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ABSTRACT

Light resonant with an electronic excitation level of nanosize objects is projected onto a plurality of closely located
nanosize objects, such as quantum dots, quantum dot pairs,
and a carbon nanotube, in a collection of nanosize objects is
disclosed. In so doing, to control the mechanical interaction
induced between the nanosize objects, the projected resonant light is changed in polarization. This enables the
collective manipulation of the nanosize objects.
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METHOD OF MANIPULATING NANOSIZE
OBJECTS AND UTILIZATION THEREOF

[0009] (3) Peak positions of force in a frequency spectrum
shift highly sensitively in response to changes in size on the
order of nanometers due to quantum size effects.

TECHNICAL FIELD

[0010] Accordingly, the inventors of the present invention,
in view of this knowledge, proposed a novel optical manipulation technique which exploits the fact that the radiation
force, induced when nanosize objects are illuminated with
resonant light, changes with the quantum-mechanical characteristics of individual nanosize objects, in order to selectively manipulate nanosize objects of particular nature (see
non-patent document 1 and patent document 1).

[0001] The present invention relates to a method of
manipulating nanosize objects and the utilization of the
method, in particular to a manipulation method suitable for
the manufacture (production), manipulation, etc. of quantum
dot pairs, as well as the utilization of the method.
BACKGROUND ART
[0002] The force exerted on a material under light irradiation is called the radiation force. The force is used in
optical manipulation to control the 3-dimensional position
and dynamic motion of a fine object. A specific example is
optical manipulation of micrometer-sized fine objects floating in a fluid medium. It is expected that the force will be
exerted also in nanotechnology.
[0003] It was difficult, however, to apply the radiation
force-based optical manipulation in the field of nanotechnology with conventional techniques. A specific cause which
makes it difficult to optically manipulate nanosize objects is
insufficient radiant force. Nanotechnology deals with a
nanomaterial (objects, particles, or structures, each of a few
hundreds of nanometers or smaller). Non-metal nanomaterials, under ordinary conditions, show too small induced
polarization to produce sufficient radiation force for the
control of the motion of the nanometer-sized objects by light
irradiation.
[0004] On the other hand, it is known that shining a laser
beam at a frequency resonant with an electronic excitation
level of the target material (resonant light) enhances induced
polarization, hence achieving strong radiation force. The
principles are utilized in laser cooling and capture of atoms.
[0005] The nanomaterial is also known to exhibit characteristics which are derived from the fact that its quantummechanical properties change with its size (dimensions),
shape, internal structure, quality, etc. unlike micrometersized materials and atoms.
[0006] The inventors of the present invention, in view of
this knowledge, have conducted theoretical studies of the
radiation force exerted on nanosize objects under resonant
light irradiation, as well as its quantum-mechanical effects,
which has led to the following findings:
[0007] (1) Advantages in exploiting electronic resonance
effects increase tremendously with decreasing size. For
example, the force exerted on about 10-nm objects under
certain conditions increases, due to the resonance effects, at
least four orders of magnitude in comparison to the case
without the resonance effects. Under a certain condition in
the presence of resonance effects, weak incident light which
would produce only a linear response can induce a force
greater than gravity by a few orders of magnitude.
[0008] (2) Nano objects of about a few tens of nanometers
in size go through a coherent scattering process in which
excitation energy dissipates through radiation more quickly
than in a thermal absorption process. Manipulation entailing
almost no heat generation may become possible by using the
process.

