saturation is advantageous for the solar cell battery application to be reviewed in Section 4.3 

because the conversion efficiency is maintained constant even if the incident sunlight 

intensity may vary from hour to hour during daytime. 

 

Figure 13 shows the temporal evolution of the light intensity emitted 

from the film when a propagating light pulse (pulse width: 2 ps) was applied 

to the NPS. Figures 13(a) and (b) were acquired when only the ZnO and DCM 

NPs were respectively dispersed in the film. They are nothing more than the 

intensities of the light emitted from the ZnO and DCM NPs, respectively, as 

a result of conventional fluorescence. 

The rise time r  of the light intensity is as short as 10 ps in Fig. 

13(a) and (b). On the other hand, the fall time 
f  is as long as 15 ns and 1.4 

ns, respectively, which corresponds to the radiative relaxation rate. 
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Fig. 12 Measured relation between the incident UV light intensity (wavelength 325 nm) and 

the efficiency of the energy conversion. 

 

Fig. 13 Temporal evolutions of the light intensity emitted from the film. 
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(a) The result acquired when only the ZnO NPs are dispersed in the film. The vertical axis 

represents the light intensity (wavelength 350 nm) emitted from the electron in the lower 

energy level  of the ZnO by illuminating the film with light (wavelength 340 nm), 

which is resonant with the higher energy level .  

(b) The result acquired when only the DCM NPs are dispersed in the film. The vertical axis 

represents the light intensity (wavelength 560 nm) emitted from the electron in the energy 

level  of the DCM by illuminating the film with light (wavelength 340 nm).  

(c) The result acquired when both the ZnO and DCM NPs are dispersed in the film. 

Curve A represents the light intensity (wavelength 350 nm) emitted from the electron in the 

lower energy level  of the ZnO by illuminating the film with light (wavelength 340 

nm), which is resonant with the energy level . 

Curve B represents the light intensity (wavelength 560 nm) emitted from the electron in the 

energy level  of the DCM by illuminating the film with light (wavelength 340 nm), 

which is resonant with the energy level  in the ZnO.  

Curve C represents the light intensity (wavelength 420 nm) emitted from the electron in the 

energy levels  and  of the ZnO and DCM, respectively, by illuminating the 

film with light (wavelength 420 nm), which is resonant with the energy level  in the 

ZnO. (d) Schematic explanation of the curves in (c). 

 

 Figure 13(c) shows the results acquired when both ZnO and DCM 

NPs are dispersed in the film. Figure 13(d) is a schematic explanation of the 

curves in Fig. 13(c). The time constant r  in this figure represents the rise 

time. Two constants 
1f  and 

2f  represent two different fall times. Figure 

13(c) shows that the values of r  and 
1f  are 100–150 ps. These correspond 

to the DP energy transfer times from the ZnO to DCM NPs, which are much 
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DCMe

ZnO'a

ZnOa

DCMe

ZnOa

ZnOb DCMd

ZnOc
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longer than the fluorescence rise times in Figs. 13(a) and (b).  

 Similar to the fall time of the curves in Figs. 13(a) and (b), the fall 

time 
2f  is 15 ns, which is much longer than 

1f . This fall time 
2f  

corresponds to the value of the radiative relaxation rate. It means that, after 

the DP energy transfer, conventional florescence occurs in the case where 

both the ZnO and DCM NPs are dispersed in the film. It should be noted that 

Figs. 13(a) and (b) do not have the temporal behaviors represented by the 

time constants r  and 
1f . 

The temporal evolutions shown in Figs. 8 and 13(c) have several 

common features even though the materials used are different: 

(1) The temporal evolution expressed as  1exp / ft   and the nutation 

behavior in Fig. 8 have the same origin as that of the time evolution 

represented by 
1f  in Fig. 13(c), namely, the DP energy transfer between 

NPs. The rise time r also originates from this transfer. 

(2) The temporal evolution expressed as  2exp / ft   in Fig. 8 has the 

same origin as that of the time evolution represented by 
2f  in Fig. 13(c), 

namely, the radiative relaxation in each NP. 

 Features (1) and (2) above represent unique phenomena which are 

different from each other. The former is exactly the novel off-shell scientific 

phenomenon [2]. The latter is no more than a conventional on-shell 

phenomenon. The fact that these temporal evolutions are respectively 

expressed as  1exp / ft   and  2exp / ft   suggests that they correspond 

to the quantum walk [23] and the relaxation processes, respectively. As for 

the former process, it should not be considered as a mere random walk 

because its energy transportation is linearly dependent on time, not on the 

square root of time. It is expected that the unique autonomous spatial 

evolution feature described in Subsection 3.3 can be also analyzed in terms of 

a quantum walk, one fundamental feature of which is a linear dependence on 

time. 
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4.3 Evaluation of the optical energy conversion efficiency 

 

It is expected that the optical energy conversion efficiency of the film is as 

high as 90%–95% by referring to the large difference between the DP energy 

transfer time ( r ,
1f = 100–150 ps) and the lifetime (

2f = 15 ns) for 

fluorescent light emission from the DCM NP. Based on this expectation, a 

novel film was fabricated for converting UV light energy (wavelength 300–

350 nm) to visible light energy (wavelength 560 nm) by dispersing ZnO and 

DCM NPs (Fig. 14(a)) [24]. By putting this film on the surface of a 

commercially available Si solar cell battery (surface area 156 mm   156 

mm, nominal electrical power generation efficiency 18.1 %), the electrical 

power generation efficiency was measured to be as high as 20.0 %, which is 

an increase of 1.9 % compared with the nominal efficiency mentioned above. 

 

 

Fig. 14 Photographic images of the film. 

The film is 10 m thick and is coated on the front surface of a glass substrate. After an 

index-matching oil is coated on the rear surface, it is placed on a solar cell battery surface. 

(a) ZnO and DCM NPs are dispersed in the film. (b) ZnO and BBQ NPs are dispersed in the 

film.  

 

 To realize an even higher increase, another type of film was recently 

developed by replacing the DCM NPs with BBQ dye NPs (Fig. 14(b)), which 

allowed UV light in the wavelength range 300–350 nm to be efficiently 

converted to visible light with a wavelength of 450 nm [25]. By putting this 

film on the surface of the Si solar battery above, the electrical power 

generation efficiency was measured to be as high as 20.2 %, which is an 

increase of 2.1 % compared with the nominal efficiency mentioned above. 
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 It should be pointed out that the efficiencies higher than 20% 

realized by these films have never been achieved with conventional solitary 

Si solar batteries. The technical details of the method of fabricating these 

films will be published elsewhere. 

