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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), Atrtificial Intelligence
(Al) training, and similar technologies, are reserved.

https://doi.org/10.1364/0L.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 10? to 10® 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

0146-9592/25/000001-04 Journal © 2025 Optica Publishing Group

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 x 10* 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 300keV and a dose of 1.8 x
10'* atoms/cm? (corresponding to an injection concentration of
1.0 x 10'? atoms/cm?) 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 um 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 um, and its inner diameter
is 200 um, 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/ mmz), 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/mm?) 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 4x objective onto a pinhole (diameter 8 um). The laser
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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 x 1075)
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:

Vao = Vemrosin Oy (1)

Here, Vyq is the change in optical intensity caused by the
magneto-optical effect, Vpytg is the change in optical intensity
when the polarization is 90°, and 6, 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:

Vemr = Vmo + Vro- (2

Here, Vpyr is the change in optical intensity. Vg 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:

Vemrs = VPMTOSin291rot + Vro- (3)

Here, + denotes the direction of the current. If the angle A6 of
GTP2 was changed:

VPMTi = VPMTO Sin2 < + Hmt + A 0) + VTO . (4)

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

AVeyr = Vemr+ = Vemr- = Vemro $in 20, sin2A60.  (5)

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

1 -1 A VPMT
0[‘0[ 2 sin ( VPMTO Sln(ZAH) ' (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.
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Fig. 3. Rotated angle 0,,, of incident light due to the surface cur-
rent injection for 4, =635nm.

magnetic-field line integral [ B-d¢ rather than to a geomet-
ric thickness. The generated rotation angle was converted to a
magnitude S = 6., /B (rad/T) per unit magnetic field. The Verdet
constants v (rad/A) were derived as follows [30]:

oes().

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-d¢ = pl. This implies that
a current of 1 A corresponds to a magnetic-field line integral
of uq 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 x 107 (T) was used [30].

The magneto-optical effects of the device on incident light
of A;,=457, 532, and 635 nm wavelength and polarization di-
rections 6;,=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) x 10% rad/T - m and (2.27 + 0.03) x 10* 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 A;, =457nm and 532nm, 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) x 10*rad/T -m and (5.22 +0.05) x 10* rad/T - m before
and after annealing, respectively; at 532 nm, Verdet constants are
(2.08 +0.02) x 10* rad/T - m and (1.88 +0.03) x 10 rad/T - m,
respectively (error bars denote 95% confidence intervals), un-
like the pronounced variation observed at A;,=635nm. This
result revealed that the magneto-optical effect in Al-doped
4H-SiC is wavelength dependent; that is, the magneto-optical

(@)

@0

After annealing

/

Before annealing —— 9| wavelength of
0 . ‘ «——Annealing light
450 500 550 600 650

Wavelength of incident light A (nm)

V (x10*rad/T-m)
n w £ (9] (]

‘::>."-"","""-“

—_

5
. )\ =457 nm
4 A, =532 nm
. A, =635 nm
23

v
n

PoIarizgtior) of 0 0° 45° 90°
Annealing light Polarization of incident light 6,

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 4, 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 6;, of the incident light was modulated. The
results are compared in Fig. 4(b); the ratio of the Verdet constant
after annealing (v,¢,) to that before annealing (vy.f...) Was cal-
culated for different wavelengths and polarization directions of
incident light. For incident light at 1;, =635 nm, when the polar-
ization of the incident light 6;,(= 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 6;,(= 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 A;, and the polarization 6, 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
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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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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 U3, 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 . 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 > ¢1. 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 ¢ decreases with increasing p and y/J (the ratio between the DP hopping energy J

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

slope SQW of the curve for the QW process increases with increasing y /J, 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 y/J <1,

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 (NP and NP»)
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 (PL; and PL>). The temporal
behaviors of the light intensities PL1 and PL> 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 Ton - This decrease was due to the adiabatic

energy relaxation, which was fitted by the function y,, =exp(-/7,,) ofaquantum walk (QW) model.



[2] Subsequently, intensities decreased with a long time constant ¢, . This was due to non-adiabatic

energy relaxation, which was fitted by the function y, =exp(—t/z,,) 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 ¢,, =150 — 600 ps and 7,,=0.7 — 15 ns. The nutation cycle

was 7,=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 £ for the interpolation model is represented by the sum of those of the QW and
RW models (2% and £V, respectively):

L:(l—p)LQWerLRW, (1)

where p (0< p<1.0) 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, 2V is chosen with probability 1— p, while £%V is chosen with probability

p ateach time step, independently. As a result, one can evaluate the temporal behavior of the emitted

light intensity. The ratio y/J between the DP hopping energy J and DP-phonon coupling energy
x Wwas 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 y/J=1.0. The slopes S,, and Sy, 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 ¢ . In the time-span longer than { , the light intensity due to the non-

adiabatic relaxation surpasses that due to the adiabatic relaxation. This means that the nutation is



buried in the non-adiabatic energy relaxation, as was pointed out in [2] in Section 1. Thus, ¢

1S

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 ¢ is shorter than that in Fig. 1(b). The nutation can

be faintly seen in the early time-span shorter than ¢ .
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Fig. 1 Temporal variations of the emitted light intensities at y/.J =1.0.

Blue and red curves represent the intensities of PL; and PL,, respectively. £ is the crossover time.

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

at ,=0.15. SRW is the slope due to the non-adiabatic relaxation.  (c) The results at p, =1.0.
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Fig. 3 Temporal variations of the emitted light intensities at »/J =0.816.
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Figures 2 and 3 represent the results at y/J=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 ¢ decreases with increasing p and y/J . For practical

applications, it should be pointed out that a longer crossover time ¢ 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 S, increases with increasing pand y/J.
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(3) (Fig. 4(c)) The slope S, increases with increasing / J . 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 & 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 y/J>1 [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 y/J =10. It is easily found that the crossover time ¢ 1is 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 y/J > 1. Furthermore, it is found that the slope S, 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].
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Figure 5(b) represents the calculated results at y /J =0.1. 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 S,

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

does not efficiently couple with the DP when y/J < 1. 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 y/J <1 isadvantageous 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 ¢ decreased with increasing p and y/J. In contrast, the slope S, increased. The slope

S,

o Increased with increasing  y /J, 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 y/J <1, 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 NPg 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:
NP1s). 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.

1



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, n_ ,
was odd. Thus, even if some spokes were lost, the stationary values of the OSTR were kept equal to
that of n_ =5.

In the case where n_ 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 #n_ 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 NP;s and between the NPis and NPo. Small blue circles in the NPys and
NP, 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

2



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]:

B Yop+
l//t,(x,y) = pr_ s (1)

yPhonon t,(x,y)

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

the phonon. Its tempo-spatial behavior is derived by solving evolution equations for z/z,(x, ,y» In which

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

e, J yx
U=\J e x| (2)
X X &

Here, off-diagonal elementsJ and jy are the DP hopping energy and DP-phonon coupling energy,
respectively. Diagonal elements &, and &, 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

A

n

of arrows above. Figure 3 shows the absolute values

of the eigen-values plotted in descending

3



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 C,, the value C, 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.

1.0

Ay] 095

0.90 -

n

Fig. 3 The absolute values |ﬂn| 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.,), intra-NP transfer (1.; — 1.;), and local

transfer (1.1 — 1.;), which are represented by the red, blue, and green arrows, respectively.

( Ec) - The energy at the spectral center. sg_: The spectral width.

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

<EC> at the spectral center is calculated by taking an average of C,, with |/1n| used as a weighting

factor:
72

(Ec)=2

n=l1

ﬂ’n

72
C,/>.C, . 3)
n=1

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

SE. = J(EX)—(E.) . 4



3 The energy at the spectral center and the magnitude of fluctuations

The left, center, and right parts of Fig. 5 show the energies <EC >R , <EC >B , and <EC >G 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 ((E.) , (E.) ,and (E.) ) satisfy the inequalit
c/r c/s cla Y q Y

(B, (B, > (B, g
0.98 :
0.97 A&W/w
(E.)
0.96
y =
1 = = 5 =390 e =
6,21, 5,565 29. .. .46 14—14 65— 65

1_44> 1_1 6_6—> 6_5

Fig. 5 The energy at the spectral center.
<EC> , <EC> ,and <EC> are the average values for red (7 =1-20), blue (17 =21-27), and green ( n# =28-72) arrows.
R B G

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 w ,, and is expressed as

Vi = eXp(i(E/h)t)‘//o,(o,O)’ (0)
where E is the energy. Since the exponential function in this expression indicates that the speed of
the temporal variation of g;t’(x, ,, 1s proportional to E, the inequality of eq. (5) is transformed to

Sg > Sg > Sy, (7)
where s,, s5,and s, 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

5



connected (7, =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}.

In}
NP
)

Vs

Fig. 6 Blown-up QW models for nine arrangements.
(a)-(c) Arrangements {1}—{3}, for which the number of connected spokes, n is odd (=5,3,1).

is even (=4,4,2).

con ’

(d)-(f) Arrangements {4}—{6}, for which the number of connected spokes, n

con ?

(2)-(1) Arrangements {7}—1{9}, for which the number of connected spokes, n_ , iseven (=2,2,2).



Table 1 The numbers of arrows for arrangements {1}—{9}.

The number 7 of the connected spokes is odd for {1}—{3} and even for {4}—{9}.

Arrangement ... Number of Number of Number of Total number of
red arrows blue arrows green arrows 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 (E.) , (E) , and (E >G . It shows that the
inequality of eq. (5) for arrangement {1} holds also for arrangements {2}—{9}. Furthermore, it shows
that the averaged values (<EC >R , <EC >B , and <EC >G) are the smallest for arrangement {3}, in which

the n,, 1s the smallest (=1). In contrast, Fig. 7(b) shows that the calculated value of the average
SE_ of the standard deviation of eq. (4) is the largest for arrangement {3} (n_,=1).

con

0.97~
(Ec)
0.96 .
4 SE,. 0.03[
095I<EC>BII 002 T L 1L 1 1111
’ {1H{2} {3} {4} {5}{6} {7} {8} {9} ' {1}{2} {3} {4} {5}{6} {7} {8} {9}
Neon =5 31 442 222 Meon =5 3 1 4 42 22 2

(a) (b)
Figures 7 Calculated values for arrangements {1}—{9}.

