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Al-doped 4H-SiC, a wide bandgap semiconductor, ex-
hibits polarization rotation under a magnetic field sim-
ilar to the magneto-optical effect after dressed-photon–
phonon (DPP)-assisted annealing, which simultaneously ir-
radiates the sample with a laser while applying a volt-
age. The magneto-optical effect exhibits wavelength- and
polarization-dependence, which is attributed to the displace-
ment of dopant clusters induced by DPP-assisted annealing.
A significant enhancement of the magneto-optical response
is observed when the incident light matches the DPP-assisted
annealing conditions in wavelength and polarization. These
findings suggest a promising route toward miniaturized op-
tical devices in applications such as photonic computing
or high-sensitivity sensing. © 2025 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(AI) training, and similar technologies, are reserved.

https://doi.org/10.1364/OL.567390

The magneto-optical effect, which occurs when light passes
through certain materials and changes the relative phase of
different polarization components, can be used in optical com-
munication [1–3] to separate light [4,5] or multiplex opti-
cal signals [6,7], in optical metrology [8,9] to measure mag-
netic fields [10–12], stress [13–15], or chemical concentrations
[16–18], and in optical computing [19–21]. However, most high-
transparency materials [22,23] exhibiting the magneto-optical
effect have a Verdet constant that typically falls within the range
of 102 to 103 rad/T ⋅ m [24,25].

Doping impurities into semiconductors enables the forma-
tion of p–n junctions. Studies have shown that the formation of
p–n junctions can also modify the material’s optical response
under a magnetic field [26–30], leading to phenomena resem-
bling magneto-optical effects. In particular, it has been reported
that injecting Al atoms into 4H-SiC crystals can cause them to
exhibit the magneto-optical characteristics [26,27]. As a wide-
bandgap semiconductor, 4H-SiC maintains high transmittance
across the visible spectrum. Moreover, even while preserving

this high transmittance, the transmitted light can be modu-
lated by dopants, facilitating the development of spatial light
modulators with low transmission loss.

Furthermore, the magneto-optical effect can be enhanced by
simultaneously applying a bias voltage to Al-doped 4H-SiC
and irradiating it with a laser [29,31]. Because this method re-
lies on a quasi-particle called a dressed-photon–phonon (DPP),
which is formed near the dopant clusters, this method is called
DPP-assisted annealing. Based on DPP-assisted annealing, a
novel SiC polarization rotator [30] was developed that exhib-
ited a Verdet constant of 9.51 × 104 rad/T ⋅ m at a wavelength of
450 nm, which is a twofold increase compared with that before
DPP-assisted annealing.

This magneto-optical effect, which is enhanced after DPP-
assisted annealing, depends on the displacement of dopants
[30,32]. The wavelength of the laser used for DPP-assisted
annealing modifies the spatial distance between the dopant clus-
ters, and the polarization direction governs the orientation of the
dopant clusters. While previous studies verified DPP-assisted
annealing enhancement at a single wavelength, in this study,
it was experimentally demonstrated that the magnitude of the
magneto-optical enhancement depends on the wavelength and
polarization of the DPP-assisted annealing light.

The enhancement of the magneto-optical effect is considered
to be related to dressed-photon (DP), which is a quasi-particle
that describes the coupling between photon and electron, and
its underlying principle and function have been investigated
[33–35]. DPs can couple with coherent phonons, which are gen-
erated through energy exchange with the crystal lattice, leading
to the generation of DPPs. It allows for the stimulated emission
of photons that would otherwise be difficult to achieve through
conventional electronic transitions. In other words, devices pro-
cessed via DPP-assisted annealing exhibit not only significantly
enhanced magneto-optical effects but also electroluminescent
properties [31,32,36].

Efficient generation of DPPs can be achieved by modifying
the spatial distribution of dopants through DPP-assisted anneal-
ing. During DPP-assisted annealing, a bias voltage is applied
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Fig. 1. (a) The current flowing through the surface ring electrode
(p electrode) induces a magnetic field in the direction of light trans-
mission, resulting in polarization rotation of the incident light and
(b) surface image of the 4H-SiC device.

to the crystal, and Joule heating is generated at the p–n junc-
tion formed by dopant injection due to the resulting current
flow. The dopants in the crystal will undergo thermally in-
duced diffusion. Simultaneously, the crystal is irradiated with
a laser. The photons that enter the crystal form DPs near the
dopants and DPPs near the dopant clusters. With the assistance
of a phonon sideband, the electrons can recombine with the
holes, resulting in photon emission. The emission of photons
consumes part of the Joule energy that would otherwise con-
tribute to thermal diffusion of dopants, thereby localizing the
dopants at positions where the generation of DPPs is favorable.
After DPP-assisted annealing, the dopant clusters should have a
consistent spatial distance [32,36]. This distribution of dopant
clusters induces the polarization rotation of incident light and
electroluminescence.

4H-SiC crystals were used as substrates. Al atoms were in-
jected into n-type 4H-SiC crystals in the form of an ion beam
with an accelerating energy of 300 keV and a dose of 1.8 ×
1014 atoms/cm2 (corresponding to an injection concentration of
1.0 × 1019 atoms/cm3) to form a p–n junction. Then rapid ther-
mal annealing was implemented at 1, 700 ∘C for 10 minutes to
recover crystallinity and to drive Al atoms diffusion to depths
on the order of 1 µm from the crystal surface. Electrodes for
DPP-assisted annealing were formed on the top and bottom
surfaces of the crystal. The top electrode (p electrode) is a ring-
shaped structure, as shown in Fig. 1(b), fabricated in Cr/Au
(30/700 nm). The ring width is 20 µm, and its inner diameter
is 200 µm, while the bottom electrode is a Cr/Au (30/700 nm)
square shape that covers the entire backside of the crystal ex-
cept for a circular central opening (diameter 1 mm) coaxial
with the ring. In DPP-assisted annealing, a 635 nm laser was
used (irradiation intensity: 20 W/mm2), and the laser was ad-
justed through a half-wave plate (Thorlabs: WPH10M-633) and
a Glan–Thompson polarizer (Thorlabs: GTH10M-A) to pro-
duce linearly polarized light parallel to the crystallographic
axis of 4H-SiC. A positive bias voltage (20 V, current density:
0.022 A/mm2) was applied to the crystal in parallel with the
direction of light propagation. Under simultaneous laser irra-
diation and applied bias voltage, the device was subjected to
DPP-assisted annealing for 30 minutes. A surface image of a fab-
ricated device is shown in Fig. 1(b). When the surface current
flows through the ring electrode, a magnetic field is generated in
the center of the electrode, causing the polarized incident light
to rotate.

In the experiment to investigate the magneto-optical effect
of the device, as shown in Fig. 2, the laser beam was focused
by a 4× objective onto a pinhole (diameter 8 µm). The laser

transmitted through the pinhole was then collimated by a lens to
form a parallel wave incident on the device. The crossed Nicols
method was used. Two vertically oriented Glan–Thompson
polarizers (Thorlabs: GTH10M-A, extinction ratio: 1 × 10−5)
were configured to form a crossed Nicols system, and the de-
vice was placed between them. The change in optical intensity
was detected using a photomultiplier tube (PMT, Hamamatsu:
H10720-01) to confirm the degree of polarization of the light
passing through the device. The component of light that un-
dergoes polarization rotation and is detected by the PMT after
passing through GTP2 should satisfy the following formula:

𝑉MO = 𝑉PMT0sin2𝜃rot. (1)

Here, 𝑉MO is the change in optical intensity caused by the
magneto-optical effect, 𝑉PMT0 is the change in optical intensity
when the polarization is 90°, and 𝜃rot is the angle of polarization
rotation.

During verification, the light passing through the device was
also affected by thermo-optical effects [37] because of the
change in the light-induced birefringence of the crystal caused
by the current flowing through the surface electrodes. The
change in optical intensity caused by thermo-optical effects is
superimposed on the change caused by the magneto-optical ef-
fect. The optical signal arriving at the PMT can be expressed as
follows:

𝑉PMT = 𝑉MO + 𝑉TO. (2)

Here, 𝑉PMT is the change in optical intensity. 𝑉TO is the change
in optical intensity caused by the thermo-optic effect.

To extract the components of optical intensity due to the
magneto-optical effect, the following experiment was designed
to counteract the thermo-optical effect. Because the thermo-
optic effect is not affected by the orientation of the surface
current flow, the direction of the current flow was changed.
The polarization direction of light passing through the device
changed to the opposite direction:

𝑉PMT± = 𝑉PMT0sin2𝜃±rot + 𝑉TO. (3)

Here, ± denotes the direction of the current. If the angle Δ𝜃 of
GTP2 was changed:

𝑉PMT± = 𝑉PMT0sin2(±𝜃rot + Δ𝜃) + 𝑉TO. (4)

The difference Δ𝑉PMT is due to the change in the polarization
rotation angle is defined by:

Δ𝑉PMT = 𝑉PMT+ − 𝑉PMT− = 𝑉PMT0 sin 2𝜃rot sin 2Δ𝜃. (5)

As depicted in Fig. 3, the polarization rotation angle (Experi-
mental) is derived by using the following formula:

𝜃rot =
1
2

sin−1 (
Δ𝑉PMT

𝑉PMT0 sin(2Δ𝜃)
). (6)

To characterize the magneto-optical properties, Verdet con-
stants were calculated based on the experimental values. Be-
cause the magneto-optical effect of the 4H-SiC device originates
from the doping of Al and the generation of DPPs. Its effective
interaction occurs at the p–n junction, and the interaction length
is not consistent with that of conventional magneto-optical ef-
fects. Therefore, the interaction distance was unitized when cal-
culating the Verdet constants. Unitized interaction length means
that the polarization rotation is normalized with respect to the
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Fig. 2. Experimental setup for verifying the magneto-optical effects of the 4H-SiC device.

Fig. 3. Rotated angle 𝜃rot of incident light due to the surface cur-
rent injection for 𝜆in = 635 nm.

magnetic-field line integral ∫ 𝐵 ⋅ 𝑑ℓ rather than to a geomet-
ric thickness. The generated rotation angle was converted to a
magnitude 𝑆 = 𝜃rot/𝐵 (rad/T) per unit magnetic field. The Verdet
constants 𝑣 (rad/A) were derived as follows [30]:

𝑣 = 𝑆 (
𝑑𝐵
𝑑𝑖

) , (7)

where 𝑑𝐵/𝑑𝑖 is the magnetic flux density generated when a
current of 1 A is injected into the electrode. Under quasi-static
conditions, along a closed loop, ∫ 𝐵 ⋅ 𝑑ℓ = 𝜇0𝐼. This implies that
a current of 1 A corresponds to a magnetic-field line integral
of 𝜇0 in rad/T ⋅ m. To convert the unit (rad/A) to (rad/T ⋅ m)
for the unit interaction length, the common conversion formula
1 (A/m) = 1.26 × 10−6 (T) was used [30].

The magneto-optical effects of the device on incident light
of 𝜆in= 457, 532, and 635 nm wavelength and polarization di-
rections 𝜃in= 0°, 45°, and 90° were analyzed. First, as depicted
in Fig. 3, when a surface current of 600 mA was applied to
the ring electrode, a polarization rotation of less than 0.4°
occurred before DPP-assisted annealing, at a wavelength of
635 nm. After DPP-assisted annealing, the angle increased to ap-
proximately 1.0°. According to the calculated Verdet constants,
(0.54 ± 0.04) × 104 rad/T ⋅ m and (2.27 ± 0.03) × 104 rad/T ⋅ m
before and after DPP-assisted annealing, respectively, this cor-
responds to approximately a 320.4% increase. On the other
hand, in the case of 𝜆in = 457 nm and 532 nm, as depicted
in Fig. 4(a), the Verdet constant changes slightly with DPP-
assisted annealing: at 457 nm, Verdet constants are (5.62 ±
0.06) × 104 rad/T ⋅ m and (5.22 ± 0.05) × 104 rad/T ⋅ m before
and after annealing, respectively; at 532 nm, Verdet constants are
(2.08 ± 0.02) × 104 rad/T ⋅ m and (1.88 ± 0.03) × 104 rad/T ⋅ m,
respectively (error bars denote 95% confidence intervals), un-
like the pronounced variation observed at 𝜆in= 635 nm. This
result revealed that the magneto-optical effect in Al-doped
4H-SiC is wavelength dependent; that is, the magneto-optical

Fig. 4. (a) Verdet constant varying with wavelength before and
after DPP-assisted annealing (white dots represent the values before
annealing, and red dots represent those after annealing) and (b) rel-
ative change in the Verdet constant before and after DPP-assisted
annealing (red, green, and blue bars represent the data obtained un-
der incident light wavelength 𝜆in of 457 nm, 532 nm, and 635 nm).

enhancement is maximized near the wavelength irradiated dur-
ing DPP-assisted annealing, compared with other wavelengths.