 

5．Summary 

 

The introduction of this paper reviewed the intrinsic nature of the DP, which 

is a novel form of quantum field created in a nanometer-sized space. Next, a 

unique DP energy transfer process between semiconductor nanoparticles 

was described. As a first application of this transfer, novel functional devices 

were demonstrated by focusing on a nano-optical condenser and an energy 

transmitter. It was shown that the DP energy transfer in these devices 

exhibited an autonomous spatial evolution feature. A temporal evolution 

feature was also demonstrated, which originated from nutating DP energy 

transfer followed by radiative relaxation.  

As a second application, a highly efficient optical energy conversion 

film was demonstrated. By evaluating the temporal evolution feature of the 

converted optical energy, the origin of this feature was confirmed to be 

equivalent to that of the functional devices described above. It was suggested 

that the spatial and temporal evolutions above can be analyzed based on 

theoretical models involving a quantum walk and a random walk. As an 

application of this film, it was placed on a silicon solar battery to convert UV 

light energy to visible light energy, resulting in an increased electrical power 

generation efficiency of 20.2%. 
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Abstract: First, this paper reviews the history of studies on the dressed photon (DP) by 

classifying them into older and modern times, between which there exists a great difference 

in the concepts, principles, and methods involved. Quantum field theories, developed more 

recently, have succeeded in solving three problems originating from the intrinsic features of 

the light–matter interactions occurring in nanometric spaces. First, a variety of applications 

of these theoretical studies, which have resulted in the development of generic technology, 

are introduced. Second, the present status of experimental studies is reviewed. Among them, 

the fabrication and operation of novel light emitting devices using crystalline silicon (Si) are 

demonstrated. In these devices, the DP enabled high-power light emission even though Si is 

an indirect-transition-type semiconductor. Furthermore, it is shown that these devices 

exhibit a unique feature, named photon breeding. Third, a future outlook of DP research is 

presented, where it is pointed out that novel theoretical studies are required in order to 

support the rapid progress made in recent experimental studies and to develop further novel 

application technologies. As a route to such novel theoretical studies, three steps are 

presented, and several results derived from these steps are reviewed. Furthermore, a theory 

of micro–macro duality in the quantum field is presented as a powerful tool that will enable 

future progress in theoretical studies. Finally, a variety of phenomena in nano-systems, 

macro-systems, inorganic materials, and organic materials, which have similar features to 

those of the DP, are introduced. By referring to this similarity, it is pointed out that studies 

on the DP are connected to a more generic and broader science that is expected to produce a 

novel generic science, named off-shell science, in the near future. 
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1 Introduction 

 

The dressed photon (DP), a novel form of photon created in a 

nanometer-sized space, has been referred to as an optical near field, and the 

science for dealing with this type of photon has been called near field optics. 

The history of near field optics is long and can be classified into older and 

modern times, based on the great differences in the concepts, principles, and 

methods of studying the DP. The older time started with a simple proposal to 

use light falling on a sub-wavelength sized aperture for high-resolution 

microscopy [1]. After a long time during which this proposal was ignored, 

theoretical analyses were carried out on the diffraction and radiation of 

electromagnetic waves through a small aperture [2,3]. Afterward, these 

analyses were experimentally demonstrated by using microwaves [4].  

Demonstrations using light were finally carried out using a novel 

methodology, named near-field optical microscopy, by several scientists in 

several countries, including Japan (M.O.), almost simultaneously [5]. Among 

them, this author (M.O.) developed high-quality optical fiber probes for 

generating and detecting optical near fields with high resolution and high 

sensitivity (Fig. 1) [6]. These fiber probes have been used to assemble novel 

spectrometers, and microscopic and spectroscopic images of specimens, e.g., 

a single strand of DNA, were successfully acquired with a high resolution 

beyond the diffraction limit [7]. They have since become commercially 

available and have been exported to many countries around the world [8].  

 Based on the successful experimental demonstrations above, the 

Near-Field Optics Workshop has held in order to promote basic studies and 

applications of optical near fields [5]. In this workshop, a physical picture of 

the optical near field was drawn using a conventional optical method, i.e., by 

using the dispersion relation between the momentum and energy of the 

photon. After this workshop, the International Near-Field Optics Conference 

was organized, and the most recent 14th conference was held in 2016 [9]. In 

order to promote near field optics in the Asia-Pacific area, the author 

organized the Asia-Pacific Workshop on Near-Field Optics in 1996 [10]. After 

this workshop, the Asia-Pacific Near-Field Optics Conference was also 

organized, and the most recent 11th conference was held in 2017 [11]. 

 It should be pointed out that the older time mentioned above has 

already ended. The reason for this is that conventional optical microscopy is 
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based on the methodology of nondestructive measurement of the specimen’s 

conformation and/or structure, which is described by conventional optics. 

Unlike this conventional microscopy, near-field optical microscopy is based 

on destructive measurement because it acquires an image of the specimen 

through optical near field interactions between the probe tip and the 

specimen. Even though a high resolution beyond the diffraction limit of light 

could be realized by this microscopy, a fatal problem was that electronic 

energy levels in the specimen were disturbed as a result of these interactions, 

which resulted in the acquired image profile being different from and 

uncorrelated with the conventional optical microscope images.  

 

 

Fig. 1 High-quality fiber probes. 

 

Noting this difference, the application of the optical near field to 

microscopy ended, and the modern time started. In the modern time, 

enormous efforts were devoted to studying the above-mentioned optical near 

field interactions, i.e., light–matter interactions that take place via the 

optical near field.  

This paper reviews a brief history of the modern time and describes 

the present status of studies on the DP [12]. A future outlook on theoretical 
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studies is also presented, followed by some concluding remarks. 