[0011] A so-called "quantum dot" is an example of an
optically manipulable nanosize object. The quantum dot is
frequently referred to as the artificial atom because its
electronic excitation levels are discrete like those of an atom.
[0012] Although current quantum dot research is still in its
fundamental stage, it is known that the quantum dot has high
quantum efficiency and is easy to use as a device because the
dot can be formed of a semiconductor or similar unique
material. The quantum dot is expected to find applications in
a variety of fields, such as high efficiency light emitting
devices, high speed optical communications, quantum communications, and biotechnology. Recently, there are a lot of
studies, especially, of electrical and optical properties of
semiconductor quantum dots in which an electron system is
confined. Focus is not only on single quantum dots, but also
on quantum-mechanical coupling between a plurality of
quantum dots.
[0013] For example, coherent bonding and antibonding
states of electrons in an excited state are observed between
quantum dot pairs. Such a pair of quantum dots is termed an
artificial molecule or quantum dot molecule (see non-patent
documents 2, 3). In the artificial molecule, the electrons
confined in individual quantum dots are quantum-mechanically entangled. Thus, if a device is fabricated which contains large numbers of arrays of the artificial molecules, that
device will likely be developed into quantum computers and
find other applications.
[0014] There are also attempts to control energy transfer
between quantum dots (see non-patent document 4). The
energy transfer control will enable efficient energy transfer
and may contribute to solution to energy problems.
[0015] The following is the list of the documents mentioned above:
[0016] Patent Document 1: Japanese Unexamined Patent
Publication (Tokukai) 2003-200399 (published Jul. 15,
2003).
[0017] Non-patent Document 1: T. Iida, IT Ishihara, Phys.
Rev. Lett., Vol. 90, 057403, pp. 1-4 (Feb. 7, 2003).
[0018] Non-patent Document 2: M. Bayer, P. Hawrylak,
K. Hinzer, S. Fafarad, M. Korkusinsi, Z. R. Wasilewski, O.
Stern, A. Forchel, Science, Vol. 291, 451 (2001).
[0019] Non-patent Document 3: T. IT Oosterkamp, T.
Fujisawa, W. G. van der Wiel, K. Ishibashi, R. V. Hijman, S.
Tarucha, L. P. Kouwenhoven, Nature, Vol. 395, pp. 873-876
(1998).
[0020] Non-patent Document 4: S. A. Crooker, J. A.
Hollingsworth, S. Tretiak, V. I. Klimov, Phys. Rev. Lett.,
Vol. 89, 186802, pp. 1-4 (Oct. 24, 2002).
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[0021] These conventional techniques fall short of eiiicient manipulation of more than one nanosize objects with
high degrees of freedom.
[0022] Specifically, for example, non-patent document 2
observes a quantum-mechanical bonding state of quantum
dots formed in a layered structure of semiconductors by
self-assembly. The technique utilizes effects of distortion
which is in turn caused by different lattice constants of
different semiconductors stacked by MBE or a similar
method. The technique is capable of producing a large
number of quantum dots at a time. Nevertheless, given a set
of semiconductors, the positions of the dots are automatically determined.
[0023] Non-patent document 3 subjects layers of gallium
arsenide (GaAs) and aluminum gallium arsenide (A1GaAs)
to an insulation process by focused ion beam implantation.
Quantum dots of 100 nm are made by applying voltage
through a Schottky gate. It is presumably difficult to produce
smaller quantum dots or in large quantities by this technique.
[0024] In the techniques described in non-patent documents 2, 3 and other literature, the quantum dots are fixed in
position in the semiconductor stack. The quantum dots are
not mechanically manipulable even by illuminating the
quantum dots with light to excite the bonding or antibonding
energy for electrons in an excited state. Once the quantum
dots are formed, their positions are no longer freely controllable.
[0025] Non-patent document 4 deposits and fixes colloidal
cadmium selenide (CdSe) quantum dots dispersed in an
organic solvent on a glass substrate. The technique indeed
mechanically manipulates the quantum dots in the organic
solvent. Since the quantum dots are ultimately fixed to the
substrate, however, it is difficult to control the diameters of
the quantum dots, distances between the quantum dots, and
other determining factors in energy transfer.
[0026] In contrast, by using the techniques disclosed in
non-patent document 1 and patent document 1 developed by
the inventors of the present invention, it is possible to form
large numbers of nanosize objects with selected specific
quantum-mechanical properties in free space, and to control
their motion. The documents however left unanswered for
future discussion the question of details of how to control the
motion of the nanosize objects by means of light-induced
force between the objects.
[0027] The present invention, conceived in view of the
above problems, has an objective of providing a collective
manipulation technique for nanosize objects, such as quantum dots or quantum dot pairs.
DISCLOSURE OF INVENTION
[0028] The inventors of the present invention, in view of
the problems, have diligently worked and found that it is
possible to control radiation force induced by illuminating
resonant light on two closely located nanosize objects in a
collection of nanosize objects freely floating and hence to
control the spatial positions and motion of the two objects,
by switching the light between polarization states, which has
led to the completion of the invention.
[0029] A method of manipulating nanosize objects of the
present invention, to solve the problems outlined above, is