In the verification of the magneto-optical effect, the polar-
ization direction 𝜃in of the incident light was modulated. The
results are compared in Fig. 4(b); the ratio of the Verdet constant
after annealing (𝑣after) to that before annealing (𝑣before) was cal-
culated for different wavelengths and polarization directions of
incident light. For incident light at 𝜆in = 635 nm, when the polar-
ization of the incident light 𝜃in(= 0°) matches that used during
the DPP-assisted annealing, the sample exhibits the most signif-
icant enhancement in Verdet constants. Conversely, little change
is observed when incident light with an orthogonal polarization
direction 𝜃in(= 90°). In other words, the Verdet constants of the
4H-SiC device before and after DPP-assisted annealing reveal
that the change in the magneto-optical effect is the largest when
the wavelength 𝜆in and the polarization 𝜃in of incident light
are identical as the conditions of DPP-assisted annealing light.
In other words, the enhancement of the magneto-optical effect
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after DPP-assisted annealing exhibits a dependence on both the
wavelength and the polarization of the incident light.

Building on previous work showing that DPP-assisted an-
nealing of Al-doped 4H-SiC enhances polarization rotation, the
present study experimentally demonstrates that an enhanced
magneto-optical effect is observed when the incident light’s
wavelength and polarization are identical to those used during
the DPP-assisted annealing. These illumination conditions co-
incide with those under which DPPs are efficiently generated.
The wavelength- and polarization-dependence of the enhanced
magneto-optical effect observed in the 4H-SiC device after
DPP-assisted annealing is attributed to the displacement of Al
dopants. After DPP-assisted annealing, the displacement of Al
atoms led to the formation of new Al–Al dimers [38–41] pos-
sessing a magnetic moment under the influence of the magnetic
field generated by the annealing current. However, the under-
lying mechanisms of this magneto–optical effect, such as the
interaction between the incident light and Al–Al dimers in the
presence of a magnetic field, are still under investigation. Ongo-
ing tests aim to identify the wavelength and polarization ranges
that induce a response in order to further clarify the interac-
tion mechanism between the incident light and Al dopant pairs
under a magnetic field. In addition, efforts are underway to fab-
ricate 4H-SiC devices using circularly polarized light as the
DPP-assisted annealing light, with the goal of further investi-
gating the relationship between the polarization dependence of
the magneto-optical effect and the polarization of the irradiation
light during DPP-assisted annealing and ultimately enhancing
the magneto–optical response of 4H-SiC devices.

The magneto-optical effect of the 4H-SiC device fabricated
by DPP-assisted annealing was experimentally verified to be
wavelength- and polarization-dependent. The wavelength- and
polarization-dependence, which have not been observed in con-
ventional magneto-optical effects, indicate that this magneto-
optical effect, produced by applying a magnetic field to a
semiconductor material, is more sensitive to incident light con-
ditions. This finding will contribute to the development of spa-
tial light modulators with wavelength- or polarization-selective
functionality. The novel magneto-optical effect in this study
can increase the magnitude, which is the Verdet constants,
by an order of magnitude at a specific wavelength due to its
unique wavelength dependence. Moreover, unlike conventional
magneto-optical materials, which require a long interaction
length to achieve significant polarization rotation and generally
cannot simultaneously realize a high Verdet constant and high
optical transmittance. This novel magneto-optical effect occurs
in the region infiltrated by dopants, with a distance ranging from
several hundred nanometers to a few micrometers. The signif-
icantly shorter interaction length allows the effect to manifest
even in materials with high transmittance. This is advantageous
for reducing the volume of optical systems and the loss of light
intensity during light propagation, rendering optical systems
more compact and higher-performance.

Moreover, in this study, the enhanced magneto-optical effect
has not yet been optimized, as the doping concentrations and
the DPP-assisted annealing conditions were not optimized. In
the next phase of work, the relationship between the fabrica-
tion parameters and the annealing effects will be investigated

individually. This will aid in developing higher-performance de-
vices and elucidating the mechanism behind the novel magneto-
optical effect exhibited by these 4H-SiC devices.
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Embarking on off-shell Science Guided by Dressed Photons
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* Email: ohtsu@rodrep.or.jp; mohtsu0@gmail.com

Abstract: First, progress in experimental studies and application to generic technology are reviewed. Second, this talk answers the
question “Dressed photon (DP), What?” It should be noted that conventional optical method (on-shell scientific method) does not
give any answers because it does not deal with light-matter interaction in a nanometer-sized space. To give the answer, we have
succeeded in formulating an off-shell scientific theory on physical space-time. It also derived the maximum size of the DP. Third, a
quantum walk model for analyzing autonomous DP energy transfer are presented for analyzing the experimental results. Finally,
future outlook will be given.
1 Introduction: Dressed photon (DP) is a quantum field that mediates the interaction between nanometer-sized particles (NPs). It
localizes at the NP and its size is much smaller than the wavelength of a propagating light (a free photon: an onshell field). That is,
the DP is not an entity directly observed by conventional methods in optics. It should not be confused with a special type of linear
evanescent field because the DP is generated by nonlinear light-matter interactions, for which quantum off-shell momentum field
plays an important role. DP has unique features that are complimentary to those of the free photon, and variety of novel phenomena
originated from DP. By noting that the DP is a quantum field whose energy–momentum relation deviates from the mass-shell, novel
theoretical studies of so-called “off-shell science” have been launched. This talk reviews the recent progress in experimental and
theoretical studies on mechanisms of creating the DP.
2 Experimental studies and application to generic technologies: Experimental studies have resulted in the development of generic
technologies [1-3]. They are nano-optical devices, nano-fabrication technology, optical energy conversion, and silicon (Si)
light-emitting devices. These technologies are complementary to those of the conventional ones. For example, the DP enables the Si
lightemitting devices even though Si is an indirect-transition-type semiconductor [4]. Furthermore, it is shown that these devices
exhibit a unique feature, named photon breeding. Conventional on-shell scientific methods have intrinsic problems in describing
these features.
3 Light-matter interactions for creating dressed photons: The off-shell scientific method overcomes the problems above. Our
theory on “physical space-time” covers not only timelike but also spacelike components of it by utilizing Greenberg-Robinson
theorem in the axiomatic quantum field theory. This section reviews recent progress in theoretical studies in off-shell science that has
been recently established for correctly describing light–matter interactions [5, 6]. These studies produced the Clebschdual (CD) field
theory to deal with the spacelike momentum field that is indispensable in such interactions. Our theory describes that the spacelike
momentum field is converted to a timelike field at a singular point to create a timelike Majorana field of a particle–antiparticle pair.
This pair is annihilated promptly because of its nonpropagating nature. However, a non-propagating electromagnetic field remains in
the interacting system, which is the very field of the DP. Based on the correlation between theoretical models of the CD field and
dark energy, the maximum size of the DP is expressed by using basic physical constants (Planck length and cosmological constant).
It means that the off-shell quantum field connects the DP and cosmology. This size is called the DP constant that is put on the list of
basic physical constants. The derived value (40 nm) agrees with the experimental value. Furthermore, is pointed out that, in the case
where the timelike Majorana particle and anti-particle have anti-parallel spins, the pair annihilation creates a DP with a spin 0. The
light converted from this DP is a unique light field with spin 0, which behaves as a particle. It has been experimentally confirmed that
a cluster of photons emitted from the Si lightemitting device behave as such a particle.
4 A quantum walk model for analyzing autonomous energy transfer of dressed photons: This section reviews the unique
phenomena of dressed-photon—phonon (DPP) energy transfer and numerical calculations based on a quantum walk (QW) model that
was developed to analyze this transfer. Although the essential question is how to identify the origin of the autonomous DP energy
transfer, conventional random walk (RW) model does not answer this question. One reason is that the RW model has never dealt
with the light-matter interaction process. This section reviews the numerical simulation for analyzing the spatial-temporal evolution
of the DPP energy transfer by taking the interaction process into account. The QW model is used for this simulation because it can
deal with “non-commutativity” and “localization”. Here, numerically calculated experimental results are, DPP creation probability on
the tip of a fiber probe, spatial distribution of DPP confined by an impurity atom-pair in a crystal with energy dissipation, and photon
breeding with respect to photon spin. The calculated results agreed with the experimental results. Furthermore, in order to analyze the
autonomous transfer of DPP, calculations were carried out for optimum dissipation of the DPP transfer, DPP transfer among a small
number of NPs, and contributions of bright and dark walks for DPP transfer.
5 Concluding remark: Since variety of novel phenomena, originated from DP, are similar to many physical, chemical, and
biological phenomena, these similarities are the manifestation of underlying scientific universality represented by nonlinear off-shell
field interactions. Now, it is the moment of embarking on off-shell science guided by the DP.
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Abstract 

This paper reports the results of numerical calculations based on a quantum walk (QW) model in order to analyze the 

temporal behavior of the dressed-photon–phonon (DPP) transfer. Since a random walk (RW) process lies behind the QW 
process, the time evolution operator of the interpolation model is used by introducing a probability p . The results reveal 

that: The crossover time xt  decreases with increasing p  and / Jχ  (the ratio between the DP hopping energy J

and the DP-phonon coupling energy χ ). In contrast, th slope RWS  of the curve for the RW process increases. The 

slope QWS  of the curve for the QW process increases with increasing / Jχ , which indicates that a part of the adiabatic 

relaxion energy is apt to be spontaneously converted to the non-adiabatic relaxation energy. In the case of / 1Jχ  , 

the nutation cycle is long and the slopes are small, which is advantageous for operating novel nanometer-sized devices. 

1 Introduction 

A dressed photon (DP) is created by a photon-exciton (or electron) interaction in a nanometer-sized 
particle (NP). Furthermore, the DP creates a dressed-photon–phonon (DPP) when it couples with a 
phonon. A previous article reviewed experimental results on the temporal behavior of DPP transfers 
among NPs [1]. Notable features of this behavior were: When two semiconductor NPs (NP1 and NP2) 
are illuminated by an optical pulse, a DPP is created and transferred bi-directionally between the two 
NPs (Fig. 1(a) in [1]).  

As a result, these NPs emitted photoluminescence components (PL1 and PL2). The temporal 
behaviors of the light intensities PL1 and PL2 were as follows: 
[1] In the early short time-span, the emitted light intensities pulsated due to the DPP nutation between

the two NPs and decreased with a short time constant 
QWτ . This decrease was due to the adiabatic 

energy relaxation, which was fitted by the function exp( / )QR QWy t τ= −  of a quantum walk (QW) model.
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[2] Subsequently, intensities decreased with a long time constant RWτ . This was due to non-adiabatic 

energy relaxation, which was fitted by the function exp( / )RW RWy t τ= −  of a random walk (RW) 

model [2]. Finally, the nutation in [1] was buried in the non-adiabatic energy relaxation. Measured 

values of these time constants were QWτ ＝150 – 600 ps  and RWτ =0.7 – 15 ns. The nutation cycle 

was rτ =50 – 155 ps [3]. 

This paper reports the results of numerical calculations carried out in order to analyze the 
experimentally found features [1] and [2] described above. 

2 Methods and results of numerical calculation 

Recent theoretical studies have found that a RW process lies behind the QW process, and the time 
evolution operator L  for the interpolation model is represented by the sum of those of the QW and 
RW models ( QWL  and RWL , respectively): 

( ) QW RW1 p p= − +L L L , (1)

where p  (0 1.0)p≤ ≤  is a probability [4,5]. 
This section presents the numerically calculated results of the temporal behaviors of the 

emitted light intensity in the early short time-span and in the subsequent long time-span based on eq. 

(1). For calculation, QWL  is chosen with probability 1 p− , while RWL  is chosen with probability 

p  at each time step, independently. As a result, one can evaluate the temporal behavior of the emitted 
light intensity. The ratio / Jχ  between the DP hopping energy J  and DP-phonon coupling energy 
χ  was used as the physical parameter. It should be noted that the phonon is a quantum of the crystal 
lattice vibration that can induce non-adiabatic energy relaxation.  