(a) The value <EC>R, <Ec>a, and <EC>G.
(b) The average §E, 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 <EC >T that were derived by combining the

otal

values of <F?C>R, <EC>B’ and (E, >G. This figure indicates that the value <EC >T0ta1 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 <EC> that were plotted as a

Total

function of the total number of arrows, N, for arrangements {1}—{9}. By referring to eq. (6), the
linear relation between N and <EC >T0tal in this figure indicates that the transfer speed increases

with increasing N . Thus, in the case where the number of connected spokes is large (n,, =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 asmall n_, (n,, =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].

0.980 0.980
| | 1
0.970F 0.970 PO {r
(Ec>~ | _ (EC>T I - s 2 @
Tota 0960_ otal 0960_ {6} (}
- | | | | | | | | | 09507 L 1{3}1 1 l Y l 1
0.950 1y 12y (31 41 18 16} 17} (8) (9} : 20 50 60 70 80
Megn =5 3 1 4 4 22 2 2 N
(a) (b)

Fig. 8 Calculated values of the average <EC>

Total

(a) Horizontal axis: Arrangements {1}—{9} and the number of connected spokes, »_ .

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

8



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 (NPj) 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 7~ of connected spokes of the wheel is odd, the signal transfer route is a triply degenerate
bright walk. In the case where 7~ 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 #n_ . 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 NP; 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. NP;s 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. NPs and NPg are fixed on the rim and on a hub at the center of a wheel, respectively.
(b) A pentagonal arrangement of five NP;s and one NPo. Five NP;s 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 NP; 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 NP; and NPo are disconnected. This disconnection is experimentally plausible when the
optical properties of the relevant NP; are deteriorated or the separation between the NPy 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 n_ 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 n_, of connected spokes

a. The case of n =5

Figure 1(b) shows that five NP;s 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 N, 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,

3



the stationary value of curve 4 is the smallest.

Signal transfer rate

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 n =3

Figure 3 shows the arrangement for n__ =3 in which spokes 1 and 2 are disconnected. It also
shows that N, =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 (n__=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 n_ =5 and 3 are degenerate.
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Table 1 Stationary values of the ISFR and OFSR. The number n_ ~ of connected spokes is odd (=5,3, and 1).

n.. | The terminal ISFR OSFR
number of
disconnected
spokes
From From From From From
terminal 1 | terminal 2 | terminal 3 | terminal 4 | terminal 5
1| 5 |NA. 0.834 0.357 0.731 0.108 0.575 2.396
20 3 1,2 0.575 0.357 0.834 0.108 0.731 2.396
31 3 |13 0.357 0.834 0.731 0.108 0.575 2.396
41 3 |24 0.834 0.731 0.357 0.108 0.575 2.396
50 1 | 1,234 0.731 0.575 0.357 0.108 0.834 2.396
e
T 0
o
E (4)
£ : o
T e
5 o
w
Time (a.u.)
(a) (b)

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 n =1

Figure 5 shows the arrangement of » =1 in which only spoke 5 survives. Even so, this figure
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represents also N, =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 n_ =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. (n_, =5) and b. (n_, =3).

To summarize the results of a. — c. above, all the input signals transfer to the NPo through the bright

con

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.

]

o
(=)

—_
o

Signal transfer rate

BWN—-O

(=]

0 1 2
Time (a.u.)

(a) (b)

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 n_ of connected spokes

a. The case of n =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 N_ 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].

(b)

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) ( N, =2). Since the other three input signals transfer through the

Mode 2 (dark walk) ( &V,  =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) (N, =2), they generate the output
signal. Since the distance from IST 2 to the OST is shorter than egual-te that from IST 4 (Fig. 8(b)),
the ISFR from the former is larger. This distance-dependent feature is #rconsistent 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) (N, =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.

200
B
©
8 (1.9,
2 5‘/1 R g o)
g (1)1 M Q (4)
© 4 )
< M 8
3

Time (a.u.)

(a) (b)

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 7, of connected spokes are even (=4 and 2).

n.. | The terminal ISFR OSFR
number of
the disconnected
spokes
From From From From From
terminal 1 | terminal 2 | terminal 3 | terminal 4 | 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 | 1,23 1.000 1.000 1.000 0.000 1.000 1.000
4| 2 |135 1.000 0.260 0.034 1.000 1.000 1.706
5|1 2 |245 0.260 0.034 1.000 1.000 1.000 1.706




(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 N, 1s 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.

N
o

Signal transfer rate
>

(=]

Time (a.u.)
(a) (b)

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 n, , =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 N, 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 Model. 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 N, 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 N, is also 1 or 4. Their features are

equivalent to those of Fig. 11.

(b)

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
N, 1s 2 in this Mode 1, the OSFR is larger than that of (1) above ( &V, =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

11



disconnected and between which connected spokes 1 and 4 exist. The value of N, 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 N, 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 n_ and the value of N, for Mode 1 (bright walk).

i
o
|

Signal transfer rate
>

Time (a.u.)

(a) (b)

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 7, (=4 or 2) of connected spokes and the number NV, of the input signals

injected into the bright walk.

n, The terminal number of | N, N, | The terminal number of | V,,
disconnected spokes disconnected spokes
1|4 1 2 9 |2 4,5,1 1
214 3 2 10 | 2 51,2 1
3|4 5 2 1 |2 1,3,5 2
4|4 2 3 12 | 2 2,35 3
5|4 4 3 13 |2 1,2,4 2
6|2 1,2,3 1 14 | 2 24,5 2
712 2,3,4 4 15 |2 1,3,4 3
8|2 34,5 4 16 | 2 2,35 3

To summarize (1) and (2) above, the signal transfer routes are composed of bright and dark
12



walks when the value of n_, 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 n__ 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 n_ of connected spokes and the number
N,, ofthe input signals injected to the bright walk. The symbol n,  (=5-n__ ) on the horizontal axis

m con

represents the number of disconnected spokes. Figure 15(b) is the relation between N, and the
OSFR p_ that was derived from the QW theory [14]. This theory claims that the value of S_
increases with increasing N, , as is shown by Fig. 16. Figure 15(b) was derived by using the values

of N, inFig. 15(a)and the relation in Fig. 16. The values of S_ inFig. 15(b) agree with the values
of the OSFR in Tables 1 and 2.
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Nyis

(a) (b)

Fig. 15 Dependences of the numerically calculated values on n_ .
The symbol n,  (=5-n_, ) on the horizontal axis represents the number of disconnected spokes.
(a) The number N, of input signals injected inside the bright walk.
(b)The output signal flow rate /3, that was derived from the QW theory [14].
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Fig. 17 Dependences of the results of numerically calculated valueson n_ .

(a) and (b) are for tetrahedral and hexagonal arrangements, respectively.
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Figures 15(a) and (b) show that the values of N, and p_ vary periodically, and are due
to the following dependences (1) and (2) on n_ :
(1) In the case where the number n_, of connected spokes is odd, the signal transfer routes
correspond to the bright walk, and thus, N, =5 for the cases of n__ =1, 3, and 5. This means that the
bright walks are triply degenerate.

(2) In the case where the number n_ of connected spokes is even (=2 or 4), the number N, 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 NP; 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 n_, 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 n_ -independent feature is consistent with the results of preliminary numerical calculations

[8].

In the case where the number n_, 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 NP; 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
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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]Y.



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 NPsand NPr emit photoluminescences (PL; and PL,) that correspond to the output signals
1 (wavelength of 382 nm) and 2 (wavelength of 385 nm).
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DP transfer
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7
/ N
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PL,
Output signal 1
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(a) (b)

Fig. 1 A pair of NPs composed of small and large NPs (NPs and NPy).
(a) Experimental system. The exciton in NP 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 PL; (the output signal 1) and also creates a DP.
(Step 3) The created DP transfers to the NP 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 PL (the output signal 2).



As long as the incident light is applied, these five steps repeat, and the DP repeatedly transfers
between NPs and NPy 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 PL; and PL> 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 PL; and PL» fade away. This dissipation is composed of adiabatic
and non-adiabatic processes. The former is the process in which the exciton in NPs or NP 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 (PL>) is longer than that of the output signal
1 (PLi, 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, ag and a,, 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) (ocexp(-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
NPr) and backward path (from NPy to NPs) are different from each other.

DP transfer

) / g DP transfer
Input signal / o
" Backward _ Node 2 a
= Input signal o N
Backward
1=

Forward

Output signal 2

Qutput signal 1 Node 2
Output signal 2

(a) (b)
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 PL; and
PL> (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 exp(-z/7,,) (blue line) of the QW model, where 7, 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 exp(—,/t/z,,)

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

constant 7, islongerthan 7.
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Fig. 3 The measured temporal variations of the PL; and PL; intensities.

(a) For the short time-span of 0-4 ns. The blue and red lines represent exp(—t /7 ) and exp(—,/t/T 2)> 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—NP. distance (10 nm) and the transferred DP energy (1x 10 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:



(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 7 /3 behind that of the red curve. This is because the triple degeneracy caused a lag of one-third
of 7?. 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 NP.*).

Light intensity (a.u.)

0 200 400
Time (ps)

Fig. 4 Fourier components of the measured temporal variations of PL; and PLo.

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 NPy, the profiles of the two curves in Fig. 4 should be anti-
correlated, and thus, their phase difference should be as large as 7. However, the phase lag was found tobe 7 /3. 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 NPy but also between multiple NPis (or between multiple NPss).
Furthermore, since the number of NP.s was larger than the number of NPgs, 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 NPys is random, the anti-correlation characteristics did not clearly appear, and thus, the phase difference remained

assmallas 7/3.

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, NPy, and NPL) grown in a NaCl crystal are
used: A large NP (NPp) is surrounded by a large number of small NPs (NPs). Medium-sized NPs
(NPwm) are placed in the spaces between the NPss and the NPL.

This device uses DP transfers from the NPss to the NPy 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 NP, 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 NP. 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. (¢) Measured temporal variation of the emitted light
intensities. Curves A and B represent the intensities, emitted from NPys and NPy, respectively. The peaks at =0,

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

represent exp(—t / T,) and exp(—.[t/t ) respectively.

Figure 6(e) shows the measured relation between time (#) and the light intensity emitted
from the device when it was illuminated by a short optical pulse of 325 nm-wavelength at #=0. Curve
A is the intensity of the light emitted from the NPwms as a result of the DP transfer from the NPss to
the NPwms and subsequent energy dissipation of the excitons in the NPys. 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 ¢=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 z,, in exp(-t/z, ) (blue line) whose values are 150 ps and 410 ps for curves A and B,



respectively. The latter is the constant z,, in exp(—,/t/7,,)(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: z,, of 600 ps, z,, 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.
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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 NPy 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.



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).