characterized as follows. The method involves illuminating
nanosize objects with light resonant with an electronic
excitation level of the nanosize objects to induce force being
exerted on the nanosize objects from the resonant light for
manipulation of the nanosize objects. The resonant light
illuminates a collection of nanosize objects. The resonant
light is changed in polarization to control mechanical interaction of the nanosize objects.
[0030] In the method, the collection should be either in
free space or in a fluid medium. The resonant light may be
changed in intensity.
[0031] According to the method, if the resonant light is
changed in polarization so as to excite the resonance energy
of closely positioned nanosize objects to a level below the
resonance energy of a single nanosize object, an attractive
force arises between the nanosize objects. Also, if the
resonant light is changed in polarization so as to excite the
resonance energy of closely positioned nanosize objects to a
level above the resonance energy of a single nanosize object,
a repulsive force arises between the nanosize objects. The
resonant light may illuminate the nanosize objects under
different sets of conditions together.
[0032] A specific example of the method above is an
arrangement involving step (a) of illuminating the nanosize
objects in the collection of nanosize objects with the resonant light for manipulation of the objects, so as to control a
collective motion and/or arrangement of the nanosize
objects. The example may further involve step (b) of illuminating the nanosize objects in the collection of nanosize
objects with resonant light for manipulation of the objects,
so as to control the position of the center of mass and/or
motion of the nanosize objects of which the motion and/or
arrangement are either already under control or in the
process of bringing under control.
[0033] In the method, the collection of nanosize objects
may contain a plurality of types of nanosize objects, and the
method may further involve step (c) of illuminating the
nanosize objects with the resonant light to select particular
nanosize objects from the collection of nanosize objects. The
method may further involve step (d) of forming the collection of nanosize objects. Step (d) is, for example, the
formation of the collection of nanosize objects with focused
light.
[0034] The present invention is not limited in any particular manner in terms of the nanosize objects it aims to
manipulate. The objects are, for example, quantum dots or
quantum dot pairs. In those cases, if the collection of
nanosize objects contains a plurality of types of quantum dot
pairs having different electronic excitation levels, those
nanosize objects with a particular electronic excitation level
are selectable in step (c). Also, if the collection of nanosize
objects contains a plurality of types of quantum dot pairs of
the same material, but differing in at least one of size, shape,
and internal structure, those quantum dot pairs with substantially the same size, shape, and internal structure are
selectable in step (c).
[0035] The collection of nanosize objects formed in step
(d) may be a collection of quantum dots with particular
properties. The distances separating quantum dots in the
collection of quantum dots may be controlled to form a
quantum dot pair in step (a).
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[0036] In the method, the resonant light is preferably a
laser beam.

as an example of a nanosize object of the present invention.
The force exerted is an attractive force.

[0037] The present invention encompasses a method of
producing a quantum dot pair involving the method of
manipulating nanosize objects detailed above.

[0046] FIG. 1(b): A schematic illustration of the structure
of a quantum dot pair and the force exerted by resonant light,
as an example of a nanosize object of the present invention.
The force exerted is a repulsive force.

[0038] A device of manipulating nanosize objects of the
present invention is characterized as follows. The device
illuminates nanosize objects with resonant light to exert a
force on the nanosize objects to manipulate the nanosize
objects. The device contains resonant light projection means
for illuminating the nanosize objects with light resonant with
an electronic excitation level of the nanosize objects. The
resonant light projection means is capable of changing the
resonant light in polarization.
[0039] The device preferably further contains an enclosure
equipped with an internal space to accommodate the collection of nanosize objects for manipulation. The enclosure
can be loaded with a fluid medium, for example.
[0040] In the device, the resonant light projection means
preferably is capable of changing the resonant light in
intensity. More preferably, the device contains a plurality of
the resonant light projection means, and the plurality of the
resonant light projection means illuminate the nanosize
objects with the resonant light under different sets of conditions together.
[0041] The device may further contain nanosize-objectcollection forming means for forming the collection of
nanosize objects, the forming means being provided inside
the enclosure. Also, the device may further contain a substrate for fixing the nanosize objects after manipulation, the
substrate being provided inside the enclosure.
[0042] The method of manipulating nanosize objects of
the present invention, as described in the foregoing, is
arranged to change the resonant light projected onto the
nanosize objects in its polarization (handedness in the oscillation direction of the electric field of the resonant light).
Thus, an attractive force or a repulsive force is created
between the nanosize objects by controlling the polarization
of resonant light. An attractive force arising between the
nanosize objects brings the objects closer to each other or
causes the objects to assemble into an aggregate. A repulsive
force arising between the nanosize objects moves the objects
away from each other or prevents the objects from assembling into an aggregate.
[0043] Thus, irradiating double nanosize objects with
changeable, polarized, resonant light creates controllable
radiation force between the nanosize objects, making it
possible to control the spatial positions and motion state of
the collection of nanosize objects. That enables collective
manipulation of the nanosize objects. Also, in combination
with a conventional manipulation technique, the nanosize
objects can be manipulated more efficiently and more freely.
[0044] Additional objects, advantages and novel features
of the invention will be set forth in part in the description
which follows, and in part will become apparent to those
skilled in the art upon examination of the following or may
be learned by practice of the invention.
BRIEF DESCRIPTION OF DRAWINGS
[0045] FIG. 1(a): A schematic illustration of the structure
of a quantum dot pair and the force exerted by resonant light,