Figure 1 shows the calculated dependence of the emitted light intensities on the 

probability p   in the case of / Jχ  =1.0. The slopes QWS  and RWS   correspond to the rates of 

intensity decreases that are due to the adiabatic and non-adiabatic relaxations ([1] and [2] in Section 
1), respectively. Figure 1(a) represents the result at p  =0, that is, the light intensities due to the 
adiabatic relaxation. Pulsative variations of the curves represent the nutation of the DPP transfer. 
Figure 1(b) is the result at p =0.15. Here, the nutation due to the adiabatic relaxation is seen in the 

early time-span shorter than xt . In the time-span longer than xt , the light intensity due to the non-

adiabatic relaxation surpasses that due to the adiabatic relaxation. This means that the nutation is 
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buried in the non-adiabatic energy relaxation, as was pointed out in [2] in Section 1. Thus, xt  is 

named the crossover time. Figure 1(c) shows the results at p =1.0, which are governed by the non-

adiabatic relaxation. It is easily confirmed that xt  is shorter than that in Fig. 1(b). The nutation can 

be faintly seen in the early time-span shorter than xt . 

Fig. 1 Temporal variations of the emitted light intensities at / Jχ  =1.0. 

Blue and red curves represent the intensities of PL1 and PL2, respectively. xt  is the crossover time. 

(a) The results at p =0. Pulsation represents the nutation. QWS  is the slope due to the adiabatic relaxation. (b) The results 

at p =0.15. RWS  is the slope due to the non-adiabatic relaxation.  (c) The results at p =1.0.

Fig. 2 Temporal variations of the emitted light intensities at / Jχ  =1.41. 

(a) p =0. (b) p =0.15. (c) p =1.0.
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Fig. 3 Temporal variations of the emitted light intensities at / Jχ  =0.816. 

(a) p =0. (b) p =0.15. (c) p =1.0.

Figures 2 and 3 represent the results at / Jχ =1.41 and 0.816, respectively. Figure 4 presents 
the features of the curves in Figs. 1, 2, and 3. They are: 

(1) (Fig. 4(a)) The crossover time xt   decreases with increasing p   and / Jχ  . For practical 

applications, it should be pointed out that a longer crossover time xt  is advantageous for improving 

the performance in novel nanometer-sized devices such as a nano-optical condenser and an optical 
buffer memory [1].  

(2) (Fig. 4(b)) The slope RWS  increases with increasing p and / Jχ . 

Fig. 4 Crossover time xt , the slopes RWS  and QWS  of the curves. 

/ Jχ =1.84 (A), 1.41 (B), 1.00 (C), 0.816 (D), 0.585 (E), and 0.329 (F). 
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(3) (Fig. 4(c)) The slope QWS  increases with increasing / Jχ . This increase indicates that a part of 

the adiabatic relaxion energy is apt to be spontaneously converted to the non-adiabatic relaxation 
energy. The conversion rate is represented by ε  in eqs. (4) and (5) of ref. [1]. 

Previous calculations using the QW model have confirmed that the DPP localized at the B 
atom-pairs in a Si crystal when / 1Jχ    [6]. This localization has been used to invent a novel 
method of DPP-assisted annealing, resulting in the successful fabrication of revolutionary Si-LED 
and Si-laser devices [7]. To examine these revolutionary works, Fig. 5(a) represents the calculated 

results at / 10Jχ = . It is easily found that the crossover time xt  is shorter than that in Fig. 4(a), 

which means that the adiabatic relaxation is rapidly buried in the non-adiabatic relaxation. This is 
because the phonon, a possible source of the non-adiabatic energy relaxation, can efficiently couple 

with the DP when / 1Jχ  . Furthermore, it is found that the slope QWS  is larger than that in Fig. 

4(c), which means that a part of the adiabatic relaxion energy is apt to be spontaneously converted to 
the non-adiabatic relaxation energy, as was presented in (3) above. In this situation, the DPP 
efficiently localizes at the position of the B atom-pair in the Si crystal for optimizing the spatial 
profiles of the B atom-pair by DPP-assisted annealing. As a result, highly efficient Si-LED and Si-
laser devices were successfully fabricated [6]. 

Fig. 5 Calculated results. (a) / Jχ =10. (b) / Jχ =0.1.  

Left, center, and right figures are at p =0, 0.15, and 1.0, respectively. 
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Figure 5(b) represents the calculated results at / 0.1Jχ = . The profiles of the curves in this 
figure are conspicuously different from those in Fig. 5(a) and Figs. 1-3. The left figure shows that the 
nutation cycle is much longer than those in Figs. 1(a), 2(a), and 3(a). Furthermore, the slopes RWS

and QWS  are small. This is because the phonon, a possible source of the non-adiabatic relaxation, 

does not efficiently couple with the DP when / 1Jχ  . Thus, in this figure, the leading role in the 
energy transfer is played by the DP and not the DPP. The long nutation cycle and small slopes indicate 
that the condition / 1Jχ   is advantageous for operating the novel nanometer-sized devices above. 

5 Summary 

In order to analyze the experimentally found features of the temporal behavior of the DPP transfer, 
this paper used the time evolution operator of the interpolation model because a RW process lay 
behind the QW process. The calculated results indicated the following unique features: The crossover 
time xt  decreased with increasing p  and / Jχ . In contrast, the slope RWS  increased. The slope 

QWS  increased with increasing / Jχ , which indicated that a part of the adiabatic relaxation energy is 

apt to be spontaneously converted to the non-adiabatic relaxation energy. In the case of / 1Jχ  , the 
nutation cycle was long and the slopes were small, which are advantageous for operating novel 
nanometer-sized devices. 
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Abstract 

This paper analyzes dynamic behaviors of dressed-photon—phonon (DPP) energy transfer by using a blown-up quantum 

walk model. Numerical calculations are carried out in the case when a large nanometer-sized particle NPO is surrounded 

by five small particles NPIs. Spectral profiles of the DPP transfer indicate that the speeds of the inter-NP transfer, intra-

NP transfer, and local transfer are different with each other. This difference is the possible origin of the pulsative behavior 

found in the transitional period. In the case when the number of the transfer routes is large, the DPP rapidly transfers to 

reach the NPO. Conversely, in the case where the number of transfer routes is small, the DPP transfers slowly. It is 

presumed that such unique nature of the DPP transfer is governed by the off-shell scientific principle of maximizing the 

average entropy generation. 

1 Introduction 

Recent theoretical studies have succeeded in drawing a precise physical picture of the creation process 
of a dressed photon (DP) [1-3]. Furthermore, by using a quantum walk (QW) model, detailed analyses 

of energy transfers of a dressed-photon–phonon (DPP) among nanometer-sized particles (NPs) have 

made striking progress. Here, the DPP is a quantum field that is created as a result of interactions 
between DPs and phonons.  
As a successful example of these analyses, the QW model has been used to evaluate the experimental 

results on optical-wavelength conversion realized by the DPP energy transfer from small NPs to a 
large NP [4]. Numerical calculations have been carried out in the case where a large NP used as an 
output signal terminal (OST: NPO) was surrounded by small NPs used as input signal terminals (ISTs: 
NPIs). Figure 1 schematically illustrates this arrangement, in which an NPO is fixed on a hub [5]. Five 
NPIs are fixed on the rim in a rotationally symmetric manner. They are also connected to the NPO, as 
represented by spokes. This rim and spoke arrangement represents the DPP energy transfer routes. 
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Numerical calculations evaluated the stationary values of the input signal transfer rates (ISTR) from 
the ISTs to the OST. The value of the output signal transfer rate (OSTR) from the OST to the outer 
space was also evaluated.  

Further calculations have been carried out for the case where the rotational symmetry above was 
broken, that is, when some spokes were lost. The results indicated that the DPP energy transfer routes 
were a three-fold degenerate bright walk in the case where the number of connected spokes, conn , 
was odd. Thus, even if some spokes were lost, the stationary values of the OSTR were kept equal to 
that of conn =5.  

In the case where conn  was even, the energy transfer routes were composed of bright and dark walks. 
Since some input signals flowed into the dark walks, the stationary value of the OSTR was smaller 
than that of the case when conn  was odd. The degeneracy in the bright walk and the contribution of 
the dark walk were found not only in the pentagonal arrangement (Fig. 1) but also in other polygonal 
arrangements, which demonstrated that their features were independent of the number of NPIs on the 
rim.  

 

Fig. 1 Arrangement of nanometer-sized particles (NPs). 

(In) and (Out) represent an input signal and an output signal, respectively. 

 
It should be noted that the stationary values were governed by the dynamic behavior of the DPP 

energy transfer in the transitional period prior to reaching the stationary state. A representative feature 
of such behavior was the pulsative variations of ISTR and OSTR, as shown in Fig.2(a) in ref. [5]. The 
present paper reports the numerically calculated results of this dynamic behavior. 
 

2 Analyses using a blown-up quantum walk model 
 
The arrangement in Fig. 1 is replaced by Fig. 2 in order to demonstrate a blown-up QW model that 
was used for analyzing the dynamic behavior [6]. Red arrows represent the inter-NP transfer routes 
of the DP between adjacent NPIs and between the NPIs and NPO. Small blue circles in the NPIs and 
NPo represent the inner sites that are connected with the red arrows. Blue arrows represent the intra-
NP transfer routes of the DP between these inner sites. Green arrows are the self-loops that represent 
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the local transfer routes of a localized phonon at each inner site. The numbers of the red, blue, and 
green arrows are 20, 26, and 26, respectively. Thus, the total number of arrows is 72. 

 
Fig. 2 A blown-up QW model. 

 
A three-row vector is used to represent the probability amplitude of creating the DPP [7]:  

DP

,( , ) DP-

Phonon ,( , )

t x y

t x y

y
y

y
ψ

+ 
 =  
  



,       (1) 

where [ ] represents the vector at time t   and at the position ( , )x y  . DPy +  and DPy −  are the 
probability amplitudes of the DPs that hop in mutually- opposite directions, and Phonony  is that of 

the phonon. Its tempo-spatial behavior is derived by solving evolution equations for ,( , )t x yψ


, in which 

the sum of the coefficient matrices ( P+ , P− , and 0P ) is [7] 

0

J
U J

ε χ
ε χ

χ χ ε

+

−

 
 =  
  

.       (2) 

Here, off-diagonal elements J  and χ  are the DP hopping energy and DP-phonon coupling energy, 
respectively. Diagonal elements ε±  and 0ε  are eigen-energies of DPs and phonon. The numbers of 
the eigen-vectors and eigen-values of this matrix are both 72, which corresponds to the total number 

of arrows above. Figure 3 shows the absolute values nλ  of the eigen-values plotted in descending 
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order n (=1–72). Their maximum and minimum values are 1.0 and 0.92, respectively.  
In order to analyze the features of the DPP transfer rate nC , the value nC  on each arrow in 

Fig. 2 is spectrally resolved based on these eigen-values in Fig. 3. Figures 4(a), (b), and (c) show 
examples of these spectra on red, blue, and green arrows, respectively.  
 

 

Fig. 3 The absolute values nλ  of the eigen-values arranged in descending order n  (=1–72). 

 

 
Fig. 4 Examples of spectral profiles. 

(a), (b), and (c) are the spectra for the routes of inter-NP transfer (6-1 – 1-2), intra-NP transfer (1-1 – 1-2), and local 

transfer (1-1 – 1-1), which are represented by the red, blue, and green arrows, respectively.  

CE : The energy at the spectral center. 
CEδ : The spectral width. 

 
In order to understand the features of these complicated and wide spectral profiles, the energy 

CE  at the spectral center is calculated by taking an average of nC , with nλ  used as a weighting 

factor: 

72 72

C n n
1 1

n
n n

E C Cλ
= =

=∑ ∑  .      (3) 

The spectral width, a measure for representing the magnitude of energy fluctuations, is evaluated by 
the value of the standard deviation CEδ :  

22
C C CE E Eδ = − .        (4) 
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3 The energy at the spectral center and the magnitude of fluctuations 
 

The left, center, and right parts of Fig. 5 show the energies C R
E , C B

E , and C G
E  at the spectral 

centers for red ( n =1–20) , blue ( n =21–46), and green ( n =47–72) arrows, respectively. This figure 

indicate that their average values ( C R
E , C B

E , and C G
E ) satisfy the inequality 

C C CG R B
E E E> > .       (5) 

 

Fig. 5 The energy at the spectral center. 

C R
E , 

C B
E , and 

C G
E  are the average values for red ( n =1–20), blue ( n =21–27), and green ( n =28–72) arrows. 

They are represented by horizontal broken lines. 