Incident light
(340nm)
- — ] — >
Emitted light ) [Gz00) 2
n o
DP transfer w
(350nm) |b2n0> | |bDCM)
i Emitted light
(420nm) 1“2 PN 420nm)
e B lepcm?
lezno) Emitted light
(560nm)
Fig. 8 Electron energy levels of ZnO NP (left) and DCM NP (right).
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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

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

energy level |a,,,).

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

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

energy level |a,,,).



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

|b,0) and |d,, ) 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 |c,,,) 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 7, , 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 7, of the red zigzag line. Its value is nearly equal to 7,
of Fig. 9(a). The subsequent slow decrease is attributed to the non-adiabatic process, whose time

constant 7., 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 7, is equal to that of the red zigzag line. Since curves B and C
do not show rapid decreases with the time constant 7,,, they are represented only by the slowly

decreasing blue zigzag line in Fig. 9(b) with the long time constant 7., .

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 y,, = a,, exp(-t/z,,) based on
the QW model. Here, since this process is compatible with the QW model, the time constant 7., in

Section 2 is rewritten as 7, .

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

that is fitted by y,, =da,, exp(—/t/7,,) based on the RW model. Here, since this process is

compatible with the RW model, the time constant7,, in Section 2 is rewritten as 7, .
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Measured values of nutation cycle and time constants are summarized in Table 1. This table

indicates that the time constant 7, is shorter than 7, . Thatis, z,, /7., =6.7x 103- 0.58 and is
expressed as
Tow [Tow <1. (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 7, and 7., in Section 2 are rewritten as 7,y and Tgy, , respectively.

Nutation cycle” - -
7, Tow Trw
Section 2.2 50 ps
Section 2.3
Nano-optical condenser 155 ps 150 ps, 410 ps 700 ps
Optical buffer memory 600 ps 1,300 ps
Section 2.4 100-150 ps 100-150 ps 15 ns
lnaQW

lnaRW

Fig. 10 Temporal variations of egs. (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:
Yo =lny,, =lna,, —t/7,,, (2)

and

Yew =10y =Inapy, =t/ 74 3)
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Due to the small value of 7, / T,y » the slope of the blue line (Y, ) in this figure is steeper than

that of the red curve (Y, ). The value of a,, is assumed to be smaller than that of a,,

(@gy / ayy <1) 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 ¥, (blue line) is larger than that of Y,, (red curve). However, after
that, this feature is obscured by the RW feature (red curve) due to the rapid decreases of Y, . The

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

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

applications®, a sufficiently long crossing time 7, is required to ensure a time during which the QW
features can be clearly observed. To meet this requirement, the values of a,, /a,, and 7y, / Tew

must be adjusted in an appropriate manner. It should be noted that the values of a,, and 7,

depend on the device temperature T (they are proportional to 7 and T, respectively).

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

RW /aQW

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 y,, and y,, should be

revised to

y'QW = (1 - 5) Aoy exp(—t/ TQW) (4)
and

Vi =@ +agy )exp(—ft /7, ). (5)

respectively, by referring to this conversion. Here, ¢ (<<1)is the conversion rate. In order to maintain

12



the long time ¢_, the value of ¢ 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 «,, of the dispersion constant x for maximizing the output signal, as is shown

by Fig. 11.

Output signal intensity

1.0

Fig. 11 Relation between the dissipation constant x 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 Forster
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].

.

< qﬁ::%fﬁ “ 1 B80O
r

2nm m

...
Sunlight

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 NP 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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Preface

Dressed photon (DP) is a quantum field that mediates the interaction between
nanometer-sized particles (NPs). It localizes at an NP and its size is much smaller
than the wavelength of a propagating light (a free photon). That is, DP is not an entity
directly observed by conventional methods in optics and it should not be confused
with a special type of linear evanescent light field, because, through previousresearch
onoptical near field, it has been found that DP is generated by nonlinear field interac-
tions between matter and incident light field, for which quantum off-shell momentum
field plays an important role. DP has unique features that are complimentary to those
of the free photon (on-shell field), and a variety of novel phenomena originate from
DP. Since they are analogous to some physical, chemical, and biological phenomena,
we conjecture that those similarities are the manifestation of underlying mathematical
universality represented by nonlinear off-shell field interactions.

By the authors” previous publications, the results of experimental studies and their
application to innovative technologies have been reviewed. Although some theories
were also introduced, they were prototypes built by modifying conventional on-shell
scientific theories. Even though this introduction seemed to be successful in analyzing
some experimental results, the problem was that these theories did not deal with the
concept of “field interaction” mentioned above in a satisfactory fashion.

However, in the last few years, theoretical studies on off-shell science have rapidly
progressed to solve this problem. Based on this progress, this book reviews the
theories of DP creation and relevant phenomena. The first half of this book introduces
the results of experimental studies, application technologies, prototype theories, and
their problems: Chap. 1 presents fifteen novel phenomena originating from DP and
reviews the history of DP studies. Chapter 2 demonstrates application technologies
based on unique features of DP. These technologies are complimentary to those of
the conventional ones. Chapter 3 reviews the experimental grounds of the unique
phenomena of DP energy transfer. Numerical simulation is also reviewed that was
carried out by prototype methods modifying on-shell scientific approaches, and their
problems are pointed out. Chapter 4 describes numerical simulation based on a
quantum walk model that was developed to solve these problems.



vi Preface

The second half of this book deals with the recent theoretical progress on off-
shell field study focusing on DP dynamics. In the first half of this Preface, we have
emphasized the important role played by nonlinear field interactions between matter
and light fields in DP dynamics. As Einstein’s theories of special and general relativity
clearly show, light field as free electromagnetic one is closely related to what we call
“physical space-time”. From such a viewpoint, “matter and light field” interactions
may be formally regarded as “matter and physical space-time” interactions just like
matter and gravitational field interactions. As we know, the notions of space and
time were originally introduced into a given physical system under consideration as
purely mathematical quantities called coordinates. Although the above-mentioned
Einstein’s theory had revolutionized the situation, we can safely say that the present
status of “physical space-time” is not complete, as is typically shown by the presence
of cosmological term Ag,,, in Einstein’s field equation. Occasionally as has been
ridiculed by the term Efnstein’s moliusk, melric tensor g, itself is not a physical
guantity.

The most important aspect of our accomplishment we are going to explain in the
second half is that we have succeeded in formulating a complete theory on “physical
space-time” which covers not only timelike but also spacelike components of it
by utilizing Greenberg-Robinson theorem in the axiomatic quantum field theory.
Presumably, we can say that the problems of the unification of four forces, dark
energy, and dark matter stand as big three enigmas in the contemporary theoretical
physics. We believe that the reason why we cannot understand dark energy and matter
is because we do not have a relevant theory on “physical space-time”.

The second half starts from Chap. 3, which gives introductory remarks on the
following Chaps. 6-10. Since the knowledge on Hamiltonian structure of the classical
physics plays a quite important role in formulating our notion of “physical space-
time”, Chap. 6 is reserved for the explanation of it. Tn Chap. 7, we discuss several
cutting-edge topics including dark energy, which are related to the spacelike part of
“physical space-time”. By combining the notions of conformal gravity and of the
timelike part of “physical space-time”, we are going to solve the mystery of dark
matter in Chap. 8. The noticeable advantage of our new form of conformal gravity
is the fact that it naturally bears the characteristics of spin-network as well as an
entropy field different from the one in thermodynamics.

Based on the important outcomes explained in Chaps. 7 and 8, we will discuss
novel cosmology in Chap. 9, and in the final Chap. 10, we will touch on a certain
aspect of hierarchy problem in elementary particle physics relating to the unification
of four forces, together with a couple of intriguing implications noticed on the relation
between our novel cosmology and remarkable predictions of superstring theory made
by Witten and Maldacena.



Preface vii

The first half was mainly written by M. O, the first author. The second half was
mainly by H. S. However, they completed the manuscript in close cooperation with
one another. The authors hope that this article will stimulate readers to gain an interest
in off-shell science and to expand the routes available for reaching new studies of
modern science.

Yokohama, Japan Motoichi Ohtsu
Hirofumi Sakuma
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Rewritable polarization rotation effect
based on the photoelectrically-induced dopant drift phenomenon

ORLSEEE Uk, PAfGAA 2, EXECH ! BUKER] Y, ARfEW] !, ORET— 3
° Haoze Du', Takuya Kadowaki?, Naoya Tate', Yuji Oki', Kenshi Hayashi', Motoichi Ohtsu®

'TUNKREZER SRS A7 MERBFER, 2 BHEfb I3RS, ° RV X M Fargii s
!Graduate School and Faculty of Information Science and Electrical Engineering, Kyushu University,
Nichia Co., *Research 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. [ZL®IZ

— BRI T A AT TE, WYEEERICES U C ORI - SN - FERRIENF E S d
—F, BEREAHEKIEDITIREG IR VB 2 LB L T5720, T3 A2RE L TOMHE
BENECFHERITHEN LD L ENTWS., FO—T, AlA4F % F—7 L7 4H-SiC fEduilaxt L,
L— P —BRE EERENOIC L VNET D R—_0 bz ifiE+ 25 2 & T, @miBRRLns, @
Verdet 5% SZHL L 72 ARNEHET A ADBRFENHE I TWD D, £z, ZOT /31 A28V, W
[FIHRZN R DB R ARFED I TRAICH W2 b — P — KO R COABEEITHET 5 Z E B3 bhoTnd 2.
Alal, L—H—ME & BRENOSRM 2059 5 2 & TR RO B2 AfEICEE#Z 5
TEMTEDLZEREINFLIEZDT, ZONFIZTOWTEHRET .
2. B - R

AT - T FEBRTIE, 4H-SiC Kifh(Al A A AEARE: 1 X10° em?®) 2k L, 9K 532nm O L—H—
& & 500 mA OEEFRAINZ 3 B L7-. Verdet BT ZHIN L7 EMAICTTH 7 aA=al
RICBIT2EENZHE LR A2 TTICE I L2, T OfE%, Verdet X DI EFE I 01 IR BE(Fig. 1(a))
B R 510 nm JTEF THIE SRR H S 72 (Fig 1(b)). e\ T, L—HF—MRE %2177 500 mA EEFRENO
FrZe 12 W3 &, WIHDIRRE RO EREFig 1)~ Bb Lz, &5IZ, HE 457 nm O L —H—

BRI & 500mA O EBEFEEINNZ 0.5 R d~ &, K 443 nm JT6512 T Verdet TEH D HENE % 7~ L 7= (Fig.1(d)).
(@) (b) () (d)

50 50 50 50
- — —— - — Annealing
2 9?0,40 2 °:°,40 Annealing S &\0,40 S &\°,40 \ wavelength
E g 30 g E 30 wavelength «5 g 30 45 g 30
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s c20 820 cc20 cc20
_§810 _§%10 §%10. % _?;3%10 .

o <] 2 . o 2
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Fig. 1 Reset and rewrite of wavelength dependency of the Verdet constant, (a) the default property, (b) after the 1*
processing with irradiation of A=532 nm laser, (c) after the reset processing, and (d) after the 2" annealing with
irradiation of A=457 nm laser.
3. BE

FBROFER, [F—DT /A AT, R—=_VFRU 7 F2ET L= =DM EIZIEC T, Verdet 5D
RPN D WERPEALTDHZ L, SHIKEFEEBROADEHINIL Y ZN 0 ORMENHEATHZ L 2%
FAEL7Z. T ORERIL, EFBEICEIVEETD F— 30 MR HIBEITTRE TH Y, T OREE & L TR
RO ERMEOEERINARETH L Z L AR LTS, BETIE, L=V —oFMbioma<, &
RN 2 H#E LI 5 B OBAIZHOWT X 0 25 s R 2 s 5.