[0047] FIG. 2: A schematic diagram of a nanosize object
manipulation device of the present invention, as an example.
[0048] FIG. 3(a): An illustration showing the geometry of
factors involved in a calculation, assuming cubic quantum
dots as nanosize objects.
[0049] FIG. 3(b): A graph showing the frequency dependence of the x- and y-components of acceleration (force
divided by mass) exerted on an individual quantum dot for
different polarizations of light.
[0050] FIG. 3(c): A graph showing the frequency dependence of the x- and y-components of acceleration (force
divided by mass) exerted on individual quantum dots for
different polarizations of light.
[0051] FIG. 4(a): An illustration showing the geometry of
factors involved in a calculation, assuming spherical quantum dots as nanosize objects.
[0052] FIG. 4(b): A graph showing the frequency dependence of the x- and y-components of acceleration (force
divided by mass) exerted on individual quantum dots for
different polarizations of light.
[0053] FIG. 4(c): A graph showing the frequency dependence of the x- and y-components of acceleration (force
divided by mass) exerted on individual quantum dots for
different polarizations of light.
[0054] FIG. 5: An illustration of a configuration, as an
example, with which to form standing wave trappings.
[0055] FIG. 6: An illustration of a configuration, as an
example, with which to form standing wave trappings.
BEST MODE FOR CARRYING OUT THE
INVENTION
[0056] The following will describe an embodiment of the
present invention. This is by no means limiting the present
invention.
[1] NANOSIZE OBJECTS MANIPULATION
METHOD
[0057] A method of manipulating nanosize objects of the
present invention illuminates a collection of nanosize
objects in an environment where the objects can move freely
with light resonant with an electronic excitation level of the
objects, so as to induce force between the objects and
thereby control the spatial positions and motion state of the
objects.
Nanosize Objects & Collection of Nanosize Objects
[0058] The nanosize objects of the present invention are
not limited in any particular manner, provided that their size
is a few hundreds of nanometers or smaller. The objects may
be of any shape. The nanosize objects can be referred to as
nanoparticles since they are nanoscale fine objects or as
nanoscale structures if structure has its own feature. The
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nanosize objects have sizes on the order of nanometers and
preferably have radii of 100 nm or less. For the nanosize
object with a 100 nm or less radius, the magnitude of force
exerted in the presence of resonance is enhanced by about
10 to 105 times over that in the absence of resonance.

the environment allows free movement of the individual
nanosize objects, especially, if the environment allows nanosize object manipulation by the manipulation method of the
present invention. Specific examples of such an environment
are free space and fluid mediums.

[0059] The collection of nanosize objects is not limited in
any particular manner, provided that it is a system of two or
more nanosize objects. Especially, in the present invention,
it can be any collection of nanosize objects so closely packed
that adjacent objects can interact under resonant light irradiation.

Resonant Light

[0060] Examples of nanosize objects preferred in the
present invention are quantum dots and quantum dot pairs.
A quantum dot measures typically from a few to a few
hundreds of nanometers. It can be a structure of a semiconductor, a metal, an organic compound, etc. The quantum dot
is not limited in any particular manner, provided that it is a
system exhibiting quantum-mechanical effects. The quantum dots are semiconductors in the examples of the invention which will be detailed later. Semiconductors are preferred because strong radiation force is available with them.
It is assumed, for example, that the semiconductor has in it
excitons and other electronic states which show strong
resonance and hence produces strong radiation force under
a laser beam at frequencies corresponding to that state.
[0061] Two quantum dots can pair up to form a quantum
dot pair in which the dots are separated by a distance of a
few to a few tens of nanometers. The quantum dot pair is by
no means limited in any particular manner, provided that it
forms such a closely packed structure by pairing up with
another quantum dot. An artificial molecule, a quantum dot
molecule, and a polaritonic molecule are a few examples of
quantum dot pairs. The present invention is able to make a
quantum dot pair from quantum dots.
[0062] Preferred semiconductors include I-VII compound
semiconductors, II-VI compound semiconductors, III-V
compound semiconductors, and silicon (Si), but are not
limited in any particular manner. A concrete example of the
I-VII semiconductor is copper compounds, or more concretely, copper halides such as CuCl, CuBr, and CuI. CuCl
is used in the examples of the invention which will be
detailed later. Examples of the II-VI compound semiconductor include cadmium compounds such as CdS and CdSe
and zinc compounds such as ZnO. Examples of the III-V
compound semiconductor include gallium compounds such
as GaAs.
[0063] Preferred among these compounds are the I-VII
compounds and the II-VI compounds, between which the
I-VII compounds are more preferred. Generally, an electronhole pair forms an exciton, an example of a resonance level,
in semiconductors. The eigenenergy of an exciton depends
on the size of the quantum dot. This effect is exploitable:
quantum dots of a particular size become selectable by
choosing light resonant with that quantum dot size.
[0064] Other preferred examples of nanosize objects in the
present invention include the carbon nanotube and a pair of
carbon nanotubes. A pair of parallel carbon nanotubes areas
well manipulable under resonant light irradiation as are a
quantum dot pair.
[0065] The environment in which the collection of nanosize objects resides is not limited in any particular manner if