 
 It should be noted that the temporal behavior of the probability amplitude of eq. (1) is the 

unitary transform of its initial value 0,(0,0)ψ


 and is expressed as  

,( , ) 0,(0,0)exp( ( / ) )t x y i E tψ ψ=
 

 ,      (6) 

where E  is the energy. Since the exponential function in this expression indicates that the speed of 

the temporal variation of ,( , )t x yψ


 is proportional to E , the inequality of eq. (5) is transformed to 

G R Bs s s> > ,          (7) 
where Rs , Bs , and Gs  represent the transfer speeds of the DPPs that pass through the red, blue, and 
green arrows, respectively. That is, the transfer speeds on these arrows are different from each other. 
This difference is a possible origin of the pulsative behavior that was pointed out at the end of Section 
1 (Fig. 2(a) in ref. [5]).  

The discussions above are for the arrangement of Figs. 1 and 2, in which five spokes are 
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connected ( conn =5). However, since ref. [5] dealt also with arrangements in which some spokes were 
lost, the discussions below deal with these arrangements, as shown in Fig. 6. (The arrangement {1} 
in this figure corresponds to that of Figs. 1 and 2.) Table 1 summarizes the numbers of arrows for 
arrangements {1} to {9}. 

 

 

 

 
Fig. 6 Blown-up QW models for nine arrangements. 

(a)-(c) Arrangements {1}–{3}, for which the number of connected spokes, conn ,  is odd (=5,3,1). 

(d)-(f) Arrangements {4}–{6}, for which the number of connected spokes, conn ,  is even (=4,4,2). 

(g)-(i) Arrangements {7}–{9}, for which the number of connected spokes, conn ,  is even (=2,2,2). 
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Table 1 The numbers of arrows for arrangements {1}–{9}. 

The number conn of the connected spokes is odd for {1}–{3} and even for {4}–{9}. 

Arrangement conn  Number of  

red arrows 

Number of  

blue arrows 

Number of  

green arrows 

Total number of 

arrows N  

{1} 5 20 26 26 72 

{2} 3 16 22 22 60 

{3} 1 12 18 18 48 

{4} 4 18 24 24 66 

{5} 4 18 24 24 66 

{6} 2 14 20 20 54 

{7} 2 14 20 20 54 

{8} 2 14 20 20 54 

{9} 2 14 20 20 54 

 

 Figure 7(a) shows the averaged values C R
E  , C B

E  , and C G
E  . It shows that the 

inequality of eq. (5) for arrangement {1} holds also for arrangements {2}–{9}. Furthermore, it shows 

that the averaged values ( C R
E , C B

E , and C G
E ) are the smallest for arrangement {3}, in which 

the conn  is the smallest (=1). In contrast, Fig. 7(b) shows that the calculated value of the average 

CEδ  of the standard deviation of eq. (4) is the largest for arrangement {3} ( conn =1).  
 

 
Figures 7 Calculated values for arrangements {1}–{9}. 

(a) The value  C R
E , C B

E , and C G
E . 

(b) The average 
CEδ  of the standard deviation for the green, red, and blue arrows. Since the values for these three 

arrows were nearly equal, they are represented by black squares. 
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4 Relation between the total number of arrows and the transfer speed 
 

Figure 8(a) shows the calculated values of the average C Total
E  that were derived by combining the 

values of C R
E , C B

E , and C G
E . This figure indicates that the value C Total

E  is the smallest 

for arrangement {3}, as was the case of Fig. 7(a). It is fairly small for arrangements {6}–{9}.  

In order to understand this, Fig. 8(b) shows the values C Total
E   that were plotted as a 

function of the total number of arrows, N , for arrangements {1}–{9}. By referring to eq. (6), the 

linear relation between N  and C Total
E  in this figure indicates that the transfer speed increases 

with increasing N  . Thus, in the case where the number of connected spokes is large ( conn  =5; 
arrangement {1} in Fig.6; N =72) , the DPP rapidly transfers to reach the OST even though it has to 
pass through the large number of arrows. In contrast, in the case of a small conn  ( conn =1; arrangement 
{3} in Fig.6; N =48), the DPP slowly transfers to reach the OST even though the number of arrows 
is small. It can be presumed that such a unique nature of the DPP transfer is governed not by the on-
shell scientific principle of least action but by the off-shell scientific principle of maximizing the 
average entropy generation, as has been pointed out in refs. [8,9]. 

 

 
Fig. 8 Calculated values of the average 

C Total
E . 

(a) Horizontal axis: Arrangements {1}–{9} and the number of connected spokes, conn . 

(b) Horizontal axis: The total number of arrows, N , for arrangements {1}–{9}. 

 
5 Summary 
 
This paper analyzed the dynamic behavior of DPP energy transfer by using a blown-up quantum walk 
model. Numerical calculations were carried out in the case where a large NPO (an output signal 
terminal: OST) was surrounded by five small particles NPIs (input signal terminals: ISTs). 
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 Spectral profiles of the DPP transfer indicated that the speeds of the inter-NP transfer, intra-
NP transfer, and local transfer were different from each other. This difference was the possible origin 
of the pulsative behavior that was found in the transitional period.  

In the case where the number of transfer routes was large, the DPP rapidly transferred to 
reach the OST. In contrast, in the case where this number was small, the DPP transferred slowly. It 
was presumed that such a unique nature of the DPP transfer is governed by the off-shell scientific 
principle of maximizing the average entropy generation. 
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Abstract 

This paper analyzes the dressed-photon–phonon energy transfer from several nanometer-sized particles for an input signal 

terminal (NPI) to that for output signal terminals (NPO), which are arranged in rotationally symmetric and asymmetric 

manners. A quantum walk model is used for numerical calculations by assuming a pentagonal wheel arrangement. In the 

case where the number conn  of connected spokes of the wheel is odd, the signal transfer route is a triply degenerate 

bright walk. In the case where  conn  is even, this route is decomposed into bright and dark walks. Since some input 

signals are injected into the dark walk and are confined in this walk, the output signal transfer rate is smaller than that in 

the case of the odd conn . The degeneracy in the bright walk and confinement in the dark walk are found also in other 

polygonal arrangements. It was demonstrated that their features are independent of the number of NPI on the rim of the 

wheel of these arrangements. 

1. Introduction

Theoretical studies on the creation process of dressed photons (DPs) have made striking progress in 
recent years and have succeeded in drawing an intuitive physical picture based on the concept of 
Majorana fermions [1,2]. In parallel with these studies, intensive experimental studies have precisely 
evaluated the intrinsic features of the energy transfer between nanometer-sized particles (NPs) 

mediated by dressed-photon–phonons (DPPs) for a variety of applications [3,4]. A typical example of 

such applications is optical-wavelength conversion, which is realized by the DPP energy transfer from 
a small NP to a large NP [5]. It was confirmed that the optical/electrical energy conversion efficiency 
of a solar cell battery was increased by utilizing the optical-wavelength conversion realized by 
dispersing NPs into a resin film and installing the film on the surface of the battery.  

The intrinsic characteristics of the DPP energy transfer between these NPs have been analyzed 
based on a quantum walk (QW) model [6]. The reasons why the QW model was successfully used in 
these analyses were due to two features that were common to the dynamic properties of the QW model 
and the DPP energy transfer process: non-commutativity and localization [7]. Numerical calculations 
based on the results of these analyses have been carried out in the case where a large NP for the output 
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signal terminal (NPO) was surrounded by small NPs for the input signal terminals (NPIs) in a 
rotationally symmetric manner [6]. Figure 1(a) schematically illustrates this arrangement, in which 
NPO is fixed on a hub at the center of a wheel. NPIs are fixed on the rim and are connected to each 
other. They are also connected to NPO, as represented by spokes. These rim and spokes represent the 
DPP energy transfer routes. It was confirmed by numerical calculations that the efficiency of the 
energy transfer from NPIs to NPO was the highest when the number of NPIs was in the range between 
4 and 6, which revealed unique autonomous features of the DPP energy transfer.  

In order to advance the analyses and discussions on the DPP energy transfer, the present paper 
reports the results of numerical calculations for the case where the rotational symmetry above is 
broken.  

 
Fig. 1 Rotationally symmetric arrangement of nanometer-sized particles (NPs). 

(a) Schematic explanation of a wheel. NPIs and NPO are fixed on the rim and on a hub at the center of a wheel, respectively.  

(b) A pentagonal arrangement of five NPIs and one NPO. Five NPIs on the rim serve as the input signal terminals (ISTs). 

The NPO at the hub serves as the output signal terminal (OST). Red and blue arrows represent the directions of signal 

transfer from and to the hub, respectively. Green arrows represent the transfer direction from one NPI to the adjacent one 

on the rim. Short black arrows at the ISTs and OST represent the directions of the input signal injection and output signal 

transfer, respectively. The symbol (In) indicates that the input signal is injected to the ISTs inside the facial closed walk. 

 

2. A quantum walk model 
 
As an example of the broken rotational symmetry, this paper adopts the case in which several spokes 
between NPI and NPO are disconnected. This disconnection is experimentally plausible when the 
optical properties of the relevant NPI are deteriorated or the separation between the NPI and NPO is 
extraordinarily large. 
 Preliminary numerical calculations have been carried out based on the quantum master 
equations for the creation probabilities of excitons in the NPs [8]. However, since these calculations 
did not deal with DPP creation probabilities, they were inconsistent with the off-shell science of the 
theoretical framework of the DPP creation process. Even so, several suggestive results were obtained. 
One of such results is that, even when several spokes were disconnected, the output signal intensity 
was as high as, or even higher than that without any disconnections. This reveals that the DPP energy 
reaches the NPO by ingeniously detouring via routes to avoid disconnected spokes. This feature 
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suggests the autonomous features mentioned in Section 1. 
 In order to compare with the preliminary results above, in the present work we carried out 
numerical calculations based on the QW model in ref. [6] by assuming that N  NPIs are arranged 
around NPO. As was the case of ref. [8], a pentagonal arrangement is dealt with ( N =5). The results 
for tetragonal ( N =4) and hexagonal ( N =6) arrangements are also presented.  
 

3. Results of numerical calculations 
 
The results of numerical calculations for the pentagonal arrangement elucidated that the value of the 
output signal transfer rate (OSFR) depended on whether the number conn  of connected spokes was 
odd or even. Sections 3.1 and 3.2 present the results for these two cases. Section 3.3 claims that these 
features are independent of the total number N of corners of the polygon.  
 
3.1. An odd number ncon  of connected spokes 
 
a. The case of ncon =5 
 

Figure 1(b) shows that five NPIs are fixed on the rim. They work as the input signal terminals (ISTs). 
NPO is fixed at the hub and works as the output signal terminal (OST). Short black arrows connected 
to these terminals represent the directions of the input signal injection and output signal transfer, 
respectively. The symbol (In) indicates that the input signal is injected to the IST inside the facial 
closed walk. This figure also shows that the number inN  of these input signals is 5, which means 
that all of the input signals transfer from the IST to the OST and generate the output signal. Thus, the 
transfer routes in Fig. 1(b) are called a bright walk.  

Figure 2(a) shows the results of numerical calculations. The horizontal axis represents the 
time passed after starting the input signal injection. The curve O is the OSTR that is emitted to the 
outer space by energy dissipation at the OST. The curves 1–5 are the input signal transfer rates (ISTRs) 
from the ISTs 1–5 to the OST. This figure shows that the values of the curves 1–5 are different from 
each other even though the five NPIs in Fig. 1(b) are arranged in a rotationally symmetric manner. 
This indicates that the signal transfer features do not reflect the rotational symmetry, which was due 
to the output signal extraction. That is, the symmetry was broken by adding the short black arrow at 
the hub.  

By comparing the stationary values of curves 1–5 a sufficiently long time after the input 
signal injection, it is found that the value for curve 1 is the largest, and those of curves 3, 5, 2, and 4 
are smaller in this order. The first row of Table 1 summarizes these stationary values. This order 
depends on the distance of the signal transfer routes to the OST. Since the distance from IST 1 to the 
OST is the shortest (Fig. 2(b)), the injected signal reaches the OST most efficiently, making the 
stationary value of the curve 1 the largest. In contrast, since that from IST 4 to the OST is the longest, 



4 
 

the stationary value of curve 4 is the smallest.  
 

 
Fig. 2 Results of numerical calculations for the arrangement in Fig. 1(b). 

(a) Temporal variations of the input and output signal transfer rates (ISTR and OSTR). Curve O is for the OSTR. Curves 

1–5 are for the ISTRs from the ISTs 1–5. 