AWFFEIIRHIE B S (22H04952), BHFEPRERAOAFZT( 2F) (25K22229), YeRtE i e BAF [, JST
AR FEE AR ZE 7 1 75 L (JPMISP2136) OB A 5% 1) 7= 6 DT .

SE X
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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What Causal Laws does the Internal Electromagnetic Field Follow?
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I 70D RT IFROBIHERIENS ] WS EEORBEPENZDON?[1] Zikiw L 72
W, ZOEMIZEFEMIFZOMEMABD 2 REltd % 2 DD HIEDOHE,N S5 E U

(a) THOIZY 7 AT )V RRERE RS EER T Vv V2 b U721, BT 0% m#{bd 3,

(b) TBDIINA X ROV T FRBRERZBNTCEFOL 2R/, RIZERART VY v L% HiE L
35, 22T, BEr0HOREIZIEZREZRDSL Z LIZHINT 5.

(a) DIEFAMED DIGEL D BRY)IDOBEFET, NEBMEG THDE AN T —KT V¥ ¥ T DV THEE N
KT 52 L CEMBEMMEIER ; 7—v U HEFERAE 5. Z OBMAEE M E/EHOR S
1% 2 AT OB E M OBEM OB IGI L, REENZR < 2 OREDRD O O RBEEICRE
b, FUBEY TEABITONZ MVET Y v)L (B VP) IZDWTRWTHET 5 &,
MEERAEMMEEER L 720, ZOBAKIXEE HREROBEE S — Ve L) — B

DL 725, ZOEAEETE, B VP OREM - ZEHOERELLPFRUARANICH S (IR
ThHd) LVWHRGEEZMHE-TED, NEVPZFL-TWVEI LIZR5. ZORREEE OREHIC
DI,

@IZDOVWTEeDsL, MVADERABOTONEEBRKRT Yy Ve AU o I)VRER%Z
flio THEL CTHEEMEEFMEEFER, MEREEMHEBEFERIZENT, ZOBIKIER RS
CHR BB L TN RIS B,

—H, ) DFFHEETNA LNV T AL 0 EZR (REEE) 2kop L &, @E, fiz
Hlidv 7 nttROHERBRPOHRE L NEFEORNREMR) 2I70oMFUSEHETS. 22i1I2H
WT, (a) DEBGOHENE (b) DBF-DHOHRNMZHEELD 5 &S5 1B bhsd., ZOFKEKETIIU
TOMEMZERL S ¢

o FEMMEIMRICE W T ORMABEZ R T DB, HFEMWITITBEH ORRA, MREHE, £z
ZNODRGINHRBRINETHL L.

o NRMACHBEBRTHLEMNHD L, WEDKRELZZE U A1 7 —HREADOM ; #E - JE
MIERZ 3R DB R & BEAE.

o T, BZE (MKHENRN) o HMRENHEEZ D NS, TOGE, BEZRIZEEL
7R RE DI R DKM IR 125D D2 7

o WIEEWIZIZN T 25 I 7 nReE 2Rl § 2 RZRIZERINDNSHIG U TR |
2 ? RN SHET LI L IETELN?

i

KTt — LD EEI NS R LA FETFHEE S (RODreP) TOIREED A U N—D 2 ITBE N LT, 2 DL
DO—IPIE R VA NP S S DEEZITTOET.
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N, KRESOREFELEZZ74 b7V —=F 1 >»2 (PB) [1] 1XEEERE. MEHERM 2D
MR S ERIRFN T N AER R FREICT 2 ik Th 5. FNPREEARDLZDIE T At
DRINEPEETH Y, WHATOWEDNY KX vy TEIRTIER L, EHAOFMIXAMEHETH 5.
PB TERL S 72 T N1 ZITEIRFEZ T T, BERBEIEFRIE [2] XM [3] 2 FB L,
HFT x ) v OEE [4] DFEBRNGHLYH 5. BROMI & 74/ VOBEEEIRELRae—-—L b
EORERDEMAEZ, MAWBHRIINAERZ MUVET VY YL (N1EVP) OB Z2RIEBT 5.

AHFRIIZE 1L PB TER S N2 TN ADOEEFEHOERTH 5. Hilnl [5], EFREN—F) —
74w 7 (HF) iEfl%E LT, EMNGRRITEIET 2 VP OIERERIRIT X 5 HFI0E DR D
A EHIE U RIER D o2, ShiE, 51 TOKTIRE (TO 74 / V) IZfIRiS % VP DR
2L ; BEEIHIZ X 2 HFHUEOZER & U CENBGIR - IREMEFAR 2R L, EEEBEY
BIKDFREEDEL, T4/ v EDLEMEEHAEZHL 5.

PB 7 /N1 AQEERBIZEERED SV E I N, BTERIZOEARS OEMIEIC X
BEGEALD BT TH D, YIERABELLE BERMED @\ ¥V OV TR TUL N OBELD 2 B
(1) K% - IR % 2 fEFRE D DB AR T > > v Iz & B PEEMS & LToT £ v~V ST
RBTORTRDD. ZNIF4CFEERBELHR, 77—V 7)) —DEMKRT VI v IVEHFREE
U, BREAA, 77— I REMREGET 5. (2) EWEGH R Z WNIE VP 2 58N S HESIC X S
HE §5EDZEK & L TEET 5. Q) BUART VY v IV GRS ROLEHEZEATSZ L2 &
D IERRIEILE DRIV RPN Z FTREIZ U, FEAEXTGRRICEET 2 EMEE L VP O 2 IROFEE
(2) DIEWEGHR & & £ IR EERE I AL, (4) FERIX E T (3) DIEMAIERIE )
REEZEET S, TOB, BFROME - BRI OEE 7O ZERIZHIE U WK %2 8 A LRSI TS
WS, (5) AR (L RS NZEREREE) L BET LN FEMEEMRT VY v
WVDHRMED /AT A —ZFEFITE D DL B, (6) I UL WETRETHAHMEZ & v, (FHBED % mo#
U, Bl U2 BREEHETORMBARY ML FNEOIREE, SR L 591 KA
VREEHETS.

i

KR EREEINDS N A NEFAHZER A (RODreP) TOMNEERD A 2V N—D 2 ZE#E N U ET. Z O
D—WIXF VA PRTFHEER» S DB EZITTVET.

B2 30

[1] T. Kawazoe and M. A. Mueed and M. Ohtsu, Appl. Phys. B, 104 p.747-754(2011); M. A. Tran, T. Kawazoe, and M .
Ohtsu. Appl. Phys. A, 115 p.105-111(2014); M. Ohtsu, "Silicon Light-Emitting Diodes and Lasers” (Springer International
Publishing, Swit- sland, 2016).

[2] N. Tate, T. Kawazoe, W. Nomura, and M. Ohtsu, Scientific Reports § p.12762-1-7 (2015); M. Ohtsu,

[31 P R, JIE 8, K Jo—, 7% MEZ, i Z&, TRV A METIZL2FEREZRMAL72EE 1.3~1.9 © m &
DIFWEI Si ZHFBT, ISHAYBZE S 2021 EFHIEAMEETZ, 17p-214-8.

[4] N. Wada, M. A. Tran, T Kawazoe, M. Ohtsu, Appl Phys A115 p.113-118(2014).
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FL R FHT (BUFDP) 1. b L=
BR ECHER IS CRIBAD) K72 55T.
MYNZEFEGCF DB T 2 DM G &
. 20 i DEKD S 21 HELOWITEHIZB W T
JIGHZED R E CHER L, 20k, BERTD
5 St B TGRS D & Hr iz A PR A AR
DIRAPHE D, BELCE->TWD, AFE
X, ZOFHEROME L HKESTFICBI 5K
REHRICHATL2HDTH %,

YIrEYIEIc BV TR, Z D Bohr %53 10nm
BETHZ L) MEh 2 EFiEFL
DEBELRBEZRI-T 20 FHHEIE, HIZIR,
B IELRNS O ofER” © b1
DEMREZRT VO IERMICEIT I ATY
%, DP O#FHEEC XAUX, DP DK E X3&
FEINTOT, ZORKMEK, KHE[1] D5
BRI ZAUX (40 ~ 50nm FREETH B, T
DP 233 BTN 1 ¥ [k 7 R 72
BEZHSELZRELTVWEHDTH 5,

FHERRORBIE, TNFETOREKTHEDIK
LA L TR, /NEDI /v - v nm
RO (MMD)[2], BRSO
#5T® % Greenberg-Robinson /EM, & UFH
A U “GRIR DD [3] DIFEAZEME
DD ©E DI 2 MFRZER [4] DHIBLE WS
BEOHERE R O, WENRZEDRIF -
FRIHES, =T 23 VX -85, B—r~<
& —35 % Of DP 5 Z i 45 HICHIA S 2 2 v S
HDTH D, FHZ DP BT OWT—S T
z25% ., BEHbEiz DP DR AEIX. MMD
HIE D e S B FIIREER & 7 BV RIS 2 R
W57 HfES % Heisenberg cut 5.2 TW\W5 & [H
R, 2hud. ERES L EGDRRICE S
T 5w IR & d LAY REIE e O BRI
FEABbIEDRIN S,