[0066] The light shone onto the collection of nanosize
objects in the present invention is resonant with an electronic excitation level of the nanosize objects that is, resonant light.
[0067] An electronic excitation level refers to a quantummechanical, discrete energy level of the electron system of
the nanosize object. The eigenenergy of the excitation level
depends on the size, shape, and internal structure of the
object. Shining light onto the object induces radiation force.
The magnitudes and positions of peaks in a frequency
spectrum of the radiation force changes with the size, shape,
and internal structure of the object. The resonant light is
resonant with an electronic excitation level: it has a center
frequency corresponding to a peak position of the radiation
force and consists of frequencies within twice the half width
at half maximum for that peak.
[0068] That light (resonant light), shone onto a nanosize
object, is resonant with the electronic excitation level. In
other words, as the resonant light hits the nanosize object, it
is resonant with energy difference, or transition energy,
between the electronic excitation level and the ground level
or between electronic excitation levels, and induces further
polarization in the nanosize object. Generally, the more
polarization is induced in a nanosize object, the more the
nanosize object interacts with light. Therefore, the more
polarization is induced in the nanosize object by incident
resonant light, the more the nanosize object interacts
mechanically with the light. Therefore, strong optical scattering and optical absorption occurs with the nanosize
object, which in turn enables efficient transfer of force from
the resonant light to the nanosize object.
[0069] Hence, the resonance between the light and the
electronic excitation level of the nanosize object enhances
the mechanical interaction even if the nanosize object shows
weak mechanical interaction with the light. In short, the use
of resonant light enhances the interaction of the nanosize
object and the light and hence the force exerted on the
nanosize object by the light. As a result, the force exerted on
the nanosize object by the light is enhanced, making it
possible to readily manipulate the nanosize object by the
light being shone. Apart from that, the present invention is
also capable of controlling mechanical interaction of nanosize objects by changing the polarization of resonant light
(will be detailed later).
[0070] Given the material of the nanosize object, the
wavelength of the resonant light can be determined from
documented electronic excitation levels (see, for example,
IT Ajiki and K. Cho, "Longitudinal and Transverse Components of Excitons in a Spherical Quantum Dot," Phys.
Rev. B, Vol. 62, pp. 7402-7412 (2000)). The transition
energy between electronic excitation levels of the nanosize
object changes with the size, shape, internal structure, or
quality of the nano object (detailed later). Therefore, if any
of the material, size, shape, internal structure, etc. of the
nanosize object to be manipulated is unknown, it is prefer-
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able to determine the energy difference between electronic
excitation levels, size, shape, internal structure, etc. of the
nanosize object by, for example, spectrometry and then
determine the wavelength of the resonant light from the
results of the spectrometry.
[0071] The resonant light is introduced to the nanosize
object after being focused approximately to the wavelength.
The spectrum of the resonant light has such a linewidth that
the light is resonant with an electronic excitation level of the
nanosize object to be manipulated. The resonant light shone
onto the nanosize object should be of such an intensity that
the light does not damage the object.
[0072] The type of the resonant light is not limited in any
particular manner. A laser beam is preferably used. Specifically, any laser beam may be used at wavelengths from
about 300 nm to about 1,200 nm, which is a typical
wavelength range for optical manipulation lasers.
Control of Resonant Light
[0073] The resonant light is resonant with an electronic
excitation level. The operation and effects of the light in
optical manipulation are disclosed patent document 1. The
inventors of the present invention have diligently worked on
the technique described in patent document 1 and found on
their own that the magnitude and sign of the radiation force
acting between nanosize objects can be changed by changing the polarization of the resonant light. That is, the method
of manipulating nanosize objects of the present invention
involves, in particular, changing the polarization of the
resonant light shone onto a collection of nanosize objects to
control the mechanical interaction of the nanosize objects.
[0074] If there exist two nanosize objects ha and 11b
close to each other, in other words, if the objects 11a and 11b
form a collection, 12, of nanosize objects, as shown in the
examples of the invention and FIGS. 1(a) and 1(b) (detailed
later), the induced internal polarization interacts through an
electromagnetic field. As a result, bonding and antibonding
states occurs with the nanosize objects on the basis of
eigenenergy different from the electronic excitation levels of
the single nanosize objects.
[0075] In the bonding state, the collection has a lower
resonance energy than the resonance energy of a single
nanosize object. In the antibonding state, the collection has
a higher resonance energy than the resonance energy of a
single nanosize object. The states can be selectively created
with incident light having different polarization. Assuming a
dual-particle system shown in FIGS. 1(a) and 1(b) being
irradiated with resonant light, the radiation force induced by
the resonant light is dependent on the direction of polarization with respect to the straight line which links the centers
of mass of the nanosize objects 11a and llb (for convenience, the "center-of-mass line"). Specifically, the nature of
the created radiation force changes with the ratio of the
parallel/vertical components of the polarized light. For
example, the component parallel to the center-of-mass line
induces attractive force and the component vertical to it
induces repulsive force. Note that the incident resonant light
parallel to the center-of-mass line has only a vertical component no matter how the polarization is varied; the radiation force is not dependent on the direction of the polarization.
[0076] Therefore, in the present invention, if the resonant
light is changed in polarization so as to excite the resonance
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energy of the closely positioned nanosize objects to a level
below the resonance energy of a single nanosize object,
energy is excited so as to create a bonding state between the
nanosize objects. As a result, as shown in FIG. 1(a), the