(b) (Left) Number of steps required to transfer from one terminal to the other. They are the numbers of red, blue and green 

arrows in Fig. 1(b)). (Right) The number in ( ) represents the number of steps that represents the distance from each IST 

to the OST.  

 
b. The case of ncon =3 
 

Figure 3 shows the arrangement for conn =3 in which spokes 1 and 2 are disconnected. It also 
shows that inN =5, as was the case in Fig. 1(b). That is, all the input signals transfer to the OST and 
generate the output signal. Thus, the transfer routes in Fig. 3 are also the bright walk. Figure 4(a) 
shows the results of numerical calculations. The second row of Table 1 summarizes the stationary 
values for the curves O and 1–5. Since the distance from IST 3 to the OST is the shortest (Fig. 4(b)), 
the injected signal reaches the OST most efficiently, making the stationary value of the curve 3 the 
largest. In contrast, since that from IST 4 to the OST is the longest, the stationary value of curve 4 is 
the smallest. This distance-dependent feature is consistent with that of Fig. 2(b).  

The results of numerical calculations for the cases of disconnecting the spokes 1 and 3 and 
also the spokes 2 and 4 are equal to those in Fig. 4. Their stationary values are given in the third and 
fourth rows of Table 1, respectively. 

By comparing the stationary values of the OSFR on the second-to-fourth rows of Table 1 
with that of the first row ( conn =5), it is easily found they are equal to each other. Furthermore, the 
values of the ISFRs are equal in spite of the fact that they change their positions in each row. It is 
confirmed from these equalities that the walks of conn =5 and 3 are degenerate. 
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Table 1 Stationary values of the ISFR and OFSR. The number conn  of connected spokes is odd (=5,3, and 1). 

 conn  The terminal 

number of  

disconnected 

spokes 

  ISFR   OSFR 

    From  

terminal 1 

From  

terminal 2 

From  

terminal 3 

From  

terminal 4 

From  

terminal 5 

 

1 5 N.A. 0.834 0.357 0.731 0.108 0.575 2.396  

2 3 1,2 0.575 0.357 0.834 0.108 0.731 2.396  

3 3 1,3 0.357 0.834 0.731 0.108 0.575 2.396  

4 3 2,4 0.834 0.731 0.357 0.108 0.575 2.396  

5 1 1,2,3,4 0.731 0.575 0.357 0.108 0.834 2.396  

 

Fig. 3 Arrangement with two disconnected spokes 1 and 2. 

 

Fig. 4 Results of numerical calculations for the arrangement in Fig. 3. 

For captions of (a) and (b), refer to those in Fig. 2. 

 

c. The case of ncon =1 
 
Figure 5 shows the arrangement of conn  =1 in which only spoke 5 survives. Even so, this figure 
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represents also inN  =5 and thus, the bright walk. Figure 6(a) shows the results of numerical 
calculations. The fifth row of Table 1 summarizes the stationary values for the curves O and 1–5. This 
figure and table show that the stationary value of curve 5 is the largest. This distance-dependent 
feature is consistent with that of Fig. 2(b) because the distance from IST 5 to the OST is the shortest 
(Fig. 6(b)). For other arrangements of conn =1, numerical calculations gave results that are equal to 
those of Fig. 6(a). From this equality, it is confirmed that the bright walk of Fig. 5 is degenerate with 
the bright walks of a. ( conn =5) and b. ( conn =3). 

To summarize the results of a. – c. above, all the input signals transfer to the NPO through the bright 
walk and generate the output signal. Thus, even if some spokes are disconnected, the stationary values 
of the OSFR remain unchanged, which means that these bright walks are triply degenerate.  

 

Fig. 5 Arrangement with four disconnected spokes 1–4. 

 
Fig. 6 Results of numerical calculations for the arrangement in Fig. 5. 

For captions of (a) and (b), refer to those in Fig. 2. 

 

3.2. An even number ncon  of connected spokes 
 
a. The case of ncon  =4 
 

The arrangements have two configurations (1) and (2) below. 
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(1) Figure 7(a) schematically illustrates the arrangement of disconnecting the spoke for IST 1, which 
can be decomposed into two modes (Fig. 7(b))*. Since the red and blue arrows for the transfer routes 
in Mode 1 contact the short black arrow for the output signal at the hub, the input signal is successfully 
converted to the output signal at the OST. In Mode 2, on the other hand, since these arrows do not 
contact the short black arrow at the hub, the input signal fails to be converted to the output signal. 
Instead, it is confined in the wheel. That is, Mode 2 represents the dark walk, while Mode 1 is the 
bright walk**.  

Because Mode 2 does not generate the output signal, it is sufficient to carry out numerical 
calculations only for Mode 1. Here, it should be noted that the value of inN  is 2 for Mode 1 (Fig. 
7(b)). 
 
(*) These modes are orthogonal to each other. This is because the directions of the red arrows along the spokes are opposite 

between these modes. Those of the blue arrows are also opposite. Furthermore, the positions of the green arrows on the 

rim do not overlap between these modes. 

(**) The bright and dark walks correspond to the bright and dark states of the electronic energy states in a molecule, 

respectively. These states have already been studied with respect to the DPP [9]. Furthermore, a method for building a 

buffer memory has been proposed by extracting the DPP energy confined in the dark state [10-13].  

 
Fig. 7 Arrangement with one disconnected spoke 1. 

(a) Schematic explanation of the arrangement. (b) Modes 1 and 2 correspond to the bright and dark walks, respectively. 

The symbol (Out) indicates that the input signal is injected to the ISTs outside the bright walk (Mode 1) and the dark 

walk (Mode 2). 

 

Figure 8(a) and the first row of Table 2 show the calculated results. They represent the three features 
below. 
1) The stationary value of the OSFR on curve O is smaller than the values of Fig. 2(a) and the first 
row of Table 1. This is because only the two input signals generate the output signal after transforming 
through the Mode 1 (bright walk) ( inN =2). Since the other three input signals transfer through the 
Mode 2 (dark walk) ( inN =3), they do not generate the output signal. 
2) Curves 2 and 4 represent the ISFRs that transfer from ISTs 2 and 4 to the OST, respectively. Since 
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these input signals are injected into the bright walk of Fig. 7(b) ( inN =2), they generate the output 
signal. Since the distance from IST 2 to the OST is shorter than equal to that from IST 4 (Fig. 8(b)), 
the ISFR from the former is larger. This distance-dependent feature is inconsistent with those of Fig. 
2(b).  
3) Curves 1, 3, and 5 represent the ISFRs that transfer from ISTs 1, 3, and 5 to the OST, respectively. 
Since these input signals are injected into the dark walk of Fig. 7(b) ( inN =3), they are confined in 
this walk without generating the output signal.  

The three features above are inherent to the rotational asymmetric arrangement. In the case of 
disconnecting the spoke for the IST with other odd number 3 or 5 (IST 3 or 5), the features are 
equivalent to those of Fig. 8.  

 

Fig. 8 Results of numerical calculations for the arrangement in Fig. 7. 

For captions of (a) and (b), refer to those in Fig. 2. 

 

Table 2 Stationary values of the ISFRs and the OSFRs. The numbers conn  of connected spokes are even (=4 and 2). 

 conn  The terminal 

number of  

the disconnected 

spokes 

  ISFR   OSFR 

    From  

terminal 1 

From  

terminal 2 

From  

terminal 3 

From  

terminal 4 

From  

terminal 5 

 

1 4 1 1.000 0.260 1.000 0.034 1.000 1.706 

2 4 2 0.541 0.312 1.000 0.070 1.000 2.077 

3 2 1,2,3 1.000 1.000 1.000 0.000 1.000 1.000 

4 2 1,3,5 1.000 0.260 0.034 1.000 1.000 1.706 

5 2 2,4,5 0.260 0.034 1.000 1.000 1.000 1.706 
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(2) Figure 9 schematically explains the arrangement in the case of disconnecting the spoke for IST 2. 
Figure 10 and the second row of Table 2 show the calculated results. They represent features similar 
to those of Fig. 8. However, the OSFR is larger than that of (1) because the value of inN  is 3 for 
Mode 1 (bright walk). Figure 10(a) shows that the ISFRs in the dark walk (curves 3 and 5) are larger 
than those in the bright walk (curves 1, 2, and 4). However, they are confined in the dark walk without 
generating the output signal.  

 In the case of disconnecting the spoke for IST with the other even number 4 (IST 4), the 
features are equivalent to those of Fig. 10.  

 
Fig. 9 Arrangement with one disconnected spoke 2. 

(a) Schematic explanation of the arrangement. (b) Modes 1 and 2 are the bright and the dark walk, respectively. 

 

Fig. 10 Results of numerical calculations for the arrangement of Fig. 9. 

For captions of (a) and (b), refer to those in Fig. 2. 

 

b. The case of ncon  =2 
 

The arrangements have the two configurations below. 
(1) In the case of the arrangement in which three consecutive spokes 1, 2, and 3 are disconnected (Fig. 
11(a)), the value of inN is 1 for Mode 1 (bright walk) (Fig. 11(b)). Figure 12(a) and the third row of 
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Table 2 show the calculated results for Mode1. Curves 1, 2, 3, and 5 represent the ISFRs to the OST. 
Since they are in the dark walk, they do not generate the output signal and are confined in the dark 
walk. Only the input signal 4 is injected into the bright walk. However, the third row of Table 2 
indicates that the stationary value of the ISFR to the OST is zero. In the case of the arrangement in 
which three consecutive spokes 2, 3, and 4 are disconnected (Fig. 11(c)), the value of inN is 4 for 
Mode 1 (bright walk), as is shown by Fig. 11(d). There are more arrangements in which three 
consecutive spokes are disconnected, for which the value of inN is also 1 or 4. Their features are 
equivalent to those of Fig. 11. 

 
Fig. 11 Arrangement with three disconnected consecutive spokes. 

(a) Schematic explanation of the arrangement with the disconnected spokes 1, 2, and 3.  

        (b) Tw modes for the arrangement (a). Modes 1 and 2 are the bright and dark walks, respectively. 

(c) Schematic explanation of the arrangement with the disconnected spokes 2, 3, and 4.  

        (d) Two modes for the arrangement (a). Modes 1 and 2 are the bright and dark walks, respectively. 

 
(2) Figure 13(a) shows the arrangement in which three spokes 1, 3, and 5 are disconnected. They are 
not consecutive but there are two connected spokes 2 and 4 between them. Figure 14(a) and the fourth 
row of Table 2 show the calculated results for Mode 1 (bright walk) (Fig. 13(b)). Since the value of 

inN  is 2 in this Mode 1, the OSFR is larger than that of (1) above ( inN  =1). Other features are 
equivalent to those of (1). Curves 1, 4 and 5 of Fig. 14(a) represent the ISFRs to the OST. Since ISTs 
1, 4, and 5 are in the dark walk, they do not generate the output signal and are confined in the dark 
walk. ISTs 2 and 3 are in the bright walk. Here, the values of ISTRs 2 and 3 (curves 2 and 3) are 
smaller than the values of ISTRs 1, 4, and 5 (curves 1, 4, and 5).  
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Fig. 12 Results of numerical calculations for the arrangement of Fig. 11(a). 

For captions of (a) and (b), refer to those in Fig. 2. 

 
Fig. 13 Arrangement with three disconnected spokes between which two connected spokes exist. 

(a) Schematic explanation of the arrangement with the disconnected spokes 1, 3, and 5.  

        (b) Tw modes for the arrangement (a). Modes 1 and 2 are the bright and dark walks, respectively. 

(c) Schematic explanation of the arrangement with the disconnected spokes 2, 3, and 5.  

(d) Two modes for the arrangement (a). Modes 1 and 2 are the bright and dark walks, respectively. 

 

Figures 13(c) and (d) show the arrangement in which three spokes 2, 3, and 5 are 
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disconnected and between which connected spokes 1 and 4 exist. The value of inN is 3 for Mode 1 
(bright walk). There are more arrangements in which three spokes are disconnected, as is the case in 
Figs. 13(a)-(d) (refer to the fifth row of Table 2, as an example). Their values of inN are also 2 or 3, 
and their features are equivalent to those of Fig. 13. 

The third to fifth rows in Table 2 show that the values of the OSFR depend on whether three 
disconnected spokes are consecutive or not. Table 3 summarizes the relation between the number of 
connected spokes conn  and the value of inN for Mode 1 (bright walk).  
 

 

Fig. 14 Results of numerical calculations for the arrangement of Fig. 13(a). 

For captions of (a) and (b), refer to those in Fig. 2. 