DP OEZEME L WHHIZE L T, AFHROD
AR T TR+ Z2HNcZET 720, %
ATEERZFFOET L hole ¥ L TIEEM &

RitEhsEfLed ) E LTOFETD
%, DP O TIZ. DP DIAKR O T
TEFR SN DB (2k0) ZFHNVTEAZINS (+)
timelike N2 CX (-) spacelike Klein Gordon /727

[V'V, + (ko0)*1p = O (1)

TR E 2 “DODGOFENEZEITRD., Z
DI HEFIC LT DO DORFZEHE [+, -] D3
V=7 Y (H) MEPENNS,

T DIEDIGH D DIRFZEFEIR DR FUTTHE
T 5k, EIMEEAERICHBES 2 8RS
TV AL Y ETE 2 Z2HFD “gauge graviton”
(gg) WXIBT AFEDFET VDT TEFRA]
RETH 5, FHICEERAIX, gg 3 =DK%
T [+] & [[] L OMHBEAEHICBEETE 3BT
ERINTVWEIEWVWSIHEHTH S, ZOHEII.,
ZICHIRINTIE D 203, IEEDBERD “4f
G LTERINS kT oG
BT 2RHEEF-TVW2EE X X5, VY
BT BT 3 i T OEE IO WT B fil
N7z, BTGB 5 o ORFZEER
[+] & [-] £ OMHEMERIE. RHEmYE 5
FMIZ B % Greenberg-Robinson (GR) EH [2]
WEDIESRLINTVWEDTH B, D
R OBANMRED &2, WEOZETIX
BREBALNDEHD R EZ %, DPII%E
73 nanophotonics %t 2 T, ARV
PO EE I L TR, Zud. GR
EFDR S NE 2 BRI G ©
DB CTRIENTEEVWHIHETIERVD L,
O RIE L TV 5,

SE R

[1]H. Sakuma et al. Symmetry 2020, 12(8), 1244.
2] 225k E 28T, REyT—. /MR
R (RE) JIEEE. 2020,

[3] R. Penrose, Proceeding of EPAC, 2006.

[4] S. Helgason, Differential Geometry, Lie Groups,

and symmetric spaces, 1978, Acad. Press,
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"Bty 2id. BHECBWGLHFEAWoN S (HiERER LRV HETH 20, fHifICE
21, TRE) WOWVWTERIN TV S XS REMRE TB) (BXUOZ0EXO—M) ik
THIEEWVWI, BiX, MR XEN2dDbe 2ok XiZnsdDbr0k5
VAT ALTHoT, W O»DORMEAZTHIDTH L0, EEINCIE [(BEEMAEA]T) A
BERRIEBFED 2K LS5 RDBDEES ¥ v, 22T, MR MEES w5 kst (T
b LBRWE) XN, FOERAREEOHWFE L WS BEELRKETR-TH00, EAR
DERZL L A—ROFNESN S, BERINR MNEENOLN S 28 (HEEE) EZ25ZL
NTEZDT, BEREGORELTH2 Wi D, Blbrid, ZORKREICOVWTERSN
TR T — OB OWTERDODH 2 KO WHIRL LS E WS EHARDTH %,

ST, U RBEEEOFETH 20, FEZORFEMOICHYHER TOMEICEWTED EiFk
TRTOZ e, —FBTVRRX A7 2B A VY 2 AR 2DOBILTH 2 tEedHNd
DTH 5%, BHRINCIE, [2,3] W HE D= BFHr Z20REE TR sEEr b OB Lo
BB ZD LK L LTERTAIICLD., BEMEE L TOMMNERNIES & IEnT R
gL L TOR FmliIEr BEFICRETE 2 2 2R L., REWE S EN E 5
B DORITT B 7 FTu—F ¢ OMEHIBERICOVWTHH Lz ERINOZEEZTAH Y
W7z VOREREL, F2Er T(HEoToh) S s LTtk TE) —&
DEACV R TR WEREZ R ORRNE) Bl— LTHETZ A, FLA MEF
R[] WCHia T 24 7S 2 VRPAIZE o TIRVDINTH 2 WS BRI R L7z, 51T, 2025
EHEOHBHICBOVLTIZ, 20 THEWNE)] & LTYHEPHICEDI SRS DEEZEZ ZXRENDHS
2 L7z,

AREHICBOWTIE, ZNFETOA 7> 2 VEFORBICET 2055 % TBI{L) WS BlRL»S
FrOHIT. (F 7 2 ARPEL A 1IZOWTDOU e 2DEE R 2, 5HBOA 7 2 LRI
DHERD AR EE LW,

BE 3R
[1] M. Ohtsu: Dressed Photons (Springer, Berlin Heidelberg 2014)

[2] Saigo, H. Category Algebras and States on Categories. Symmetry 2021, 13 7, 1172.
https://doi.org/10.3390/sym13071172

[3] Saigo, H. Quantum Fields as Category Algebras. Symmetry 2021, 13 9, 1727.
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AFETIE, A—7 O & FHEHEGROMHEANDOEBIZ DWW TBHIN R8N0 6 5
2175, FHC, AiEOFE (K 72 FIEZFAMGEEHS 16p-K508-4) DI & D BAMEIC 2 5 72 /U
DVWTEH LTS %o

A—7 OE##Y%EREE (complementarity principle) [1] 1%, FHER RN R ST EHFEDD
DL OZeTHY, T = eFEER—-Ir5R5

SthN—t PFERTH 28 RIS 2 EBERO B LCHIHICET 2 THlty) 280720
IR 670, MAT, RV FEOMAZWD R TR 500,

BAN—F W= FEREHEL LT, BFHREE, B3 EBRFHEHEOHMEEGE D> T
BHROPEPHWICHWEIWNRDZ L TH S, FZ, WRORZE WL, ZOHROFE
TR 3 HIEEE L OHELERH OBRE R D BEIARARETH 2,

AR— 713 1920 FFRBLFITHMFAMEFREZIRIBL, 74 ¥ a4 e OmFOFRTHRMRL TV o7z
BEND 20, 1EL SWEHOBETIR—7DFREI—EL TV,

T O ST S— b 2ERE = D DICBHENRAEZ O L 2R T, ZDDICHE
ek, RENEFHROVHEAL, EFA YA MILAY McES L &7 HEM [2, 3] MG T
%, fra— MIBTHRONEN 7 7o —F e BAENTH D, RENETiRmOBERI BRI RE
EMIBT %, —HOIH = FTRE, RBWEFRZIMEE LT, EFA YA MUY I 2dE
WT &7 BWERSIND,

REMIBE TR, B2 B (750D LI H =208 A - A* 23 ORED) X DH
CHATTEZYHELY U, X FOMRENER w: X > C e LTIREZED, ThbiEISVWTE
FRELDBTI2HRRTH 2, £/, BFUEHROT MR TH LR T A VA XY MIYHE
N RIIRTRERBIE IS LTE D, HEEBOH DR THRI B L CHENIEE 2RO
RBEETRT 27DV LN S,

REET R RBEDL SO LERY Ve 70U 7 b IS X D BRI N TFEAREENRE (beable subal-
gebra) [4]1%, FETIHERMICBNTELZ D OVHEBEOEE DICHNIGT 5, F#HEHE XEERTHE
BREZETFA VA IR Y P EHVWIIRMICEREZHBL, 74 Y a XA e R—=7 D4
TOMRZ IS 5,

SE Xk

[1] 1A FRE AR, T=— R - R—7 3w 1 KRN e s , CailEIE, 1999)
[2] M. Ozawa, J. Math. Phys. 25 (1984), 79-87.
[3] K. Okamura and M. Ozawa, J. Math. Phys. 57 (2016), 0152009.

[4] H. Halvorson and R. Clifton, Int. J. Theor. Phys. 38 (1999), 2441-2484.

© 2025%F SAYEFER 03-521 3.11



10p-N204-6 HEOLIS AL AKELIHASL WETFHE (2025 BIHAS KAF /SR 8451V

IFAIKREDEF T +—7 DRENBIEK
The wave function of a quantum walk on the regular tree
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FL A MET (DP) Z#AT 2E7 12 LT, KB [3] 12X > T3IREBDOETF YV +—2 (QW)
ETN (FLRAMNTFOETYVA—7FETN) PREEIN, ZDZEFOLUER D 2 AR 72 T
BEDSLNT VS [4]. B#HT 2 1 XT3 REBOR TV +— 27T LD L LT [6] 23D 5. AN
eI, WEED R 7] 12htW\WT, 75 7 LomFv+r—2 25 . BHENIZIE, 7597 G = (V,E)
DBHEITHZ A 5 %, RREITHZ Ut) =42 v L, UIHIRER w(0) e C(V) 2T 5
E Rt > 01281 B IRED

W(t) = U(t)¥(0)
WKLo TED SN EGREE TV 4 — 7 ICOVWTERTS. ZOXIRBETFVA—FETIUCD
WTOSATIIEL LT, 75 7 GV RTHET Z, ¥4 7025 7 O, EAIKR Ty DHZEIOW
T, 21 REDdH 5. FHL IR, (2], 5], [8] F2BEDZ v, ABIZETIE, IEHIKRDREFRET
FI DAY 72 8T K 2 BRI R Z T, IRBIRIEL, BEATY, B 2 Rk o S 1D
WTERTS.

BEE OO —ERE R L R MAETIHREROZREZITITOET.
BE R

[1] C. Godsil and H. Zhan, Hanmeng Discrete quantum walks on graphs and digraphs, London Math.
Soc. Lecture Note Ser., 484 Cambridge University Press, Cambridge, 2023, xii+138 pp.

(2] SEFACHE, T o+ — 2 OROH, FEERIE, 2008,

[3] M. Ohtsu, A Quantum Walk Model for Describing the Energy Transfer of a Dressed Photon, Preprint,
2021, Offshell: 10.14939/2109R.001.v1.

[4] KETT—, BIIPBAE, K, BTV A —2FET VML RLRAMEFZRAIAF—BEHODS I 21—
¥a v, 2022 5 83 LAY E R AMEREH S (GREHES 22a-A101-6).

[5] R. Portugal, Quantum walks and search algorithms, Quantum Sci. Technol., Springer, New York,
2013, xii4-222 pp.