attractive force indicated by the arrowheads with trailing
dash-dot lines in the figure arises between the two nanosize
objects 11a and 11b.
[0077] If the resonant light is changed in polarization so as
to excite the resonance energy of the closely positioned
nanosize objects to a level above the resonance energy of a
single nanosize object, energy is excited so as to create an
antibonding state between the nanosize objects. As a result,
as shown in FIG. 1(b), the repulsive force indicated by the
arrowheads with trailing dash-double-dot lines in the figure
arises between the two nanosize objects 11a and 11b.
[0078] The present invention is thus capable of freely
inducing attractive or repulsive force between nanosize
objects. The technique disclosed in patent document 1
enables manipulation of nanosize objects by shining resonant light, but falls short of efficient manipulation of a
collection of nanosize objects. In contrast, by controlling the
polarization of light, the present invention can bring nanosize objects closer to each other or cause the objects to
assemble into an aggregate and conversely move the objects
away from each other or prevent the objects from assembling into an aggregate. As a result, the invention enables
control of the spatial positions and motion state of the
nanosize objects in the collection of nanosize objects,
achieving efficient manipulation of the nanosize objects with
high degrees of freedom.
[0079] The magnitude of the force (attractive or repulsive)
acting between the nanosize objects changes with the distance separating the nanosize objects. Also, the magnitude
increases in proportion to the intensity of the resonant light
shone. For example, the force acting between the nanosize
objects has a magnitude about a few tens of times that of
gravity if the nanosize objects are separated by a distance of
a few to about a dozen nanometers and they are irradiated
with a laser with a 50 µW/100 µm 2 (= 50 w/cm2 ) intensity.
Accordingly, in illuminating the collection of nanosize
objects with the resonant light, either the collection of
nanosize objects should be formed so that the distance
separating the nanosize objects can fall in a suitable range or
the resonant light should be changed in intensity.
[0080] Under resonant light irradiation, force arises not
only between the nanosize objects ha and llb, but also in
the traveling direction of the resonant light (indicated by
double line arrows in the figure) as shown in FIGS. 1(a) and
1(b). This is exploitable. For example, an attractive or
repulsive force is induced for the control of the positions and
motion of the nanosize objects 11a and 11b (the collection,
12, of nanosize objects) by switching between polarizations
(oscillation planes). That can be followed by the projection
of the resonant light for the control of the position of the
center of mass and the motion of the individual nanosize
objects 11a and 11b. As to the sequence of the control of the
positions and motion of the nanosize objects ha and 11b
and the control of the position and motion of the center of
mass of the individual nanosize objects 11a and llb under
the resonant light, there are following possibilities: the
former precedes the latter, the latter precedes the former, the
former and latter are simultaneous, and the former and the
latter are alternate.
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[0081] In the present invention, the resonant light may be
shone onto the collection of nanosize objects under different
sets of conditions together. Using a plurality of types of
resonant light together enables a greater variety of more
complex manipulation of the nanosize objects. Major conditions include polarization (oscillation plane), intensity, and
frequency which were discussed above. A plurality of types
of resonant light (i.e., under different illuminating conditions) may be prepared in accordance with intended purposes. The plurality of types of resonant light may be
emitted at any timing: they may be emitted simultaneously
or alternately at different timings.
[0082] The present invention induces a desired attractive
or repulsive force on the nanosize objects through polarization as outlined above. This will be explained in more detail.
[0083] Considering the force to be a function of light
energy, the peak position of attractive force on the energy
axis is slightly off the peak position of repulsive force on the
energy axis. A peak is found in the higher energy region than
the original resonance level of an exciton, that is, the
resonance energy (peak radiation force) of a single nanosize
object; the other peak is found in the low energy region. The
shifts vary with parameters of the material.
[0084] Assume, as an example, that the nanosize objects
are illuminated with polarized light oscillating in the vertical
(up and down) direction. If the incident laser beam has such
a wide linewidth that it covers both peaks, a repulsive force
is induced between nanosize objects positioned side by side
in the horizontal (left and right) direction, whereas an
attractive force is induced between nanosize objects positioned side by side in the vertical direction. In contrast, if the
laser beam has such a narrow linewidth that it covers only
either of the peaks, the corresponding one of the forces is
induced.
[0085] For example, if the incident laser beam is polarized
oscillating in the vertical (up and down) direction and covers
only the peak(s) above the resonance energy (peak radiation
force) of a single nanosize object, a repulsive force can be
induced between nanosize objects positioned side by side in
the horizontal direction, whereas no force can be induced
between nanosize objects positioned side by side in the
vertical direction. On the other hand, if the incident laser
beam is polarized oscillating in the vertical (up and down)
direction and covers only the peak(s) below the resonance
energy (peak radiation force) of a single nanosize object, an
attractive force can be induced between nanosize objects
positioned side by side in the vertical direction, whereas no
force can be induced between nanosize objects positioned
side by side in the horizontal direction.
[0086] By using the difference in peak position, an attractive or repulsive force is induced both between nanosize
objects positioned side by side in the vertical direction and
between nanosize objects positioned side by side in the
horizontal direction as follows.
[0087] Two laser beams are prepared. If one is polarized
oscillating in the vertical (up and down) direction and covers
only the peak(s) below the resonance energy (peak radiation
force) of a single nanosize object, an attractive force is
induced between nanosize objects positioned side by side in
the vertical direction, whereas no force is induced between
nanosize objects positioned side by side in the horizontal