 

Table 3 Relation between an even number conn  (=4 or 2) of connected spokes and the number inN  of the input signals 

injected into the bright walk. 

 conn  The terminal number of  

disconnected spokes 
inN    conn  The terminal number of  

disconnected spokes 
inN  

1 4 1 2  9 2 4,5,1 1 

2 4 3 2  10 2 5,1,2 1 

3 4 5 2  11 2 1,3,5 2 

4 4 2 3  12 2 2,3,5 3 

5 4 4 3  13 2 1,2,4 2 

6 2 1,2,3 1  14 2 2,4,5 2 

7 2 2,3,4 4  15 2 1,3,4 3 

8 2 3,4,5 4  16 2 2,3,5 3 

 

To summarize (1) and (2) above, the signal transfer routes are composed of bright and dark 
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walks when the value of conn  is even. If the input signal is injected into the dark walk, it is confined 
in this walk without generating the output signal. Since only the input signal injected into the bright 
walk generates the output signal, the stationary value of the OSTR is lower than those in Section 3.1 
in which the value of conn  is odd. 
 

3.3. Relation between the number of connected spokes and stationary value of the output signal 
flow rate 
 
Figure 15(a) summarizes the relation between the number conn  of connected spokes and the number 

inN  of the input signals injected to the bright walk. The symbol disn  (=5- conn ) on the horizontal axis 
represents the number of disconnected spokes. Figure 15(b) is the relation between inN  and the 
OSFR κβ   that was derived from the QW theory [14]. This theory claims that the value of κβ  
increases with increasing inN , as is shown by Fig. 16. Figure 15(b) was derived by using the values 
of inN  in Fig. 15(a) and the relation in Fig. 16. The values of κβ  in Fig. 15(b) agree with the values 
of the OSFR in Tables 1 and 2. 
 

 
Fig. 15 Dependences of the numerically calculated values on conn . 

The symbol disn  (=5- conn ) on the horizontal axis represents the number of disconnected spokes. 

(a) The number inN  of input signals injected inside the bright walk. 

(b)The output signal flow rate κβ  that was derived from the QW theory [14]. 
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Fig. 16 Relation between inN  and κβ [14]. 

 

Fig. 17 Dependences of the results of numerically calculated values on conn . 

(a) and (b) are for tetrahedral and hexagonal arrangements, respectively. 
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Figures 15(a) and (b) show that the values of inN  and κβ  vary periodically, and are due 
to the following dependences (1) and (2) on conn : 
(1) In the case where the number conn   of connected spokes is odd, the signal transfer routes 
correspond to the bright walk, and thus, inN =5 for the cases of conn =1, 3, and 5. This means that the 
bright walks are triply degenerate.  
(2) In the case where the number conn  of connected spokes is even (=2 or 4), the number inN  of 
the bright walk is smaller than 5, which is due to the existence of the dark walk. Thus, the OSFR is 
smaller than that of (1) because the input signals in the dark walk do not generate the output signal. 
 Figures 17(a) and (b) show the results of numerical calculations for tetrahedral and hexagonal 
arrangements, respectively. Their periodic variation features are consistent with those of Fig. 15, by 
which it was proved that these features are independent of the number of NPI on the rim of the wheel. 
However, it should be noted that the periodically varying features of Fig. 17 are in anti-phase with 
respect to those of Fig. 15.  
 
4. Summary 
 
This paper reported that the DPP energy transfer routes are triply degenerate bright walks in the case 
where the number conn  of connected spokes is odd. Thus, even if some spokes are disconnected, the 
stationary values of the OSFR are kept equal to that of the arrangement without any disconnection. 
Such an conn -independent feature is consistent with the results of preliminary numerical calculations 
[8]. 

In the case where the number conn  of connected spokes is even, the energy transfer routes are 
decomposed into bright and dark walks. Since some input signals are injected into the dark walk, the 
value of the OSFR is smaller than that of the case of the odd number of the connected spokes above.  

The degeneracy in the bright walk and the existence of the dark walk above were found not only 
in the pentagonal arrangement but also in other polygonal arrangements, which showed that their 
features are independent of the number of NPI on the rim of the wheel of these arrangements. 

It will be interesting to find a method of extracting the confined signal from the dark walk to the 
outer system in order to use it in a variety of applications. 
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Quantum walk and random walk behaviors of 

dressed-photon–phonon transfers 

M. Ohtsu

Research Origin for Dressed Photon,3-13-19 Moriya-cho, Kanagawa-ku, Yokohama, Kanagawa 221-0022, Japan 

Abstract 

This paper reviews measured results on the temporal variation behavior of the dressed photon (DP) transfers between 

nanometer-size particles (NPs). The NPs are illuminated with a short optical pulse, and the resulting behavior of the 

emitted photoluminescence (PL) intensity is evaluated. Even after the optical pulse is turned off, the PL intensity exhibits 

nutation within a short time span. The envelope intensity of the nutation decreases due to adiabatic and non-adiabatic 

processes. They are described by using a quantum walk (QW) model and a random walk (RW) model, respectively. It is 

revealed that the values of several relevant quantities in these models must be adjusted in an appropriate manner to clearly 

observe the DP transfer features. The rate of conversion from the adiabatically dissipated energy to the non-adiabatically 

dissipated energy must also be adjusted. An antenna system composed of photosynthetic bacteria is presented, suggesting 

that a future direction of DP research is to draw a universal physical picture of DP transfers that are commonly found in 

nature. 

1 Introduction 

A dressed photon (DP) is a quantum field that is created by a photon–exciton (or electron) interaction 
in a nanometer-sized particle (NP). Recent theoretical studies on off-shell science have succeeded in 
drawing a precise physical picture of the DP creation process [1,2]. Furthermore, intensive 
experimental studies have confirmed that a dressed-photon–phonon (DPP) is created by DP–phonon 
coupling. These studies have also revealed a unique DPP transfer behavior between adjacent NPs, 
which was used to develop a variety of innovative technologies [3,4].  

This paper indicates that short and long time-span temporal variations of the DPP transfer 
exhibit unique behaviors that can be described by quantum walk (QW) and random walk (RW) models. 

2 Revisiting experimental results 

This section reviews the experimentally confirmed temporal variation behaviors of the DPP transfer. 
Here, the DPP is replaced by a DP because the phonons in the DPP do not give any noticeable 
contributions to characterize the temporal variation behavior. Several features of these behaviors have 
been analyzed by using QW models [5–7]1).  
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1) The reason why this analysis is possible is that the principles of the QW model and the nature of the DP have at least

two features in common [7]:

(A) Nonreciprocity: A mathematical formulation of the QW uses nonreciprocal algebra involving vectors and matrices.

On the other hand, the DP is a field that mediates the interaction between NPs. Since the interaction is a typical

nonreciprocal physical process, the QW and DP have a common feature, represented by nonreciprocity.

(B) Site: The QW deals with the phenomenon of the energy transfer from one site to its neighbor. On the other hand, since

the DP is spatially localized, its quantum mechanical position operator can be defined. Thus, in the case where the site of

the QW is the NP on which the DP is created, the position of the DP is equivalent to that of the site of the QW.

2.1 Basic properties of temporal variation [8] 

Figure 1(a) shows a pair of cubic CuCl NPs grown in a NaCl crystal. A small NP (NPS) and a large 
NP (NPL) correspond to nodes 1 and 2 in the QW model in Fig. 1(b). The DP transfers between these 
NPs and plays the role of a link in this model. The incident light (an optical pulse; pulse width of 10 
ps and wavelength of 381 nm) in Fig. 1(a) corresponds to the input signal in Fig. 1(b). The created 
excitons in NPS and NPL emit photoluminescences (PL1 and PL2) that correspond to the output signals 
1 (wavelength of 382 nm) and 2 (wavelength of 385 nm). 

Fig. 1 A pair of NPs composed of small and large NPs (NPS and NPL). 

(a) Experimental system. The exciton in NPL has triply degenerate energy levels. (b) QW model.

The output signals are created by five successive steps. They are:  
(Step 1) The incident light creates an exciton in the energy level (1,1,1) of NPS. 
(Step 2) This exciton emits PL1 (the output signal 1) and also creates a DP.  
(Step 3) The created DP transfers to the NPL to excite an exciton in the triply degenerate energy levels 
(2,1,1), (1,2,1), and (1,1,2) of NPL.  
(Step 4) This exciton creates a DP, and the created DP transfers back to the NPS. 
(Step 5) This exciton is also de-excited to the lower energy level (1,1,1) of NPL and subsequently 
emits PL2 (the output signal 2).  



3 

  As long as the incident light is applied, these five steps repeat, and the DP repeatedly transfers 
between NPS and NPL in a bi-directional manner (Step 4); this is called nutation. In the case where 
the incident light is an optical pulse, this bi-directional transfer is maintained within a short time-span 
even after the incident optical pulse is turned off. Thus, the intensities of PL1 and PL2 continue to 
pulsate due to the DP nutation.  

However, these intensities gradually decrease due to non-radiative energy dissipation to the 
heat bath (the NaCl crystal), so that PL1 and PL2 fade away. This dissipation is composed of adiabatic 
and non-adiabatic processes. The former is the process in which the exciton in NPs or NPL excites 
other excitons (or electrons) in another NP or in the heat bath. The latter is the process in which the 
exciton energy is converted to thermal energy and is dissipated in the heat bath. The magnitude of the 
latter process depends on the device temperature, and the time constant of the PL intensity variation 
is longer than that due to the former process. Although these adiabatic and non-adiabatic processes 
contribute to the intensities of the outputs 1 and 2, the ratio of the magnitudes of these contributions 
has not been precisely evaluated by measurements. Theoretical studies are required to evaluate it.  

The wavelength (385 nm) of the output signal 2 (PL2) is longer than that of the output signal 
1 (PL1, 383 nm) because a part of the energy is dissipated from the triply degenerate energy level 
during the de-excitation to the lower energy level (1,1,1). Even though the magnitude of this 
dissipated energy is as low as 1/100 times the photon energy of the output signal 1, it is sufficiently 
large to spectrally resolve the output signals 1 and 2 for separate measurements. 

Figure 1(b) can be redrawn as Fig. 2(a) by noting the triple degeneracy of the exciton energy 
levels in NPL and the energy dissipation from these levels during the de-excitation to (1,1,1). For 
basic discussions of the QW process, Fig. 2(a) can be approximated by the simpler system in Fig. 2(b) 
because of the sufficiently low magnitude of the energy dissipation above.  

Since the sizes, Sa  and La , of NPS and NPL are different from each other, the magnitudes 

of the created DP energies and their spatial extents are different, as represented by a Yukawa-type 
function ( )V r  ( exp(- / ) /∝ r a r , where a  is the size of the NP). Thus, because the time required for 
the DP transfer is inversely proportional to ( )V r , the transfer times along the forward path (NPS to 
NPL) and backward path (from NPL to NPS) are different from each other.  

Fig. 2 The revised QW system. 

For basic discussion, (a) is approximated by (b). 
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The black and red curves in Fig. 3(a) represent the measured temporal variations of PL1 and 
PL2 (the output signals 1 and 2), respectively. In the short time-span 0–500 ps immediately after 
applying the pulsed input signal, the intensity decrease is attributed to the adiabatic process and is 

fitted by 1exp( / )ft τ−   (blue line) of the QW model, where 1fτ   is the decay time constant. The 

subsequent decrease in the long time-span from 500 ps to 4 ns is slower and is fitted by 2exp( / )ft τ−  

(red line) of the RW model, which is attributed to the non-adiabatic process [9]. The decay time 

constant 2fτ  is longer than 1fτ . 

Fig. 3 The measured temporal variations of the PL1 and PL2 intensities. 

(a) For the short time-span of 0-4 ns. The blue and red lines represent 1exp( / )ft τ−  and 2exp( / )ft τ− , respectively. 

(b) For the long time-span of 0-500 ps. The black and red curves indicate the temporal variations of the DP transfer along

the forward and backward paths, respectively.

2.2 Characteristics caused by triple degeneracy [8] 

Since the present paper focuses on the phenomena relevant to the QW process, Fig. 3(b) is presented 
by expanding the horizontal axis of Fig. 3(a) to analyze the temporal variations in the time-span 0–
500 ps. The black and red curves indicate the magnified temporal variations of the DP energy transfer 
along the forward and backward paths, respectively. Their pulsatory variations represent nutation with 
a period of 50 ps. This value is compatible with the cycle time of 40 ps that was estimated from the 
relation between the NPS–NPL distance (10 nm) and the transferred DP energy (1×10-4 eV) [10].  