[6] BHEIEEH, FL A METORT Y+ —2ZFF0: 1 ZItDBHE, 2022 E4 83 [t AP BE 2244
A (FEEHES 22a-A101-4).
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Quantum walks and edge coloring of graphs by rotation
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[(IBLBHIC] =X F—DERMREETV + — 27 OUEEIIIBEMES B2 E A Tw 5 (1], [2]. AL
TRETV+—27OPEE L, 77 7 DURODOMEDEFRZERS. 77 7 OUEEGHEEZEZ 212D,
D—7—>aYEH02008EMTH 5. FRC 3 EHIZ T 71280, oA KEAE D Ou—7—
T a v ORICERBMNENET 5. Z07H5ENE, @R 3 IEHIZ 2 7 LT HEREZDOHA 717
77 C, 2 20lEL, 20 ZhoMET 2THAEZ | AOLTHRZ L THEONS ST 7, R, EEEDONGR
E35 (X1, E5I,R, ICHL TR I 26KI3ITRT &5 B BEZITW, Bl THEALA TV RRFEET

ERT D
n=3,5=0 n=5,5s=2 o
1: 7’2 7 R, 2: A DR 3. F— L DR
[I’f*%] R, %ﬂiﬁkc:@&)ﬂfuﬁ &, AN E &:fﬁh%ﬂﬁﬁ @HI&:BH AREEFEY DR —F—> a3 >D

WL R, DEOARETHE Iy, nk s U ROERRZHAT I EIXFEETH S @ n=2s(mod 3)

X912, (n,s) PIRFENEEF YV 4+ — 70)9%@575)@56;&6736;4: %?*Ekiié WMol 2T
PRIE T E FIRAE Woo ISR, € = = zaeG Pola))? T 5.

2. a>0,w=12RET DL, a?‘?ﬁ — 7 OPEE OHIFEIZI RO L 512k 5.

26; Z',f (z(n + )1—23 +20n - s)i :zz;) - 3112; ; (13_‘1a++ (n1 - 2;12) n=1ln—s=l(mod?2)
2+ b 1+ @m9 1+a™* 2a [ sa"**

R M=l oo e
e (2(11 + s)1 previas 2(2n — )1 — a2(2n—s)) s ( = ) :n=0,n-s = 1(mod 2)
26:|l|7l|]f (2(n + s)i J_ra:: +2(2n - s)%z:) :n=0,n—-s= 0(mod 2)

[SBROBE] 1 il 2 ZHAGOE T, R, OEAFREEE&T Y+ — 27 OPEEICE S 5, K DA
7 BIfRMEZ A3 C e AR T & 5.
(&3]

[1] M. Naruse et al., Nano Communication Networks 2 189-195 (2011).

[2] M. Ontsu et al., Off -shell archive: 23040.001.v1 (2023).

[3] Yu. Higuchi and E. Segawa, arXiv:2501.06765 (2025).
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Scattering of Quantum Walk in Blowup Graph
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(IZL®IZ] AB10B 28TV +—2 2 RLA MK
F DI F —EEME Y ORI I TV S,
n—7—yalfN&7I7 7 LOBRTV+—21EZ0Y)
HIRROFIEET L LTOIEAPFTE 3. [1,2]
O—75—a &S 710 L TR & MERETE
EHELTz. BF#KEO7 7 7OESICETaL Y L
T2x2D2=ZXVITHIC2E DY TS Z 2T, HA
W=V RIGHEREZHBR T2 2N TES. Z
DIZ 7DD AT %5 2 2R X tail
PEATS. 797 0d3 uil ot hzEis7-9
2, ZHAD tail 2 5HREN 1 DA EE5EZ 5
BEZS. 2Ot ZORLERKTOHT), 2O
BFERTL. 520N EEH N THAPKEL &
572 7ML,

—0O

X 1: BRET: BRIERD X5 BRERTH 3
JHRvEvICENT AU TE A RESE T

3. BEWZEARLED—T—> a YIiE-TH
MATHERT 5. D77 7 OBERGRI RIS
£ 5 WCIHR 2 XA L THEA

[53E] JeATHIZE [3] 12 & » TERELTHI S O B4R 72
KERPEZLNTWS. SEr—T—Yayff&s
7 7 OB EIRAIE S 2175 TH D, BTV 4 —
B =135 2 60T AIh RS 2 IRMIBAAE NI U
PIFELRW. LER->TZ 7 7HED 5 5, IGHIE
BN OMEIEIZOWTERT S

(ER] BV +r—2ot)r 2infIALGE £, &7
a4y C OB TRL.

Proposition 1. JRHIEAZSE ETH T tail AN D tail 5>
SIFZEIC 1 2 AT 5. RERERRKTH I 713, 17
I C D 1,1 157 a C DITHNRIC -1 22Tz 0, f D
T |f, tail Dk, IIEAARE BT O tail [+ D iEEE
dist T VT RO XS ICRT I e B TE 3.

k-1 2
Z 1y disti=(+1).0}

_ (=laP?*
T 1 - dkolP2

dist(=1,0)
Tail 1

Tail k-1

X 2: IRBIEEAGE f OREIE: dist(=1,0) X v 225 v
D fIZIRo7-HEHEE R L, dist(0,0) = |f] L ERT 3

[(ERFL®] ZORRZE->T, ETFaAf Y CL
NHIEAE f DRI E Z 2 EDP o7z BT

frChEzeneE HORERKICTE LS
R fOMEREZEZS. HEWIEC L fDMAEDYE
WX o T ERAIRERENIRREZE Z 2, Lo Tz
ZEMTED. BUE k REE L7 2 =0 BRpy7z6lic
DWTHZEZED TV D

BE X

[1] M. Naruse et al. Nano communication networks 2.
p- 189-195, 2011.

[2] M. Ohtsu et al.
2013.

Offshell archive: 23040.001.v1,

[3] Yu. Higuchi and E. Segawa.
on graphs embedded in orientable surfaces.

arXiv:2402.00360, 2024.
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Correlation among channels of dressed-photon-phonon transfer
FULR FEF!, #REEX? Middenii’, T#BRXY, &) -3
OKEm— !, MG HEWBRK S, FWREE, =58°
Res. Origin Dressed Photon!, Yokohama Ntnl. Univ?, Middenii’, Kogakuin Univ.%, Ricoh Co., Ltd.’
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[Ex8&] FLAMKTT7+ 7 (DPP) A
At & U COEE O/ 7 ~HERLT-
(NP:NP) 226, EOHLOH & LTO
RIUNP (NPo) ~ & BB T~ 2 B (1K 1a) | BENRRRES
WIEHRE ERRER S H & THIZICE
T —7 @) ETF ML VIERHLE Y, 4
B2 DR OBV RN & DPP B EhRR IS
F ¢ >RV (Ch) TR OFA B 2 3F A L 72,

[J516] EReoBAE, B4 L E #IRAE O 45
YA T 72D ORFTH O BYRFE T
FIHRIET 5, ZHITHE L T DPP OB BT &
DRI L EBEFHE L (K 1b) . ROfEAE R
7z : (1) % AN J) Ch o DPP B & & DR AR B,
(2) 4 A7) Ch @ DPP B #Ehjit & & H ) Ch 726D
e e B D [ O FH B

N
o
T

<&
o
T T

Signal transfer rate

o

Time (a.u.)

(@) (b)

1 ELE &R (Lo
R 2 (), (b) 154 % HiAkE AR — 27 3L neon
WEHL BB OSE. AJICh 1 &EZnLISD 4
DD NS) Chi(=1-5, # 1) OO EARRG D
PECri T D, ZOREIEAH T Ch WO
B do TH D,

2 AJj Ch ORI DFIE Cro

(a) no=5 (), 3(B), 1(C), (b) o4 (D). 2(E),

Aitii: AHIF) Ch BIOFIRE,  dho 1A H IR BERE.
[E£] HN25mW AT Chixfhoo AJ) Ch
& DB/, UL 2a b IZHE@ T D,
X 2b 1> B1, E2 TIX AT Chd 1Zfod Ch & D
B/ NS W, TR AREICE E0 D ANE
FWADIZEL TS Z EIcL D, X 2b 13
BB ZEZTeR, ZISE T D AT ChIiZBA
EIZEEND AT Ch &b DPPIEHEFZZ L,
FERHZ U5, HID 2 6 OHEITIRIE L CH)
Rk, BEMEZRBET L EE2x N5,
[ &) DPP BB OBENFHEICET 2T v o %
IV OFABZ M U MR S AT AL LTO
DPP DAL DKM & HE S 2 fR LT,
[SCik] 1) M.Ohtsu, et al, in Off—shell Archive
Offshell: 25010.001.v1 (January 2025).
DOI 10.14939/25010.001.v1
2) K, T LA MEF 7+ OBEOH
HRiE EWEARIE |, B 72 [BISPEEE S (2025 4F 3
H) FEEZE S 16p-K508-5
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Visualization of Spatiotemporal Dynamics of Highly-Excited States of Dressed Photons
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1. [ZFC®IC

RUA NEFZNTE LT OO BIRE BB S 3 s ST b, ERRERCH D v
U a N KBREFBFOERTIE, 72— A EZHBE T TITH)>Z LI K= FTHD
RO EENREEERNEZRAICERI SN TOWA[1], 20RO E SN DR AP
LTI, FU R NETOWERNA~OM UiA DB & ST~ O Bust g 75 8 2 /e 5% E 2 - T
b BEDIFEEDO FUA NETEZWERNIZ S OEEIRERINT & O XL F—DL0 Ly
EIEMHEALSE D EFETIEARWVNEOTFRIOL &, HukiBfE 2 BEOICRE LSS Fika kL, &
ITITHFIC R LA M OBPEREREICER LT 2 O T D, ARETIE, FLAMETFO
E% oy L= B IRBE RIS D\ T, 2250 AR 0 BhH 268 & wl 1AL 9~ 5 ik A Bt LIz f Bic o
WTHET 5,

2. FLR FAEFEMSHOAARIE
BBETYZHOEEEY S 2 b—2aic kv, B — RO R LR RS oO@iEses
ZEHL, £/ — NZBITD5 FL R MEHEET b bARM « HEEEFOITHIFE OB Z L4
AL Uiz, dHERERO—fFI L LT, Fig. 1126 @D / — REBERPICERE L2 RIZEBIT 5 KA
MRS E T 7 —~ v 7 & L TFER LT, Fig. 1(2)B KOOI RV A METHEEDOSE EY 0H 5
BEIOIREETH Y, =X VX —DEBICL VKRB LAWY (FEO—xtD /—F) OfEICE
WT 4250 RLVA MEFEAT 2 IEEREN TR b STV 82 8 T & 5, Fig. 1(0)i3 /e
mH4OHD ) — RIZBITD RLA MEFHEBORRREREZ 77 7Lt DO THY, RLAL
KA O EZEZ D, TRbbERE &R IEBRLESHD /) — RIZBWTHELE b > THE
LTS ZENRWRIND, BE T, @ENEIRIEDZEM /0Ah & Hufil 2 o BRI DWW TRENT
ZYRD, TRUF—HR A D RREOBENERA D L &b, Mo .S &
DERFAZDONWTE R LTV,

253

[1] M. Ohtsu, Silicon Light-Emitting Diodes and Lasers: Photon Breeding Devices Using Dressed Photons
(Nano-Optics and Nanophotonics) (Springer, 2016).
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NI, KESORFELZ74 by 7Y —=F 1 2 (PB) [1] IXRIHEHERREEIR D & mRIR AL
TN AERZ ATREIZ S B HIET, ZTORNFEEZRDZDIIWED NNV KX vy 7 Tldind 7o
LAFOBHNEETDH S ; T XS BRI EFIE G EIMGTOMEENIC L 260 2 </
D, REDODZRY IALF VT THS.