 

2 History of the modern time 

 

As was pointed out in the previous section, there were great differences 

between studies on the DP in the older and modern times in terms of their 

concepts, principles, and methods. That is, the studies promoted in the 

modern time are essentially incompatible with those in the older time. They 

are called off-shell and on-shell sciences, respectively, as will be reviewed in 

Section 4. In the modern time, extensive experimental studies were carried 

out by using two kinds of materials. The first kind was metals, in which 

plasmonic oscillation of the free electrons was utilized. Although the ease of 

fabricating nanometer-sized metallic particles or metallic thin films was 

high, these materials had two intrinsic features; a short conversion time 

from the optical energy to the plasmonic oscillation energy of the electrons, 

and a short phase-relaxation time of the electrons. Due to these short time 

constants, the quantum nature of the incident light was not maintained in 

the metal. Therefore, quantum field theory was not required for describing 

the light–matter interactions in the metal,; instead, the conventional optical 

theory was sufficient, and conventional parameters, including the optical 

refractive index, the wave-number, and the mode, were used. This means 

that the dispersion relation was valid for describing the interactions, as has 

been used since the Near-Field Optics Workshop a quarter of a century ago. 

This situation means that studies using the first kind of material were left 

behind by the modern time. 

 Productive experimental studies in the modern time were promoted 

by using the second kind of materials, including semiconductors, organic 

materials, and gaseous molecules, in which their discrete electronic energy 

levels were utilized. Although fabrication of nanometer-sized particles or 

thin films was not straightforward in the beginning, technological advances 

enabled fabrication of suitable devices, which promoted further studies. As a 

result, a variety of applications were developed to establish a generic 

technology, as illustrated in Fig. 2 [13]. They include: lithography [14] and 

information storage [15] at densities beyond the diffraction limit, polishing of 

material surfaces to atomic-level flatness [16], photon breeding devices [17], 

logic gate devices [18], optical router systems [19], optical pulse shape 
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measurement systems [20], optical security systems [21], energy conversion 

systems [22,23], and so on. 

 

Fig. 2 A variety of applications. 

 

 To promote experimental studies in the modern time, three 

theoretical problems had to be solved: 

[1] Problem 1: Quantum field theory for photons and electron–hole pairs was 

required to describe the light–matter interactions taking place in a 

nanometric space. However, the problem was that a virtual cavity, for 

deriving the Hamiltonian operator, could not be defined because the 

sub-wavelength-sized optical near field existed in a nanometric space. In 

other words, the electromagnetic mode could not be defined. It should be 

noted that the optical near field was regarded neither as a collection of 

corpuscles nor as a free photon, proposed by Newton and Einstein, 

respectively. 

To solve this problem, a novel physical picture of the optical near field 

Ĥwas drawn by representing the Hamiltonian operator  under 

illumination with propagating light having photon energy : 

 † †

int

,

ˆ ˆˆ ˆˆ ˆ
F F

H a a E E b b H     
  


 

    k k k

k

.   (1) 

The first term represents the photon energy created in the nanometric space, 

 wo
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which is given by the sum of an infinite number of photon modes with 

w k l kangular frequency , polarization state , and energy . Here, the 

k â ksubscript  represents the wave-vector, and 
 

†â
k

and 
 
are annihilation 

and creation operators, respectively. They satisfy the commutation relation 

†

' ' '
ˆ ˆ, 'a a      k k kk

,      (2) 

' kk
  'where  and  are Kronecker deltas. The second term represents the 

energy of the electron–hole pair, which is also given by the sum of the 

energies of the electron–hole pairs of the infinite number of energy levels, 

aidentified by the subscripts  b Ea - Eband . The energy difference  

represents the bandgap energy in the case of a semiconductor, and F 

b̂represents the Fermi energy level. The operators 
 

b̂
†and  respectively 

represent the simultaneous annihilation and creation of the electron and 

hole, i.e., the annihilation and creation operators of the electron–hole pair. 

They satisfy the commutation relation 

†

' ' ' '
ˆ ˆ,b b       

 
.      (3) 

The third term represents the energy of the interaction between the photon 

and the electron–hole pair, which is given by 

       †

int
ˆ ˆˆ ˆH dv     r p r r D r ,    (4) 

 p r  ̂ r  †̂ rwhere  is an electric dipole moment,  and  are respectively 

annihilation and creation operators for the field of the electron–hole pair, 

 ˆ D rand  is the transverse component of the electric displacement 

operator of the incident propagating light, which is perpendicular to the 

k  ˆ D rwave-vector . This operator  is expressed as  

        
2

†

1

ˆ ˆ ˆi ii N a e a e  


  



  k r k r

k k k k

k

D r e k k k ,  (5) 
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Nkwhere plane waves are used for the mode functions. Here,  and  k
e k  

are a proportionality constant and the unit vector along the direction of  

polarization, respectively.  

By diagonalizing the Hamiltonian operator of eq. (1), annihilation 

a †aand creation operators (  and , respectively) of the novel quasi-particle 

were derived, which represented the quantum state of the coupled photon 

and electron–hole pairs as a result of their interaction in the nanometric 

space: 

    * * †

,

ˆˆ
F F

a a iN b b    
  

 
 

 
   

 
 k k

k

k k ,  (6) 

and 

    † † †

,

ˆˆ
F F

a a iN b b
    

  

 
 

 
   

 
 k k

k

k k ,  (7)  

 

  kwhere  is the spatial Fourier transform of the electric dipole 

moment. These operators are represented by the sum of the operators for the 

photons of the infinite number of modes and for the electron–hole pairs of the 

infinite number of energy levels. Because of this summation, this 

quasi-particle was named the dressed photon (DP), i.e., a photon dressed by 

the material excitation energy (Fig. 3)[24]. 

 

 

Fig.3 Illustrative explanation of the dressed photon. 

 

[2] Problem 2: Since the DP is non-propagating and localized on a 

nanomaterial, another nanomaterial was required for its detection; in other 

words, another material had to be placed in close proximity to convert the DP 

to propagating light via multiple scattering of the DP. Here, the problem was 
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how to describe this scattering, because the two nanomaterials, i.e., the 

source and detector for the DP, are not independent of each other but are 

coupled via the DP. However, this problem was solved by using the solution 

to problem 1. That is, scattering was described by using the annihilation and 

creation operators of DPs on the two nanomaterials. 