Figure 3(b) indicates inherent characteristics of DP transfer caused by the triple degeneracy 
of the exciton energy levels in NPL. They are: 
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(Characteristic 1) The phases of the pulsatory variations of the two curves are different from each 
other. In order to derive the magnitude of this difference, the nutation components of the 50 ps-period 
are extracted from these curves and are shown in Fig. 4. The sinusoidal black curve has a phase lag 
of / 3π  behind that of the red curve. This is because the triple degeneracy caused a lag of one-third 
of π 2). That is, within one-third of the DP transfer time along the backward path, the energy level 
(1,1,1) in NPS is promptly occupied by the exciton that is initially created in the triply degenerate 
energy levels in NPL

3).   

Fig. 4 Fourier components of the measured temporal variations of PL1 and PL2. 

The nutation components with a 50 ps period were extracted from the black and red curves in Fig. 3(b). 

(Characteristic 2) Blue broken curves in Fig. 3(b) represent that the pulsatory variations of the PL 
intensities are modulated. This is attributed to the fact that the transfer times along the forward path 
and along the backward path are different from each other.  
(Characteristic 3) Additional pulsatory variations exist, the period of which is one-fourth that of the 
nutation. Such a short period is attributed to the fact that, among the four energy levels (level (1,1,1) 
in NPS and the triply degenerate energy levels in NPL), only the energy level (1,1,1) in NPS is initially 
occupied by an exciton at the commencement of the nutation.  

Figure 5 shows the Fourier spectral profiles of the two curves in Fig. 3(b). The spectral peak 
(A) at 20 GHz corresponds to the nutation period of 50 ps. Because the profiles of the measured
pulsatory variations deviate from sinusoidal curves, the spectral peak (B) of the second-order higher
harmonic can be seen. The spectral peak of the third-order higher harmonic is missing due to the
difference between the forward and backward transfer times. The spectral peak (C) is attributed to the
superposition of the fourth-order higher harmonic and the additional pulsatory variations whose
period is one-fourth of the nutation cycle.

Sections 2.3 and 2.4 will review temporal variations observed in other experimental systems 
that were used to develop practical devices. The effect of the triple degeneracy can be neglected in 
these sections because of its minor contribution to these systems.  
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Fig. 5 The Fourier spectral profiles of the two curves in Fig. 3(b). 

Spectral peaks A and B correspond to the nutation of the 50 ps period and its second-order higher harmonic. The peak C 

is attributed to the superposition of the fourth-order higher harmonic and the additional pulsatory variations. 

2) This kind of phase lag has never been observed when using a large number of NPs as the macroscopic material system

for inducing conventional optical phenomena. This is because the NPs in this system have been approximated as a coupled

quantum state having a singlet state of the exciton.

3) Since the DP transferred bi-directionally between NPS and NPL, the profiles of the two curves in Fig. 4 should be anti-

correlated, and thus, their phase difference should be as large as π . However, the phase lag was found to be / 3π . The

reason for this discrepancy was considered to be as follows: Since a large number of CuCl NPs were buried in the NaCl

crystal, the DP could transfer not only between NPS and NPL but also between multiple NPLs (or between multiple NPSs).

Furthermore, since the number of NPLs was larger than the number of NPSs, the DP transfer between neighboring NPLs

could contribute to the phase difference between the two curves. However, since the phase of the DP transfer between

these NPLs is random, the anti-correlation characteristics did not clearly appear, and thus, the phase difference remained

as small as / 3π .

2.3 DP transfer in nanometer-sized devices [11] 

Nano-optical condenser [12]: Figure 6(a) schematically explains the structure of a nano-optical 
condenser device. Three kinds of cubic CuCl NPs (NPS, NPM, and NPL) grown in a NaCl crystal are 
used: A large NP (NPL) is surrounded by a large number of small NPs (NPS). Medium-sized NPs 
(NPM) are placed in the spaces between the NPSs and the NPL.  

This device uses DP transfers from the NPSs to the NPM and subsequently to the NPL for 
collecting the incident optical energy at the NPL. As a result, the output signal of a sub-wavelength-
sized (20 nm-diameter) spot is emitted from the NPL, as is demonstrated by Fig. 6(b). Figure 6(c) 
shows the measured spatial and temporal variations of the light intensity, from which one can find 
that the energy is collected at NPL within a time as short as 1 ns. Since this variation behavior reminds 
one of a fountain of gushing water (Fig. 6(d)), this device is called an optical nano-fountain. 
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Fig. 6 Nano-optical condenser (Optical nano-fountain). 

(a) The device structure. (b) and (c) are the measured spatial distribution and temporal variation of the emitted light

intensity, respectively. (d) Schematic explanation of the fountain. (e) Measured temporal variation of the emitted light

intensities. Curves A and B represent the intensities, emitted from NPMs and NPL, respectively. The peaks at 0t =  , 

identified by the downward arrows, represent artifacts originating from the incident optical pulse. Blue and red lines

represent 1exp( / )ft τ−  and
2exp( / )ft τ− ,  respectively. 

Figure 6(e) shows the measured relation between time ( t ) and the light intensity emitted 
from the device when it was illuminated by a short optical pulse of 325 nm-wavelength at t =0. Curve 
A is the intensity of the light emitted from the NPMs as a result of the DP transfer from the NPSs to 
the NPMs and subsequent energy dissipation of the excitons in the NPMs. Curve B is the intensity of 
the light that is finally emitted from the NPL. It is confirmed that the light is efficiently collected at 
NPL by noting that the value of curve B is more than ten times that of curve A. The peaks of these 
curves at t =0, identified by the downward arrows, represent artifacts originating from the incident 
optical pulse.  

The profiles of curves A and B are similar to those of the curves in Fig. 3(a). They have two 
time constants that originate from the adiabatic and non-adiabatic processes. The former is the 

constant 1fτ  in 1exp( / )ft τ− (blue line) whose values are 150 ps and 410 ps for curves A and B,
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respectively. The latter is the constant 2fτ  in 2exp( / )ft τ− (red line) whose value is 700 ps for 

both curve A and curve B. 
Optical buffer memory [13]: Figure 7(a) schematically explains the structure of an optical buffer 
memory device. For holding the input signal in this device, DP nutation between two NPs of the same 
size (two blue cubes) is used. The buffering time corresponds to the cycle time of the nutation. To 
read out the held signal, a NOT logic gate, whose operation is based on the DP transfer, is installed 
in proximity to the two NPs. Application of a readout optical pulse to the NOT logic gate creates an 
output signal. 

Figure 7(b) is the temporal variation of the output signal intensity plotted as a function of the time 
delay defined as the time difference between the application of the input and readout pulses to the 
device. Curves A and B represent the measured values. Curve C is the theoretical curve fitted to them 

by using three values: 1fτ  of 600 ps, 2fτ  of 1300 ps, and a nutation cycle of 155 ps. Curve C 

exhibits a pulsating behavior that takes a first local maximum immediately after the readout pulse is 
applied. This corresponds to the first output signal. Subsequently, a series of output signals repeatedly 
appears with a period of 150 ps, which corresponds to the nutation cycle above.  

Fig. 7 Optical buffer memory device. 

(a) The device structure. (b) Temporal variation of the output signal intensity as a function of the time delay.

Curves A and B represent the measured results. Curve C is the theoretical curve fitted to the curves A and B.

2.4 DP transfer between different kinds of NPs [14,15] 

Even when the two CuCl NPs (NPS and NPL in Fig. 1(a)) are replaced by different kinds of NPs, the 
DP exhibits temporal variation similar to Fig. 3. This suggests that the DP transfer is a universal 
phenomenon that can be observed in a variety of NP-systems in the natural world. For example, 
experiments have been carried out by using a pair of NPs composed of a semiconductor ZnO NP and 
a dye-molecular DCM NP. In this case, electrons in these NPs play the role of the excitons in CuCl 
NPs. 
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The left and right parts of Fig. 8 show the electron energy levels of ZnO NP and DCM NP, 
respectively. Photoluminescence is emitted from electrons in these levels. The measured results are 
indicated by curves A, B, and C in Fig. 9(a). 

Fig. 8 Electron energy levels of ZnO NP (left) and DCM NP (right). 

The wavelength of the emitted light is shown in the parenthesis. 

Fig. 9 Temporal evolutions of the emitted light intensities. 

(a) Measured values. (b) Schematic explanation of the curves in (a).

The identities of these curves are: 
Curve A: The light intensity (wavelength 350 nm) that is emitted from the electron in the energy level 

of the ZnO NP. The wavelength of the incident light is 340 nm, which is resonant with the 

energy level . 

Curve B: The light intensity (wavelength 560 nm) that is emitted from the electron in the energy level 

of the DCM NP. The wavelength of the incident light is 340 nm, which is resonant with the 

energy level . 

ZnO'a

ZnOa

DCMe

ZnOa
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Curve C: The light intensity (wavelength 420 nm) that is emitted from the electron in the energy levels 

 and of the ZnO NP and the DCM NP, respectively. The wavelength of the incident 

light is 420 nm, which is resonant with the energy level  in the ZnO NP. 

Figure 9(b) is a schematic explanation of the curves in Fig. 9(a). The red zigzag line 

corresponds to curve A in Fig. 9(a). The rise-up time constant is represented by rτ , that is 100-150 

ps in Fig. 9(a). The rapid decrease of curve A in a short time-span is attributed to the adiabatic process. 

It is represented by a short time constant 1fτ  of the red zigzag line. Its value is nearly equal to rτ  

of Fig. 9(a). The subsequent slow decrease is attributed to the non-adiabatic process, whose time 

constant 2fτ  is as long as 15 ns in Fig. 9(a). The blue zigzag line corresponds to curves B and C in 

Fig. 9(a). Its rise-up time constant rτ is equal to that of the red zigzag line. Since curves B and C 

do not show rapid decreases with the time constant 1fτ , they are represented only by the slowly 

decreasing blue zigzag line in Fig. 9(b) with the long time constant 2fτ . 

3 Theoretical models for describing temporal variation behaviors of the output signals. 

The features of the experimental results and theoretical models in Section 2 can be summarized as 
follows: 
(1) The output signal intensity pulsates in a short time-span immediately after the pulsive input signal
is applied. This pulsation is called nutation. The signal intensity rapidly decreases with a short time

constant that is attributed to the adiabatic process and is fitted by exp( / )QR QW QWy a t τ= −  based on 

the QW model. Here, since this process is compatible with the QW model, the time constant 1fτ  in 

Section 2 is rewritten as QWτ . 

(2) In a long time-span, the output signal intensity decreases slowly due to a non-adiabatic process

that is fitted by exp( / )RW RW RWy a t τ= −   based on the RW model. Here, since this process is 

compatible with the RW model, the time constant 2fτ  in Section 2 is rewritten as RWτ . 

ZnOb DCMd

ZnOc



11 

Measured values of nutation cycle and time constants are summarized in Table 1. This table 

indicates that the time constant QWτ  is shorter than RWτ . That is, QW RWτ τ = 6.7×10-3- 0.58 and is 

expressed as 

1QW RWτ τ < .        (1) 

Table 1 Measured values of nutation cycle and time constants.  

*) The nutation cycle of 400 ps was also measured for an optical switching device that was composed of CuCl NPs 

[15].  

**) The time constants 1fτ  and 2fτ  in Section 2 are rewritten as QWτ  and RWτ , respectively. 

Nutation cycle*) 
rτ QWτ **)

RWτ **) 

Section 2.2 50 ps 

Section 2.3 

Nano-optical condenser

Optical buffer memory

155 ps 150 ps, 410 ps 

600 ps 

700 ps 

1,300 ps 

Section 2.4 100-150 ps 100-150 ps 15 ns 

Fig. 10 Temporal variations of eqs. (2) (blue line) and (3) (red curve). 

Temporal variations of the exponential functions in (1) and (2) are schematically explained 
by Fig. 10, in which the vertical axis is indicated on a logarithmic scale: 

ln ln /QW QW QW QWY y a t τ= = − , (2) 

and 

ln ln /RW RW RW RWY y a t τ= = − . (3)



12 

Due to the small value of QW RWτ τ , the slope of the blue line ( QWY ) in this figure is steeper than 

that of the red curve ( RWY  ). The value of RWa   is assumed to be smaller than that of QWa

( / 1RW QWa a < ) by referring to the curves in Figs. 3(a), 6(e), 7(b), and also curve A in Fig. 9(a). 