direction. If the other is polarized oscillating in the horizontal direction and covers only the peak(s) below the resonance energy (peak radiation force) of a single nanosize
object, an attractive force is induced between nanosize
objects positioned side by side in the horizontal direction,
whereas no force is induced between nanosize objects
positioned side by side in the vertical direction. Thus, an
attractive force is induced both between nanosize objects
positioned side by side in the vertical direction and between
nanosize objects positioned side by side in the horizontal
direction.
[0088] On the other hand, if one is polarized oscillating in
the vertical (up and down) direction and covers only the
peak(s) above the resonance energy (peak radiation force) of
a single nanosize object, a repulsive force is induced
between nanosize objects positioned side by side in the
horizontal direction, whereas no force is induced between
nanosize objects positioned side by side in the vertical
direction. If the other is polarized oscillating in the horizontal direction and covers only the peak(s) above the resonance
energy (peak radiation force) of a single nanosize object, a
repulsive force is included between nanosize objects positioned side by side in the vertical direction, whereas no force
is induced between nanosize objects positioned side by side
in the horizontal direction. Thus, a repulsive force is induced
both between nanosize objects positioned side by side in the
vertical direction and between nanosize objects positioned
side by side in the horizontal direction.
[0089] This control of the linewidth and center frequency
of the laser beam and combination of laser beams enables
control of balance between the attractive and the repulsive
force induced between the nanosize objects.
Specific Method of Manipulating Nanosize Objects
[0090] The method of manipulating nanosize objects of
the present invention changes the polarization of the illuminating resonant light as above. A specific manipulation
method making use of the basic principles will be now
described. The manipulation method of the present invention is a comprehensive method for manipulating nanosize
objects and involves a plurality of steps: a nanosize object
manipulation step, a specific nanosize object selecting step
("step (c)"), and a collection forming step ("step (d)"), to
name a few of them.
[0091] Two examples of the nanosize object manipulation
step are (1) a first nanosize object manipulation step ("step
(a)") of illuminating nanosize objects in a collection of
nanosize objects with resonant light for the manipulation of
the objects, so as to control the collective motion and/or
arrangement of the nanosize objects; and (2) a second
nanosize object manipulation step ("step (b)") of illuminating nano size objects with resonant light for the manipulation
of the objects, so as to control the position of the center of
mass and/or motion of the individual nanosize objects of
which the motion and/or arrangement are already under
control. The manipulation method of the present invention
involves at least the first nanosize object manipulation step
and preferably the second nanosize object manipulation
step.
[0092] As mentioned earlier, the collective motion,
arrangement, etc. of numerous closely located nanosize
objects are controllable by illuminating the collection of
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nanosize objects with resonant light having particular polarization to induce an attractive/repulsive force between the
closely positioned nanosize objects in the collection of
nanosize objects. This operation corresponds to the first
nanosize object manipulation step.
[0093] Force arises in the traveling direction of the resonant light. Thus, the position of the center of mass and
motion of the nanosize objects are controllable by illuminating the nanosize objects with the resonant light while
maintaining the collection of nanosize objects after the
control of the position and motion of the nanosize objects by
changing the polarization. This operation correspond to the
second nanosize object manipulation step.
[0094] Thus, the manipulation method of the present
invention allows the two nanosize object manipulation steps
to be implemented in various sequences: the first nanosize
object manipulation step may precede the second nanosize
object manipulation step, the second nanosize object
manipulation step may precede the first nanosize object
manipulation step, or steps (a) and (b) may take place
alternately or simultaneously. The nanosize object manipulation method is hence widely applicable. Therefore, for
example, the quantum dot pair can be produced in free space
in the first nanosize object manipulation step, and the
produced quantum dot pair may be transported and fixed to
a substrate by the second nanosize object manipulation step.
[0095] The specific nanosize object selecting step allows
for selection of particular nanosize objects from the collection of nanosize objects by illumination with the resonant
light if the collection contains different types of nanosize
objects. The selection of specific types of nanosize objects,
in combination with the nanosize object manipulation
step(s), renders the nanosize object manipulation method
even more widely applicable.
[0096] Specifically, consider a collection of quantum dots
(nanosize objects) as an example. The first nanosize object
manipulation step can be used to form a quantum dot pair.
Suppose that the collection of nanosize objects contains
various types of quantum dot pairs.
[0097] If the plurality of types of quantum dot pairs in the
collection of nanosize objects differ in electronic excitation
level, the specific nanosize object selecting step can be used
to select nanosize objects having a particular electronic
excitation level through control of the resonant light. If the
plurality of types of quantum dot pairs in the collection of
nanosize objects are made of the same material, but differs
in at least one of size, shape, and internal structure, the
specific nanosize object selecting step can be used to select
a quantum dot pair having a size, shape, or internal structure
which matches predetermined conditions through control of
the resonant light. The "predetermined conditions" here
indicates that the size or shape of the quantum dot pair falls
in such a range that the dots are separable from the collection
of nanosize objects through illumination with the resonant
light and that the internal structure of the quantum dot pair
is similar, but sufficiently different to separate the pair from
the rest of the collection through illumination with the
resonant light. For convenience, the quantum dot pairs
which match the predetermined conditions will be referred
to as substantially identical quantum dot pairs. The resonant
light can be controlled in the specific nanosize object
selecting step based on the manipulation method disclosed