[3] Problem 3: Since the actual nanomaterials and DP are always 

surrounded by a macroscopic system composed of macroscopic materials and 

macroscopic optical fields, the problem was how to take into account the 

contribution from the macroscopic energy in order to derive the magnitude of 

the DP interaction energy between nanomaterials. To solve this problem, the 

contributions from the macroscopic system were renormalized by the 

projection operator method. As a result, the magnitude of the DP interaction 

energy was derived and represented by a Yukawa function: 

 

 
 exp /r a

Y r
r


 ,      (8) 

 

r awhere  is the distance from the center of the nanomaterial, and  

represents the extent of localization, which is equivalent to the size of the 

nanomaterial [25]. 

a In the solution to problem 3 above, it should be noted that  is 

independent of the wavelength  of the incident propagating light. 

Furthermore, the DP is strongly localized in the sub-wavelength-sized space 

a because . Due to this localization, the following two novel phenomena 

were found: The first one is with respect to the electronic transition. For 

explaining this transition, an atom with a simple two-energy level electron is 

considered by assuming that the state functions of these levels have the 

same parity. In this case, the electric dipole transition is forbidden under 

irradiation with propagating light incident on the atom. This is because the 

state functions have the same parity and, more essentially, the 

long-wavelength approximation is valid. However, this electric 

dipole-forbidden transition turns out be allowed in the case where the DP is 

involved. This is because the long-wavelength approximation is not valid any 

a more since . The second phenomenon was named size-dependent 

resonance; in this phenomenon, the magnitude of the DP energy transferred 

between the two nanomaterials takes a maximum when the sizes of these 
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nanomaterials are equal [26]. This corresponds to the momentum 

conservation law for the DP. It is different from diffraction, which is a typical 

phenomenon in classical optics, where the cross-sectional size of the light 

beam on a screen after being transmitted through an aperture is inversely 

proportional to the aperture size. By utilizing these two phenomena, a 

variety of applications were developed, some of which are shown in Fig. 2. To 

realize more developments, further theoretical studies were carried out.  

 

Fig. 4 Occupation probability of the dressed photon. 

(a) One-dimensional model for calculation. The number of atoms is 20. The impurity atoms 

are at sites 4, 6, 13, and 19. (b) Calculated results. The mass of the impurity atoms is 

 1.810.2-times that of the other atoms.  J  0.5eV and  eV. Curves A, B, and C 

  0 40.0 54.0represent the results for , , and  fs-1nm-1, respectively.  

 

One successful result of these studies was the further possibility of 

dressing, i.e., the possibility of coupling DPs and phonons [27]. In order to 

describe this coupling, for simplicity a nanomaterial tip is assumed, in which 

a one-dimensional crystal lattice is provided (Fig. 4(a)). When the tip is 

illuminated with light, a DP can be created on a lattice site and hops to an 

adjacent site. During the hopping, the DP can excite lattice vibrations to 

create phonons, and then the DP couples with these phonons.  

For a theoretical formulation of this coupling, the Hamiltonian 

101



Ĥoperator  is given by 

 

   
1

† † † † † †

1 1

1 1 1 1 1

ˆ ˆ ˆ ˆ ˆ
N N N N N

i i p p p ip i i p p i i i i

i p i p i

H a a c c a a c c J a a a a 


 

    

          . 

         (9) 

 

ai ai

†
In the first term,  and  respectively denote the annihilation and 

 w icreation operators of a DP with energy  at site  in the lattice. In the 

ĉ p ĉp

†
second term,  and  are respectively the annihilation and creation 

poperators of the phonon of mode , which satisfies the boson commutation 

relation: 

ĉp, ĉq

†   ĉpĉq

†  ĉq

†ĉp  pq
.     (10)  

 pThe phonon energy is represented by . The third and fourth terms stand 

ipfor the DP–phonon interaction with the interaction energy  and DP 

Jhopping with hopping energy , respectively. 

ĤBy diagonalizing  of eq. (9), annihilation and creation operators of 

the novel quasi-particle are derived and expressed as  

 †

1

ˆ ˆ ˆexp
N

ip

i i p p

p p

a c c





  
  

  
 ,     (11)  

 † † †

1

ˆ ˆ ˆexp
N

ip

i i p p

p p

a c c





  
   

  
 ,     (12) 

which is the product of the DP operator of eqs. (6) and (7) and the 

displacement operator function for the phonon. It should be noted that this 

function creates a multi-mode phonon with a coherent state. In other words, 

the DP excites a multi-mode coherent phonon, and they coupled to form a 

novel quasi-particle named a dressed-photon–phonon (DPP). Further 

theoretical studies found that the created DPP localized on an impurity atom 

in a lattice site or on the edge of the nanomaterial tip when the DP–phonon 
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interaction energy was sufficiently high (curve B or C in Fig. 4(b), 

respectively). 

 

Fig. 5 Energy levels of electron and phonon. 

(a) Assumed two electronic energy levels, between which the electric dipole transition is 

allowed. (b) Energy levels, represented by the direct product of electron and phonon energy 

levels. Two arrows at the left and right represent two-step excitation and de-excitation, 

respectively. 

 

As a result of the theoretical studies on the DPP above, a novel light–

matter interaction, named a DPP-assisted light–matter interaction, was 

uE lEfound [28]: For simplicity, two electronic energy levels (  and ) are 

assumed in the two nanomaterials, and an electric dipole transition is 

allowed between these levels (Fig. 5). It is also assumed that the photon 

inhenergy  of the incident light is lower than the energy difference 

d u lE E E   between the energies of these two levels. Here, by irradiating a 

nanomaterial 1 with incident light, the DPP is created. When another 

nanomaterial 2 is installed in close proximity to nanomaterial 1, the DPP 

energy is transferred to nanomaterial 2. Here, to describe the novel light–

matter interaction between the nanomaterials 1 and 2, not only the two 
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electronic energy levels but also infinite numbers of phonon energy levels 

have to be considered. This is because the DPP is a quasi-particle in which 

the DP is accompanied by multi-mode coherent phonons. That is, for 

describing the light–matter interaction induced in nanomaterial 2 by the 

DPP energy transfer, the electronic energy levels in nanomaterial 2 are 

accompanied by an infinite number of phonon energy levels. Thus, the 

;l iE E phononenergy levels in nanomaterial 2 are represented by  and 

;u iE E phonon ( 1,2,3, )i    , where  is the direct product. Thus, even 

in dh E though , nanomaterial 2 can be excited to a high phonon energy level 

;l iE E phonon ( 1)i   by the first arriving incident photon. Here, it should 

be noted that this is an electric dipole-forbidden transition because it is a 

lE / 2in dhv Etransition in the electronic energy state . In the case where , 

;l iE E phonon ( 1)i nanomaterial 2 is subsequently excited from   to one 

of the phonon energy levels in the excited electronic energy level 

;u jE E phonon  by the second arriving incident photon. This transition is 

lEan electric dipole-allowed transition because it is the transition from  to 

uE . As a result of this two-step transition, a free electron is created in 

nanomaterial 2. The opposite transition is possible; i.e., the electron in level 

;u jE E phonon ;l iE E phonon ( 0,1)i  is de-excited to   by the 

subsequent electric dipole-allowed and -forbidden transitions, and two 

photons are emitted. This novel DPP-assisted light–matter interaction has 

contributed considerably to the development of a variety of applications, as 

shown in Fig. 2. 