This figure indicates that the QW feature can be clearly observed in the early short time-span 

because the signal intensity of QWY  (blue line) is larger than that of RWY  (red curve). However, after 

that, this feature is obscured by the RW feature (red curve) due to the rapid decreases of QWY . The 

time at which the blue line and red curve cross is represented by xt  in this figure. 

For making full use of the output signal originating from the DP transfer for device 

applications4), a sufficiently long crossing time xt  is required to ensure a time during which the QW 

features can be clearly observed. To meet this requirement, the values of /RW QWa a  and  QW RWτ τ  

must be adjusted in an appropriate manner. It should be noted that the values of RWa   and RWτ

depend on the device temperature T  (they are proportional to T  and 1T − , respectively). 

4) Since curves B and C in Fig. 9(a) correspond the case of / 1RW QWa a > , the QW features are obscured by the RW 

features and are not advantageous for practical applications. 

Furthermore, it should be pointed out that a part of the adiabatically dissipated energy may 
be converted to non-adiabatically dissipated energy. Even though this conversion mechanism has not 

yet been precisely evaluated by experiments, the exponential functions QRy   and RWy  should be 

revised to 

( )' 1 exp( / )QW QW QWy a tε τ= − −    (4) 

and 

( )' exp( / )RW RW QW RWy a a tε τ= + − ,  (5) 

respectively, by referring to this conversion. Here, ε (<<1) is the conversion rate. In order to maintain 
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the long time xt , the value of ε  must also be adjusted in an appropriate manner. It can be assumed 

that this value can be optimized for maximizing the output signal intensity by means of the adjustment 
above. Such an optimum value has been discussed in the case of the QW model [16]. The example is 

the optimum value optκ  of the dispersion constant κ  for maximizing the output signal, as is shown 

by Fig. 11. 

Fig. 11 Relation between the dissipation constant κ  and the output signal intensity [16]. 

4 Future directions 

DP transfer is presumed to be a universal phenomenon that can be observed in a variety of NPs in the 
natural world. To demonstrate an example of such universality, Fig. 12 schematically explains the 
structure of an antenna system that is composed of photosynthetic bacteria [17], by which solar energy 
is collected at the reaction center. Here, the essential problem is that the excitation energy 
transfer (ETT) process in this system has not yet been precisely analyzed using traditional Förster 
theory. This is because this theory is based on the primitive concept of electric-dipole transitions and 
the long-wavelength approximation. Detailed studies are in progress to solve this problem by 
improving the accuracy of the theory [18].  

Fig. 12 The structure of an antenna system made of photosynthetic bacteria [17]. 
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This problem may be solved if the theoretical model of DP creation [1,2] and the QW model 
for DP transfer [5-7] are used because the DP creation and transfer processes have several 
equivalences with the ETT process. Actually, the motivation for inventing the nano-optical condenser 
(optical nano-fountain) in Fig. 6 was to build a practical semiconductor device to realize a function 
equivalent to that of the system in Fig. 12 [12]. Experiments have already confirmed that this device 
succeeded in collecting the incident optical energy at NPL at the center. 

By referring to the example above, one of the promising directions of future DP research is 
to discover a route to the precise analysis of the DP transfer phenomena, not only in physical and 
chemical systems but also in biological systems and other systems. For reference, novel features such 
as hierarchy [19] and autonomy [20, 21] have been found in the DP transfer, and these features have 
several equivalences with biological signal transmission processes in neurons.  

5 Summary 

This paper reviewed the measured results of the temporal variation behavior of the DP transfer 
between NPs. By illuminating the NPs with a short optical pulse, the temporal variation of the emitted 
PL intensity was evaluated. Even after the optical pulse was turned off, the PL intensity exhibited 
nutation within a short time-span. The envelope intensity of the nutation decreased due to adiabatic 
and non-adiabatic processes. They were described by using a QW model and a RW model, 
respectively. It was pointed out that the values of several relevant quantities in these models must be 
adjusted in an appropriate manner to clearly observe the DP transfer features. The rate of conversion 
from the adiabatically dissipated energy to the non-adiabatically dissipated one must also be adjusted. 

An antenna system composed of photosynthetic bacteria was presented for demonstrating 
the ETT process that is equivalent to those of the DP creation and transfer. It was suggested that future 
research of DPs will involve analyzing this process and building more precise theoretical models for 
drawing a universal physical picture of the DP transfers that are commonly found in nature.   
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まえがき 
 

ドレスト光子（Dressed photon: DP）とは光子と電子または励起子がナノメートル寸法の微粒子の中で相互作

用して生成される量子場である。本書の著者の大津は 1980 年代初めにそれを着想し、1990 年代初めに実験に

よる検証に成功した。その後は大津と共同研究者によって実験研究が大きく進展し、DP の独特な性質を明らかにす

るとともに、計測、デバイス、加工、システム、エネルギー変換などの革新的応用技術を生み出した。以上は世界に先

駆けて行われた独創研究である。 

 これらの成果は実験を繰り返し行うことにより蓄積され、2016 年初頭まで継続して大きく進展した。その歩みに合

わせ、大津は DP を扱う科学技術を近接場光学、ナノフォトニクスと順次呼び変えてきた。現在では以下に記す理由

からこれをオフシェル科学と称している。 

大津は 2016 年３月に東京大学を定年退職したのを機に、DP の理論的基礎を確立するため（一般社団法

人）ドレスト光子研究起点(RODreP)を設立し、活動を開始した。これまでの実験研究から理論研究に舵を切った

のである。その後、現在までに DP とは何か？その生成過程は？と言った根本的な疑問に答える研究が進み、宇宙

論との繋がりなどの新しい知見が得られるなど、飛躍的な進展が見られた。 

 以上の経緯をふり返ると、DPはオフシェル場であり、したがって従来の電磁場（オンシェル場）とは相互補完的であ

ることが改めて認識される。過去にはこのような補完的な場は研究されていなかったので、その理論的基礎が未発達

だったのは当然である。 

 このような未発達の科学分野をさらに深く研究するため、次に解決しなければならないのは、DP がナノメートル寸法

微粒子の間をどのように移動するか？そしてどのようにして外部の巨視系にエネルギーを放出し測定されるか？などの

問題である。これらはもちろん従来のオンシェル科学に基づく理論研究では解決できない。それを解決するのがオフシェ

ル科学であり、そこでは非可換代数の一つである量子ウォーク（Quantum walk: QW）の数理科学モデルが新た

に採用され、問題解決に向けた研究が進展している。 

 本書はこのような数理科学モデルによる DP の移動の特性の解析について解説する。この理論研究は現在活発に

行われており、日々進展がみられることから本書は研究の現状紹介の性質をもつ。しかし同時にその基礎となる QW

モデルから始めて紹介しているので、学生・若手研究者向けの参考書としても有用であろう。 

 本書は 10章からなるが、各々の役割に基づき分類すると四部に分かれる。各部では 

【第Ⅰ部 導入編】 DP とは何か？その生成機構は？（第 1章）、DPの移動と測定の記述のためになぜ QWが

必要か？（第２章）の疑問に答える。 

【第Ⅱ部 準備編】 QW モデルを定式化する（第 3章）。 

【第Ⅲ部 実践編】 物質の形状の特異点（第 4章）での、および物質の構造の特異点（第 5～7章）でのDP

の生成と移動を解析する。 



【第Ⅳ部 発展編】 自律性の考察のための解析を行う（第 8～10章）。 

第 1 章は大津元一、「ドレスト光子の深わかり」―異次元の光の科学と技術を味わう― アドスリー、（2022 年

6 月）の第 7 章を修正加筆して執筆している。第 2 章～第 10 章は当法人のホームページに掲載している Off-

shell Archive に掲載した原著論文、解説論文の preprint を素材とし、それを和訳したうえで適宜修正加筆して

執筆している。また、応用物理学会講演会でもこれらの内容を発表しているので、それらを巻末の「執筆の素材となっ

た文献」に示す。なお、Off-shell Archive の英文論文は論文集として別途出版する予定である。 

 DP およびオフシェル科学の理論研究は長きにわたり大津がお世話になる多くの優れた研究者の方々のご指導、ご

協力により推進された。次の方々に深くお礼申し上げます：小嶋泉氏（（一般社団法人）ドレスト光子研究起

点）、佐久間弘文氏（（一般社団法人）ドレスト光子研究起点）、西郷甲矢人氏（ZEN大学）、岡村和弥

氏（中部大学）、瀬川悦生氏（横浜国立大学）、齋藤正顕氏（工学院大学）、坂野斎氏（埼玉大学）、

三宮俊氏（（株）リコー）、結城謙太氏（Middenii） 

 

2025年 7月 

大津 元一 
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光電誘起ドーパントドリフト現象に基づくリライタブル偏光回転効果

Rewritable polarization rotation effect  
based on the photoelectrically-induced dopant drift phenomenon 

°杜昊澤 1*，⾨脇拓也 2，竪直也 1，興雄司 1，林健司 1，大津元一 3 
° Haoze Du1, Takuya Kadowaki2, Naoya Tate1, Yuji Oki1, Kenshi Hayashi1, Motoichi Ohtsu3  

1九州⼤学⼤学院システム情報科学府，2日亜化学工業株式会社，3ドレスト光子研究起点 
1Graduate School and Faculty of Information Science and Electrical Engineering, Kyushu University, 

2Nichia Co., 3Research Origin for Dressed Photon 
*duhaoze@laserlab.ed.kyushu-u.ac.jp

By applying annealing with an electric field applied simultaneously with laser irradiation to Al doped 
4H-SiC, polarization modulation is enhanced near the wavelength of the annealing light. The effect was 
experimentally demonstrated to be wavelength-dependent and rewritable. 

1．はじめに

一般的な磁気光学デバイスにおいては，偏光回転に際しての線形性・制御性・非相反性が特徴とされる

一方，回転量を増大させるには強い磁場または長い伝搬光路を必要とするため，デバイス全体としての消

費電力と光学損失に課題があるとされている．その一方で，Al イオンをドープした 4H-SiC 結晶に対し，

レーザー照射と電界印加の併用により内在するドーパント分布を調整することで，高透過率ながら，高い

Verdet 定数を実現した偏光回転デバイスの開発が報告されている 1)．また，このデバイスにおいては，偏光

回転効果の波長特性が加工時に用いたレーザー光の波長近傍でのみ顕著に増幅することがわかっている 2)．

今回，レーザー照射と電界印加の条件を調整することで当該偏光回転効果の波長特性を自在に書き換える

ことができることを実証したので，その内容について報告する．

2．実験・結果  

今回行った実験では，4H-SiC 結晶(Al イオン注入濃度: 1×1020 cm-3)に対し，まず波長 532 nm のレーザー

照射と 500 mA の定電流印加を 3 時間施した．Verdet 定数は磁場を印加した電磁石に対するクロスニコル

系における透過光を測定した結果を元に算出した．その結果，Verdet 定数の波長特性は初期状態(Fig.1(a))
から波長 510 nm 近傍で増幅が検出された(Fig.1(b))．続いて，レーザー照射を行わず 500 mA 定電流印加の

みを 12 時間施すと，初期状態へ同等の波長特性(Fig.1(c))へと変化した．さらに，波長 457 nm のレーザー

照射と 500mA の定電流印加を 0.5 時間施すと，波長 443 nm 近傍にて Verdet 定数の増幅を示した(Fig.1(d))． 

Fig. 1 Reset and rewrite of wavelength dependency of the Verdet constant, (a) the default property, (b) after the 1st 
processing with irradiation of λ=532 nm laser, (c) after the reset processing, and (d) after the 2nd annealing with 

irradiation of λ=457 nm laser. 
3．考察 

実験の結果，同一のデバイスで，ドーパントドリフトを促すレーザー光の波長に応じて，Verdet 定数の

増大が現れる波長帯が変化すること，さらには定電流のみの印加によりそれらの特性が消失することを実

証した．この結果は，光電誘起により変動するドーパント分布が制御可能であり，その結果として偏光回

転効果の波長特性の書き換えが可能であることを示している．発表では，レーザー光の条件に加えて，電

界条件を調整した場合の変化についてより詳細な検証結果を報告する．

本研究は科研費基盤 S (22H04952)，科研費挑戦的研究(萌芽) (25K22229)，光科学技術研究振興財団，JST
次世代研究者挑戦的研究プログラム(JPMJSP2136) の助成を受けたものです． 

参考文献
1) T. Kadowaki, et al. : Sci. Rep., 10 (2020) 12967.
2) H. Du, et al. : Opt. Lett., 50(19) (2025) 6237-6240.
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