PB CTER S 1172 781 AL MBS R ER D & O @R 21T T, FFHZ ERBERSE
ZONE (2] RGN 3] 2 KBTS, BROMIIIKE LI —L Y FEOBFRDEMLE, X/,
HAPBISIINERZ NVERT V¥ v )LV (NEVP) OEZRIET S, ZOHFEZDF, HiEET
\ZNAE VP 2 K & 9 2 RIBHER B ER O RO, KT, EREKNEFHRD b1 ET V2R
FKUZ[M4]. 22D M ETINVIE, VPITXHT 2WEOIEMEIGE % FEEFRIVICER LTI 7 X
D o VARAZELS ENFEHIZ L 25D T, ERI NDIREEIEHNE VP DIFET 2003 2 B
Rig ; B RED» 5= <, BHFHERTIIUD DT RWVIRETH - 7=

INSD M ETN; MY 7 20 2V AR ZE A4 FEE, FEHExTGRRDE FEi
FOEABYZUATONGODE, EHLLZHDTHS ; (1) 4 T BB REEEZIER, 7—Y
7V —DEWEART VY IVEFERE T 58 - EIREZREYEOEHOERA T ¥ v LI
L BPBEBIHA E LTINS VRV THEHETORTRD S, ZORZRIIMIMEEZ S5, BRI
FRZRIEL, 77—V EKE T2, Q) FHNGRRICBWTEMEE (4 LEBREEOE O K
53) EVPD2IRPHKEET BT &2 R E BT 5720, BHRAT V¥ vb LIERBIRZRDZE
Bor AT 5. B OIS RHEE IR 2 b X 20723, (3) M - IERILRERZ R
0, BERT VY ILVONBEKE LI N-FEEREE2EBE LR 2REMLFALDOE L
TESFIZID AL 72017, BRET VY Y LVORIFED /ST A — XA 2B AT S, (4) E&EF
JISED S L, BREE YL VP OMEAZERIRETERTS. O)HIELWETFIRETHFHEZ & 5.

ZORKTIE, EITOG) OETREBIZOVWTHNT 5. EE UWREBIXE - EANIEFET S
IRECEMBEEHEE FICN LU THRNARLDTH S, N1 ¥ VT RRH» SHEEHRRICE
SEENE, ERAMS OHIRHEZEE O R TEBRNFOFILETIHETE 5.

S EE

KT LA EFEIND VA PSRRI S (RODreP) TORFFEED A Y N—DF 2 IZE#H N2 U ET. D%
D—IEF VA MEFHEER» S OB 22T TWET.

SE

[1] T. Kawazoe and M. A. Mueed and M. Ohtsu, Appl. Phys. B, 104 p.747-754(2011); M. A. Tran, T. Kawazoe, and M .
Ohtsu. Appl. Phys. A, 115 p.105-111(2014); M. Ohtsu, “Silicon Light-Emitting Diodes and Lasers” (Springer International
Publishing, Swit- sland, 2016).

[2] N. Tate, T. Kawazoe, W. Nomura, and M. Ohtsu, Scientific Reports § p.12762-1-7 (2015); M. Ohtsu,
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FL R MEF (DP) W%, E5FETHR
< TROH) WWHEISHETH D, Doty
BHEAZEM (scale free) ZHFo#Iz. DP
750 & VDT FITFH I D B W FEHAE
PIWZHI N ETIBIHHEITo /20 FH
ARV e YO 2 58 O H B3
BRI ARRIAZE TH D, Z OBERITIE.
eI R e D EERERICE O T K& (R
L 7= RT3 D HIR & — AR o H R S s
HEIioTW\Wd, F#REIZ. DPIREALTOK
HEOZL L OFEBHER L, NHERNT T r—
FIES R E FIHHERTH 5/MED 2
7 -~ 7 v o (MMD) [1] ZfAEH
B2E, FHHIBWIREFOLTITHE -
TW3 TREZEOYHE | 12O\ TEIRFEOAR
(R=Z T3 NF v R—%) PELNZH
. ZHVETEFEMITR L TR [2,3] 0 AT
MRFZE DY v B 203, Z AU ERDR
THEC, DR v THEZE ) 133 BICBR L
TWBEDLHTH %,

AFERIE, IHFETRLUTREEBROFA
% . MMD O NS & — AR Ew O NS
EOROLEE R EELZFELI2D LT, B
fE, HIZREL TV A IHROBIRE fF I
NT2HDTH 5, HIEDOKRENITTEZHED
25 %502, AT S 2 MR BUE R
F— LFMIZEWT, MMD 12 X b BRI
SEfTb XN TEF—HIE EWVWH 5
RIMEFRIC X VB LD 0H 2 BEFEN
IR DRZORIER 7 % BT T 5,

HELYIEL . U C OMERERICIE H DB A3
F1E T % 412, timelike 72 RFZEREIR D A D3RR
¥ 7227, Greenberg-Robinson EHH [1] 27RF
Rz, EFHEERCRVTX. GRBIDO AR
JEDY) IR Y 72 B spacelike 72 RfZ% 3 BEE 2
“PIERZER Y i B, FTe. ZOMRIGRE N
T2 AR & B 77 timelike 72 “PyFEZERT” ¥ 1340

03-561

722DV HEIFE, TRLFETO—HEHD
e CTHL IS L TR (LT, THiFEE T
] ERER), Tl TZoEFimiIhG & ik
W22 02?7 ) BEEDT—<THH, Z
nIbbArARTENG R BERT 2 %0
7T —<ThHb,

WEAE, RIEV)EYEE O 5787 Tl chiral gravi-
ton [4] ¥ FEIEN 2 AV > 2 DR T DIFEDL R
mxNA, HFZEET L) TR, £TEN
%M TET % gauge graviton (GG) & FERN E
DAY Y 2 DR VIGOFEERDITRT
HMWTE 5,

HEOAY Y 1 DT ERRLEEF. 75
R B F D RRITHE A DOV THEDERIZ, GG
EHIHAR 2 ARG R ISEA, Z OfEE TSR
[ U CHLEMAEEIE 2RO 8, AV AHEE)
BB TZEOAL Y Z2 R oTWVWD, %
72. ZORRIZ GGITH LT, BZ6 by 7R
BRIz A =X 22k b, HEED 2 Y
V2O FHERIN, TR - R—
DRRICIR A S BEERTHENTE 5, VY
HC/R & 417 chiral graviton (&, EHRNIE 2
DR—=7R=IIWIT 5, Z DORRIMERD
BT, DPETILDOER BFEIALEN D,
DP D3ME S 2 WESOCERNR [S] 1 HBIRT 2
rBbhz,

ZE T
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R (RE) FIEEE. 2020,
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[3] H. Sakuma, I. Ojima, H. Saigo and K. Oka-
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INETORERIIBIT 2#HHETIE, 2,3 EO=, BETHE20REL TEDHZR) SEH
Bz b OB LOBEREE 20 LORRE) L LTERT S I 2IiCX D, EfE L L ToMN RIS
CIFRI ARG L CORTMIIMEZ ERICHAETEZ 5 2 e 2R L. REIE TSRO
MHEFHHERZEDHEITT 27 7a—F L OBEERBRICOWT M L, £ INo 2%
ACTH Tz A7 2 VOREREL, KEe T(BESF o) fAES) L LTTRZ
< THE) —&bEEic vz TEIRIR) HaiE e RoRRIE) 31— LTRIETS Z 225,
FUZMETFIFR I EHT 24 7 2 2 WAL o TRVDIITH 5 L0 BT 2R LTz,

AHEHEICBWTIE, IEFTHRNROATEZZ0 HENE) & L TYHZENICED X
I DEEZDREDSLNITT 5,

HFERITR, B, TN o DGR, ZOGHRDEN= [ X XBEE) Vo RS Z
FAC, A[RERBRDLTE] 2EZ2Z8TH5, ZOED»LIE TRHREDOE) WEX %,
RUEDOENZX, TThhvwe &, Thadzwn) w5 BfREEZ, TRRISEA) e TH 05 XE TE
) 2 TEEORED 2B L TERME L TRRN 285 2BTH2, —BcEE. 27—
B L XidhsnaiezRioBoMoE e LTEZ6N. 2o HEEDE] L Z2hzo0t
K7 —E o THRNE 725, ZO&5 RRRNEZ, 72 2 VB o TORZE L
LTHZS Z R LV,
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EEBFEROMBN B X ORISR R, R—7OHEELEF A VA ML Y MZOWTHE
T 5, BEFRITNT 2 FEERREROTHNITHE N R & JELREE DM o XlE X CHEEAERBAA]
RTHH HOHMYEHEORETTOAR TR SRV WS FIERD, 2L T, BR3HE
BB OPEMBERA D D 205 b 2N o0 5 2K (wholeness) ZETRIFAF LTV
235 RN EFEDDH D IO - Hfr) 23, K—7 OMEMIERE (complementarity
principle) T %, 1920 FFRBZLITRIBEINT A V2 2 X4 Y L DiaFDOH TSI N T E /4%
T\ H 5 (1,2

BEN R —7 DR K& 82 5 53, RENEFSRIC K D MELEHEN, EFI12X b
LAY MZES S B TFHIEERRDHELL TWS 2 TH S [3,4,5], REMETFmE L, H5 R
B GTHOREDO—RIIC D7 200 E A A* b ORE) X oS TeYHEREL L, X Lo
IR ENAR R w: X > C e LTIREBRED, ThLRESWTRTRETLRT Z2KRTHS, Z
LT, &FA4 YR MAX Y MIWHANCERARLRAE MG L TED, MEEBEOH DR
HERDAB XU ZAUHE D ROREBEL R T 2 -DICHW O S, BEIIE, C-L oM
DEEEHEBBIHEZP I ATHERAEZETFA VA ML Y b IR, NNEORERL Y0, HIE
a7 L BELOM O AHEEERIROEMIZR T A Y XA P X Y P OBEERICESW TV S,

AFEEHTE, HEMEFREOBANRANBRTFHERHBICETFAI VA MR Y MTEoTER
BB EHRRT, WLRY Y2717 b X, BETH2RNCBVWTEEZ O OYHEOEE D
WSS 2 ZTERTREEEN (beable subalgebra) [6] ZED 7z, 1 HI1X I NEHWELRT 2RI
B2 MY ECORE BT 28T ED, 74V a kA Y - R=THHFTDOR—7 D
REEZBEE LR [T, 50, B7A4A YA MX Y MO THEEREREEZED, Utk bl
TZE & D SRR FEOBENREANMIONZ 2 2 A 5,

BE 3 HR
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[Ex8&] FLAMKTT7+ /7 (DPP) @
TRAX =TI AT & L COEHD /N
J SHERLF (NPINPD) 225, Z4UD OHULMNIER
SN & L TORE NP (NPy) ~ &8
B9 501], ZORBICHEHL, A#ETIIET
U4 —7 Q) BT WIS BUEFFEIC LY
BE ERFAREDN B D 2 L AR T 5.