 

3. Present status of studies on dressed photons  
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Recently, there have been a large number of extensive experimental studies 

on DPs. This section reviews the principles and practices of photon breeding 

(PB) devices in particular, and examples of the rapidly developing 

applications of these studies.  

Crystalline silicon (Si) has long been a key material supporting the 

development of technology for more than half a century because of its 

numerous advantages: Si is an abundant material in the earth's crust, and is 

the most widely used material for modern electronics. However, because Si is 

an indirect-transition-type semiconductor, it has been considered to be 

unsuitable for light-emitting devices: Since the bottom of the conduction 

band and the top of the valence band in Si are at different positions in 

reciprocal lattice space, the momentum conservation law requires an 

interaction between an electron–hole pair and phonons for radiative 

recombination. However, the probability of this interaction is very low.  

 This problem has been solved by using a DPP because the phonons in 

the DPP can provide momentum to the conduction band electron to meet the 

requirement for the momentum conservation law [29]. However, the 

technical problem was how to fabricate such a light emitting device. To solve 

this problem, a novel fabrication method named DPP-assisted annealing was 

invented. For this annealing, an n-type Si substrate is used, in which As 

atoms or Sb atoms are doped. By implanting B atoms, the substrate surface 

is transformed to a p-type material, forming a p-n homojunction. After 

metallic films are coated to serve as electrodes, a forward current is injected. 

The principle of the DPP-assisted annealing is: By this current injection, 

Joule heat is generated to diffuse the B atoms. During this Joule-annealing, 

the substrate surface is irradiated with infrared light (for example, light 

 annealhwith a wavelength of 1.3 m). Because its photon energy  (=0.95eV) 

gEis sufficiently lower than the bandgap energy  (=1.12eV) of Si, the light 

can penetrate into the Si substrate without suffering absorption. Then, the 

light reaches the p-n homojunction to create the DPP on the B atom. The 

created DPP localizes at this impurity atom, as explained by curve B in Fig. 4. 

Then, phonons in the created DPP can provide momenta to the electron 

nearby to satisfy the momentum conservation law, resulting in emission of a 

photon. This is stimulated emission triggered by the irradiated infrared light. 
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The emitted light propagates away from the crystal to the outside, which 

means that part of the Joule energy to be used for diffusing B atoms is 

dissipated in the form of optical energy, resulting in local cooling that 

decreases the diffusion rate. As a result, by the balance between the heating 

by the Joule energy and the cooling by the stimulated emission, the spatial 

distribution of B atoms varies and reaches a stationary state autonomously.  

It is expected that this DPP-assisted annealing will form the 

optimum spatial distribution of B atoms for efficient generation of DPPs, 

resulting in efficient device operation for light emission. Figure 6 shows the 

temporal evolution of the temperature of the device surface as the 

DPP-assisted annealing progressed. After the temperature rapidly rose, it 

fell and asymptotically approached a constant value. The features of this 

temporal evolution are consistent with those of the principle of the 

DPP-assisted annealing described above. 

 

Fig. 6 Temporal evolution of the temperature of the device surface as the DPP-assisted 

annealing progressed. 

 

Figure 7(a) shows a photograph of a prototype Si light emitting diode 

(LED) fabricated by this DPP-assisted annealing. It had an area as large as 

12 mm2. By injecting a forward current, the device emitted infrared light 

with a wavelength of 1.3 m (Fig. 7(b)). The emitted optical power and the 

external quantum efficiency were as high as 1 W and 15% (at wavelengths in 

 the range 1.32 0.15 m), respectively, at room temperature. Figures 7(c) 

and (d) respectively show the configuration and a photograph of a recently 

fabricated high-power device. Its area was as small as 1 mm2 [30]. The 

output power was as high 200 mW, which means that the areal power 
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density was three times that of the device in Figs. 7(a) and (b). 

 

 

Fig. 7 Photograph of prototype Si-LED. 

(a) External appearance of the fabricated device after packaging. (b) Emitted light profile. (c) 

and (d) show the configuration and a photograph, respectively, of the high-power device. 

 

Figure 8 shows the light emission spectra of the fabricated Si-LED. 

Curves A–C are the spectra of devices fabricated by DPP-assisted annealing 

for 1, 7, and 30 min., respectively. They clearly show that the emitted light 

intensity increases with increasing DPP-assisted annealing time. The 

essential feature of these curves is the differences in their profiles: Although 

Egcurve A has a peak around , curve B shows a new peak at around 0.83 eV. 

EgIn the case of curve C, no peaks were seen around . Instead, a new peak 

appeared, identified by a downward thick arrow, at an energy that 

hannealcorresponds to the photon energy  of the light radiated in the 

DPP-assisted annealing process. This peak is evidence that DPPs were 

created by the light irradiation, and that the B diffusion was controlled. 

emhOther evidence is that the photon energy of the emitted light, , was 

hannealidentical to that of the irradiated light, . That is, the irradiated light 

em annealh h served as a breeder that created a photon with energy . For this 

reason, this phenomenon is named photon breeding (PB) with respect to 

photon energy. 

Here, the separations between the energies identified by two 

upward thin arrows (0.83 eV and 0.89 eV) on curve C, and by the downward 

thick arrow (0.95 eV) were 0.06 eV, which is equal to the energy of an optical 
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phonon in Si. This means that the two upward thin arrows show that the 

DPP with an energy of 0.95 eV was converted to a free photon after emitting 

one and two optical phonons. This conversion process demonstrates that the 

light emission described here used the phonon energy levels as an 

intermediate state.  