(5] QW £ 7 /W I RIPAARE ORE &R A A
T 5[2], fMTET L E LT5 DD NP LS
ENT=HAOHLNI NP 2% E T 5, A
DERAR—7 PR SN 5GE (K 1@), »
KOMDAR—=7 B =%4E (4 10b))
HEZXD, HNPUIANEHZEAL DPP =1
VX —DIATEINE DRREE & AR — 7 B8
LTNPIZEE L, = /L& —Hih « foh ot 5
AT D ) O1E IR E A B EEH R TR 5,
Ui 5] 2 R — 27 QI ik (5% 2 i 2 R — 2 %%
Neon & HIIEHHREE & OBAfRZ [ 1 () IR T,
Z DOBUROENEITRD "R K o TR E B,
(1) neon D378 (=1,3) OFZE, BAR—I N
RSN DHE (e =5) EHELWHAGES%
AT D, INHIE=ZEMERLEHSETH D,
(2) neon MEEL (22,4) DYE, TXLF—F
BRI LIIANE & EARE LISy D BIARE
WZHEAN ST ATME B -1 B U H
MeHa24ETH, L LENICHESTDANE
DX neon =5 DHFEITEEAD IO T,

52

(),

1 HEE 2R — 27 8 neon & VB & OBIR,
(a) &2 AR — 2 D3uRE, (b)) AK—2 1 3G, DIsEH
LWEFARE, (o) BB TR R,
IME R T 5, —, BAEIEASE
AMEZFIZZEDOFITHCIAD L ITIERS &
AL, WAEIT TR OB FT R LF—0
HPIRAE, WRRAEICH Y 3%, LRRORrEIZZ A
TEDOABAIIK D T neon DHTELTFT D,
[£&0] DPP = /L X —RB & A R —
IR EL . FIBRBED B E WD 56 LU
HE L REAEN O R D GE N D Z L& R
L7z, BIEIFMER L, AR =27 OV < D003t])
Wr L T\ T I E IR Ly, %238 Tl
—HAREAEIC CIAD bV D, T HIXFEER
fhA. TIRAIBRTRG R LA LT,
[3cik] [1] Naruse, et al, Nano Commun. Networks 2,
(2011) pp.189-195.
[2] M. Ohtsu, et al., Off-shell Archive (July,2024) Offshell:
24070.001.v1. DOI 10.14939/24070.001.v1

https://rodrep.or.jp/en/oft-shell/original 24070.001.v1.html
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1. FC®HIZ

R LA MtF O 3L X —BE)OREEfES L OHIEIZ O\ T, ZhE TR A& ETHIZ v
THEY I 2= a VLK AREI R ED TE T, Ay Iab—yavid, FLRMEFE2EET
IREVE TEDTOWE R &GRS LB — ROFFRIRRE & e d 2 & T, RfEMEHME
=L F—RBE & W oo LA METOREZ EMERIC LB L TV, #/ilE o 4 EL
FETIE, EMICABRICEE L2EE ) — NIcBIT 5 FLX ML oMk EEZ R~ &
B — ROBEIZ L S RWVEE D ERIEREB BRI S b Z & 28 Lic— T, R4
ANOT RN =R CICEEREZEH TE 20 & W o T2V 215 TV RV 1],
FIRANEEZT, AR TIIMERAD R LA MEFORBEZHIE L, I/~ L
X2 T (B S E)ELEEHT L2 HME L, ZOOIZT 3L — Bk &
LT FXF =B 2 7o 08T/ — R Z2RlE L,/ — RO =L —HEH 0
B2 HTRRIZOWTHIEIT 21T o 72, 7eds. = RAF—HERICER Lictsicix, 28 —
ROZER I MEZ IR & 325 R LA METFOREREEMED BTR3N8 5 (2],
2. EYSaL—asvfl

Fig. 112, ARICHIRT DHMES R 2 L—2 a VBT VERT, 4HOMHEES N/ —F
(— Eﬁ%)& ZOHFRITHEE LTz, — Fxt(c K ake5 %2, /— Koz 1 ¥—%
EAIZHHEEL, By R 2 L—y a3 &2 F i L7z, Fig. 2B L0, &/ — Rk s L
A2 MRS EHAEOFELILRREE LI 5AEETHY . T ENBERE 0 & 1(BE — RS
IR ST DM DS G AR LT\ D, KR OEESI( ;) X/ — Fxt& £ oM ) — sy
BERC BT RIRBE O — 2 7~ L. @B BB SH T 7 — R~ = 3L F —fi A& #0325
R ZMERTE %,

FHRTIE, FUR METOREBIEIREE & & 6O 7o = 1L F—HO R B OB R~ D BRI DU
TO#EmaIT ) TETH D,
SE 3
[1] ==, 2024 5 85 [HL W KRS SRl TH4E(2024) 18p-A33-19.
[2] M. Ohtsu (Ed.), Progress in Nano-Electro-Optics V (Springer-Verlag Berlin Heidelberg, 2006) 1-62.
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1. ZLHIZ

T SHERLF(NP)YRFIZRTET 2 R LA M
¥ (DP) DA RkHAE N Bt D BRFHIFIEIC K 0 B
DT FHimE DBER D e L~ RE R
BLTWD L. A%OMEIXDP BNR[ET 4+ /) v
LA LTAERENDE RLAMNEF T4/
(DDP) D= )L¥— &), Frl2Z D B MO
HEHOLNCTHZ ETHY, ZOHGBHNFE
ELTERFYA—7 (QW) BMiibhTnd. =
NOMEH FTRE T & D IRILIZIE AT Ak, o b &
MLEDRIEETH 5. Fi TIE QW 7 VT
DE SRR AT O N FERFER & &80T
DFRERDB/ LN TND D,

2. DPP O R/LX—B#E)D H HM:

[11 BEMEZFEICRIT 2 EZBROREH I
DPP (2 LB R F— {5k« ARV LT
b5 Y. K 1@z T T o KB
NP(NP)» b B R ICH B SN D DT —p
1 1()IZRT & 912 DPP = RV XF—{ikH D
/N NP(NPs) D =R TSI DIE S H & & HICH
N9 5. DPP ORBENRREE 21K TD NP DI IZ
ERT 28T H &L HIZEmMT 50T, 20
HHRBEMIEROBEM RO G (v =
AR LIS

°[ @L=1(um)
B 4
uﬂ -
o °
Yoo
b4 |
BRI N, ! %2640 ®0
H (nm)
(a) (b)

X 1 (a) EBROELE(CdSe D NP Zf£[). (b) ES H &
TR T —P L DB

I TR AR AN QW ET L VRS
ML CZOEBREREZMNTT 5. ZOFT VLB
JRf-%t A Ete Sifhsa o DPP O R{EMERIC
BT 2H0ThHHN, Bblrll « & REMREIL
K2 X 1(b)H H & PIZXRT 5. i OfE R 2
VR THEER A S 22 o 72 H /NS WS
(Hy) , BEHRIE OBINE HER D72, £7-t%
RO FHEREE S FIE L2 NWOT P IS VMBS
5. H 2SN Uil Hop \ZEET 2 & At i
EBLL DPPILZ ORI ABIRL TEEIL P&
WK (Poa) (2T 5. H>Hopy DA (Hy) 12132

DR DS TAFAET D DT DPP XK X 7253k
WAHEOFNL ZORKERATEEIL P %
R (Pra) 12T 2. T RDLEHRICHKIT SN
DT =N RIZ72DH LD, DPP X7 vk
DN ChOE R 2 B ARMIRA TBEIT 50
Thsb. ZOLEFRLD X D ITEERED BRI
BTN D Z EIEDPP A v Y = VRIS BIT S
BAMER OFEIZHED RN E 2 ERT 5.
728, H>Hop DEEIT b IR N RITN D
ZLET ) TTERT A, 2D T O =R T
DIEE H % Hop LA EIZT DB RN T & &oR
B35,

X2 X 1(a)0WikE, X ONHIZX D P OO
HIX AR OARREN D728 0 7S Ewk .
Hi <Hopt<HlI. P1<Ppmax.

HIZEGHE Hp 38D Z &, D L & PINRK
B Prax Z2HLD 2 &3P 7R 0> D FE P 8 5 IR AE
DO~OiEE Bz M L= 7 aihb5ERFR
ANDT LX) NEH T o v —ARK
MR DFFINHE 5 Z & 12h7e 5720 9. [} 1(b)i
1988 4R |ZHEFRIIC AL Sz Z o ERIC xS
HEBREREZMNO TCRELEZZ L 2EKT 5.
B, ERENTEY =y b =K L e
HOIEK 1(a)F O/NE NP O~FE, (L, #EE
Oz LICERT S 9.

[2] BT DPP &2 W2 T R L ¥ — 25
THRITD. T7obbX 1 L EEED NP 230k

ST T 4 IV BT K0 RSO NS AT O Kk
HHIZEHRINHDOT (X 3(a) , ZiLE Ki5E
MR E T D & NEEEHNE n B 25%HE
T5 (n—>n+25%: X 3(b)D> A) .

30

A8 g A
R 20
NP 5%:1 r B
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Relation between autonomous paths of dressed photon and geometric structures of networks induced dressed

quantum walk simulation
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Control of dressed-photon excited states by geometrical structures
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