 

Fig. 8 Light emission spectra. 

Curves A–C are the spectra of the devices fabricated by DPP-assisted annealing for 1, 7, and 

30 min, respectively. 

 

Fig. 9 Light emitted from a variety of LEDs emitting visible light. 

(a) (Left to right) Blue, green, and red light emitted from Si-LEDs. 

(b) (Left to right) UV-violet, bluish-white, blue, and green light emitted from SiC-LEDs. 

108



 

 By using the novel PB phenomenon, a variety of LEDs have been 

fabricated by using crystalline Si. Specifically, blue, green, and red light 

emitting LEDs were fabricated by radiating blue, green, and red light, 

respectively, during the DPP-assisted annealing (Fig. 9(a))[31]. In order to 

increase the efficiency of extracting this visible light, a lateral p-n 

homojunction structure was developed [32]. Crystalline SiC is also a known 

typical indirect transition-type semiconductor. A variety of visible LEDs have 

been fabricated even using this material. They were fabricated by irradiating 

them with UV-violet, bluish-white, blue, and green light during the 

DPP-assisted annealing, and respectively emitted UV-violet, bluish-white, 

blue, and green light (Fig. 9(b))[33-36]. 

PB was observed not only with respect to photon energy but also with 

respect to photon spin. That is, the polarization of the emitted light was 

equivalent to that of the light irradiated during the DPP-assisted annealing 

(Fig. 10)[37]. 

 

Fig. 10 Relation between the DPP-assisted annealing time and the degree of polarization 

   /P I I I I    I I of the light emitted from the Si-LED.  and  are the light 

intensities emitted from the Si-LED whose polarizations are parallel and perpendicular to 

that of the light irradiated during the DPP-assisted annealing, respectively. 

 

 The origin of the PB was attributed to the spatial distribution of B 

atoms, which was controlled autonomously during the DPP-assisted 

annealing. By analyzing the three-dimensional spatial distribution of B 

atoms at the p-n homojunction, acquired by atom probe field ion microscopy 

with sub-nanometer resolution, it was found that the B atoms were apt to 

orient along a plane parallel to the top surface of the Si crystal and to form 
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3d a apairs with a length , where  (=0.54 nm) is the lattice constant of the 

Si crystal. 

As a preliminary discussion on this origin, Fig. 11 shows the 

calculated vibration amplitudes of the crystal lattice of Si atoms, where a 

one-dimensional lattice was assumed for simplicity [27]. The curve A shows 

the amplitude of the lattice vibration in the case where the lattice is formed 

only by the Si atoms, which corresponds to a non-localized phonon mode. On 

the other hand, when some of the Si atoms are replaced by impurity B atoms, 

the amplitude profile of the lattice vibration changes greatly. As represented 

by curves B and C, the vibration amplitude is localized at the B atom-pair, 

because the B atom-pair serves as a cavity resonator to confine the lattice 

vibration. The confined lattice vibration corresponds to the localized phonon 

mode. As a result, impurity B atom-pairs serve as phonon localization 

centers, at which the DPPs can be created and localized efficiently. 

 

Fig. 11 Vibration amplitudes of the crystal lattice of Si atoms. 

The number of lattice sites is 30. Curve A represents the non-localized mode. Curves B and 

C represent the first and second localized modes, respectively, where impurity atoms were 

assumed to be at sites 5, 9, 18, 25, 26, and 27.  

 

The main discussion below follows from the preliminary discussion 

 d  aabove: If  is equal to the lattice constant , the B atom-pair can orient in 

a direction parallel to the [1,0,0], [0,1,0], or [0,0,1] orientation because the Si 

crystal is composed of multiple cubic lattices. As a result, the momentum of 

the localized phonon points in this direction, which corresponds to the 

X   direction in reciprocal space (Fig. 12(a)). Thus, a photon is efficiently 

X emitted because this  direction is the same as the direction of the 

momentum of the phonon required for recombination between an electron at 
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 Xthe bottom of the conduction band at the -point and a hole at the top of 

the valence band at the -point. Here, it should be noted that the value of 

/h athe momentum of the phonon has to be  for this electron–hole 

recombination to take place. Furthermore, it should also be noted that the 

3d avalue of the momentum of the mode localized at the B atom-pair with  

/ 3h ais . By comparing these two values, it is found that the DPP at this B 

atom-pair has to create three phonons for recombination. In the other words, 

3d athe B atom-pairs with  most efficiently create three phonons for light 

emission. As a result, as is schematically shown in Fig. 12(b), the emitted 

 
h

em   
hv

em
 E

g
3E

phonon
photon energy  is expressed as . By substituting the 
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values of  (= 1.12eV) and the relevant optical mode phonon energy 

 
E

phonon  
h

em
 (=65meV) into this equation, the value of  is derived to be 0.93 

 
hv

anneal
eV, which is nearly equal to the photon energy  (=0.95eV) irradiated 

during the DPP-assisted annealing. This numerical relation confirms that 

PB with respect to photon energy occurs. 

In the case where the Si crystal surface is irradiated with linearly 

polarized light during the DPP-assisted annealing, analyses of the spatial 

3d adistribution of B atoms confirmed that B atom-pairs with  were also 

apt to be formed, and the direction of the B atom-pairs was normal to the 

polarization direction of the irradiated light. A possible origin of the induced 

polarization of the emitted light is as follows: First, when the Si-LED is 

fabricated by the DPP-assisted annealing, transverse optical phonons are 

created at the B atom-pairs and couple with the DPs. The vibration direction 

of these phonons is parallel to that of the electric field of the polarized light 

irradiated during the DPP-assisted annealing. Next, when the fabricated 

LED is operated, since these phonons are created again, the direction of the 

electric field vector of the emitted light becomes also parallel to the vibration 

direction of these phonons. Therefore, the polarization direction of the 

emitted light becomes identical to that of the light irradiated during the 

DPP-assisted annealing. 

In summary, the spatial distribution of B atoms was controlled 

autonomously by the DPP-assisted annealing to satisfy the momentum 
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conservation law and to realize PB with respect to photon energy and to 

photon spin.  

 

 

Fig. 12 Energy band structure of Si. 

(a) A unit cell of the Si crystal in reciprocal lattice space. (b) Energy band structure and 

schematic illustration of light emission. Blue horizontal lines represent phonon energy 

levels involved in the light emission. 

 

 Si-lasers were also fabricated by using the DPP-assisted annealing. 

Figure 13(a) shows the device structure and a scanning electron microscopic 

image of the fabricated device [38]. A simple ridge waveguide was 

incorporated into the structure, and the cleaved facets were used as mirrors 

of a Fabry-Perot cavity. DPP-assisted annealing was then carried out by 

injecting 1.3 m-wavelength light into the cavity through one of the end 

facets. Figures 13(b) and (c) show the light emission spectra of the fabricated 

Si-laser. Above the threshold, a sharp lasing spectrum was observed (Fig. 

13(b)), which demonstrates single-mode oscillation at room temperature 

even though the cavity length was as long as 550 m. The origin of this 

single-mode oscillation is that the low infrared absorption by the Si provides 

a low threshold for the principal longitudinal mode at the optical 

amplification gain spectral peak and, as a result, the gains for other modes 

are depleted by this principal mode due to nonlinear mode competition 

[39,40]. The spectral profile below the threshold (Fig.13(c)) does not show 

any ASE spectra, which is evidence of the gain depletion due to the mode 
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competition above. 

 

Fig. 13 Structure of Si laser and the light emission spectra. 

(a) Structure and a scanning electron microscopic image of the device. (b),(c) Spectral 

profiles above and below the threshold, respectively. 

 

 

Fig. 14 Structure of a high-power Si laser and the output power. 

(a) Structure and a photograph of the device. (b) Relation between the injected current 

density and the output optical power. 

 

By modifying the device structure in Fig. 13(a), a high-power infrared 

laser device was successfully fabricated by utilizing the very low infrared 

absorption of crystalline Si. Figure 14(a) shows a photograph of the device 

[41]. A cross-sectional profile is also shown, in which the ridge waveguide 

was not built-in because very efficient optical confinement was not expected 

by this waveguide as long as the device had a p-n homojunction. Instead, the 

cavity length was increased to 15 mm to realize high power. After the 
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JDPP-assisted annealing, the relation between the injected current density  

outPand the output power  of the fabricated laser device was measured. As 

shown in Fig. 14(b), an output power as high as 13 W was obtained. This 

value was more than 103-times that of a conventional double 

heterojunction-structured InGaAsP/InP laser (10 mW at 1.3 m 

wavelength: SLT1130 series manufactured by Sumitomo Electric). The 

thJthreshold current density  was as low as 60 A/cm2.  

Since crystalline Si was used without a built-in waveguide, the 

structure of the present device is more similar to those of solid-state and gas 

lasers than those of conventional double heterojunction-structured 

semiconductor lasers [42,43]. Further similarities can be found by referring 

to the magnitude of the absorption loss: In the case of solid-state and gas 

lasers, electronic transitions in electronically isolated ions, atoms, and 

molecules are used for lasing. Therefore, even though direct electric current 

injection to these laser media is difficult, the absorption loss per unit volume 

is very low. Thus, a high optical output power can be obtained by increasing 

the size of the laser medium even though the photon density of the lasing 

light was low 

Since the DPPs used in the present Si laser were electronically 

isolated, as in the case of ions in the solid-state and gas lasers above, the 

absorption loss per unit volume was maintained very low. Thus, the 

threshold current density was very low. Furthermore, the optical output 

power was greatly increased by increasing the size of the Si crystal even 

though the photon density of the lasing light was low. An additional 

advantage was that electrons could be easily supplied by direct electric 

current injection, due to the low recombination loss in the crystalline Si. 

For comparison, in the case of conventional semiconductor lasers, 

coupled electrons and holes in the conduction and valence bands, respectively, 

have been used for lasing. Therefore, direct electric current injection to the 

laser medium is easy. An additional advantage is that the laser medium can 

be very small. However, the problem was that the absorption loss per unit 

volume was large, making it impossible to achieve high optical output power 

and low threshold current density even though the photon density of the 

lasing light was high.  
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It has been believed for a long time that indirect transition-type 

semiconductors are unsuitable for use as laser media. Instead, direct 

transition-type semiconductors have been widely used until now [44]. 

However, thanks to the advent of DP science and technology, DPPs have 

resulted in the manifestation of large optical amplification gain in indirect 

transition-type semiconductors, which was the secret to the dramatically 

high optical output power and low threshold current density realized by 

using crystalline Si. 

 

4．Future outlook 

 

After extensive experimental and theoretical studies on DPs in the last three 

decades, the main effort in recent years has focused on experimental studies, 

and the development of generic technologies. To achieve further advances, 

now is a good opportunity to promote novel theoretical studies.  

It should be pointed out that the theoretical studies carried out so far 

relied on nanomaterial structures, i.e., on the structures of electron energy 

levels and phonon energy levels. In order to draw more generic physical 

pictures, new routes to future theoretical studies should not strongly rely on 

such detailed material structures. Such routes are expected to be developed 

by the following three steps: 

Step 1: To draw a more generic and basic physical picture of the DP. 

Step 2: To draw a picture that allows us to treat multiple DPs created in a 

macroscopic material. 

Step 3: To draw a picture for demonstrating how to take out the DP from a 

nano-system to a macro-system. 

A hint to achieving step 1 can be found in the photon dispersion 

relation, i.e., the relation between the momentum and energy of a photon, as 

shown in Fig. 15. Since conventional optics deals with propagating light (free 

photons with a definite electromagnetic mode), its dispersion relation is 

represented by the black curve in this figure when the photon exists in a 

macroscopic material. The three-dimensional profile of this curve is a shell. 

The profile in vacuum is represented by the blue line, whose 

three-dimensional profile is a so-called light cone, which is a special case of 

the shell. That is, a free photon exists on the shell, and because of this, 

conventional optics can be called on-shell science.  

115



In the case of a DP, on the contrary, it should be noted that its 

electromagnetic mode cannot be defined because of its nanometric nature, 

which makes the use of the dispersion relation invalid. This means that the 

DP does not exist on the shell. Instead, it exists off the shell, a situation that 

is represented by the shaded green rectangle in this figure. Intrinsic features 

pof the off-shell photon are: Since the momentum uncertainty , 

represented by the horizontal double-headed arrow in this figure, is large, 

xthe size of the field  is small, which is a consequence of the uncertainty 

p x  principle . Because of this feature, the DP has been called an 

Eoptical near field. Furthermore, since the energy uncertainty , 

represented by the vertical double-headed arrow in this figure, is also large, 

tthe duration of the created photon  is short, which is also a consequence 

E t  of the uncertainty principle . A photon with this feature has been 

called a virtual photon. From these two intrinsic features, it is found that the 

off-shell photon is an optical near field and a virtual photon, which is the 

physical picture of the DP. 

 

Fig. 15 Dispersion relation. 

Two black curves represent the relation of a photon in a macroscopic material. The blue line 

is for a photon in free space. The green shaded rectangle represents that for the dressed 

photon. The brown and green three-dimensional forms represent a shell and a light cone, 

respectively.  

 

With the help of this hint, realization of step 1 was promoted by novel 

theoretical analysis of the Clebsch-dual electromagnetic field, for which a 

116



notion of a space-time vortex field was used [45,46]. The main results of this 

analysis are: (1) It was found that the DP exists in a spacelike domain of the 

Riemannian manifold. (2) The spatial profile of the DP is represented by the 

Yukawa function, which is equivalent to eq. (8). Furthermore, it was found 

effmthat the effective mass  of the DP field, being inversely proportional to 

athe size  of localization (a consequence of the Klein-Gordon’s equation), is 

2 2

effm E   E expressed as . Here,  and  are the instantaneous energy 

spent to create the DP and a characteristic scale of the nanomaterial, 

respectively. It suggests that the DP can be transferred from the spacelike to 

E the timelike domain if , and that the DP can be transformed to be 

tobservable, however, within the very short duration  above. (3) It was 

found that the energy-momentum tensor of the DP became isomorphic to 

Einstein’s equation, which implies that the DP is closely related to the 

vacuum energy.  

The reasons why step 2 is indispensable are: As was reviewed in the 

previous section describing the DPP-assisted annealing of crystalline Si, 

there were too many Si atoms, electrons, B atoms, DPs, and DPPs in the 

crystal. Since it is difficult to treat these multiple quasi-particles and 

elementary particles by the conventional deterministic method of theoretical 

analysis, a method of avoiding this difficulty was proposed by considering a 

system composed of these mutually interacting particles as a complex system 

[47]. 

Based on this consideration, computer simulations were carried out 

by using a stochastic model. Here, an interactive random-walk process on a 

crystal lattice and phenomenological coupled-Poisson process were assumed 

to describe the diffusive motion of doped B atoms and electron–phonon 

coupling, respectively. As a result, the main experimental results were 

successfully reproduced, such as the temporal behaviors of the crystal 

temperature and the emitted light intensity observed during the 

DPP-assisted annealing. 

Step 3 is indispensable, especially for connecting the theoretical and 

experimental studies. In the experiment, it is essential to create or detect the 

DP in the most efficient manner; that is to say, the most efficient micro–

macro conversion is required. To meet this requirement, high-quality fiber 
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probe tips (Fig. 1) have been developed [6] in order to create or detect DPs 

with high spatial resolution or high sensitivity. The concept of micro–macro 

duality in the quantum field has been found to be a powerful and promising 

theoretical tool for drawing a picture of the micro–macro conversion [48], and 

detailed studies have commenced [49]. 

In order to support further progress in achieving steps 1-3 above, 

another route to future theoretical studies is also under development, based 

on the classical electromagnetic field theory [50,51]. These studies recently 

found that the longitudinal electric field, which has been ignored in 

conventional optics, induced a non-resonant light–matter interaction in a 

nanometric space, as has been previously observed in several experiments 

[52]. 

Figure 16 represents a variety of phenomena occurring in nature, 

which have similar features to those of the DP. They have been found in 

nano-systems and in macro-systems, as well as in organic materials and in 

inorganic materials. In an inorganic nano-system, a representative example 

is a meson, which connects two nucleons. Some features of the meson are 

similar to those of the DP, which connects nanomaterials by means of DP 

energy exchange. It has been known that the potential profile of the meson is 

expressed by the Yukawa function, shown in eq. (8). 

In an organic nano-system, an example is a light-harvesting 

photosynthetic system, whose light trapping operation is similar to the 

operation of logic gate devices based on DP energy transfer [53]. In an 

organic macro-system, an example is the natural computing observed in 

single-celled amoeboid organisms [54], whose signal transmission features 

are similar to those of DP energy transfer. Some features of this computing 

have been demonstrated by using the logic gate devices described above [55].  

Finally, one example of an inorganic macro-system is the 

photochemical reaction in the weathering of rocks. Some features of this 

reaction are similar to the photochemical reaction induced by a DP, which 

has been used for polishing material surfaces to atomic-level flatness [56]. 

Another example is a binary pulsar [57]. Some of the features of the 

gravitational wave radiation from a binary pulsar are similar to the 

propagating light radiation from two nanomaterials as a result of DP energy 

exchange and relaxation.  

By referring to Fig. 16, it can be understood that the DP is not a 
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special topic of a narrow field of science but is connected to more general and 

broader scientific fields.  

 

Fig. 16 A variety of phenomena occurring in nature that have similar features to those of the 

dressed photon. 

 

 

5. Conclusion 

 

The present paper reviewed some of the experimental and theoretical studies 

on DPs carried out in the last three decades. It was pointed out that the main 

effort in recent years has focused on experimental studies, resulting in the 

development of generic technologies for supporting modern society. By 

referring to these drastic experimental advances, it was also pointed out that 

further effort should be devoted to finding new routes to theoretical studies 

from now on, by which a more detailed and precise physical picture of the DP 

can be drawn, and also to establish criteria for novel application systems. 

That is, now comes a good opportunity to take a step toward a novel generic 

science by promoting theoretical studies on DPs.  

The routes to this novel science can be developed by following the 

three steps reviewed in the last section. It is expected that a novel process for 

creating or detecting DPs will be found by using these developed theories as 

criteria for designing novel experimental systems, resulting in further 

advances in DP science and establishing a generic off-shell science in the 
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near future. Future advances in these studies are expected to be reported in 

forthcoming papers to be published in this Off-shell archive in the near 

future. 
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