in patent document 1. The manipulation method for fine
objects disclosed in patent document 1 is hereby incorporated by reference.
[0098] The collection forming step forms the collection of
nanosize objects. The collection of nanosize objects may be
formed by any specific method. The collection of nanosize
objects is formed, for example, by a focused beam. In a case
like this, as mentioned above, the magnitude of the force
(attractive or repulsive force) induced between the nanosize
objects can be controlled through the illuminating resonant
light if the distance between the nanosize objects in the
collection of nanosize objects is controlled to fall in a
desired range. In combination with changes in intensity of
the illuminating resonant light, the magnitude of the force
induced between the nanosize objects can be better controlled.
[0099] The collection of nanosize objects may be formed
in any environment in the collection forming step, provided
that the nanosize objects are freely movable. As mentioned
earlier, specifically, it can be formed in free space or in a
fluid medium. The fluid medium is not limited in any
particular manner. Superfluid helium is an example.
[0100] The manipulation method of the present invention
may involve any step other than the aforementioned nanosize object manipulation steps, the specific nanosize object
selecting step, and the collection forming step. Also, the
steps may be carried out in any sequence. For example, the
nanosize object manipulation step(s), the specific nanosize
object selecting step, and the collection forming step may be
carried out in this sequence. Alternatively, the nanosize
objects, totally dispersed in a fluid medium, may be subjected to the specific nanosize object selecting step, followed
by the collection forming step in which the selected ones are
packed within a certain distance and then the nano size object
manipulation step(s) in which the distances between the
nanosize objects are controlled.
[2] NANOSIZE OBJECT MANIPULATION
DEVICE
[0101] The manipulation device that implements the
method of manipulating nanosize objects of the present
invention is by no means limited in any particular manner
provided that the device is capable of shining the resonant
light to induce force on the nanosize objects for the manipulation of the nanosize objects. A specific example of the
device configuration will be described in the following.
[0102] First, as shown in FIG. 2, the manipulation device
of the present embodiment contains laser beam sources 21a
and 21b, an enclosure 22, a nanosize-object-collection generating section 23, a fluid medium supply section 24, a
substrate fixing section 25, and a control section 26.
[0103] The laser beam sources 21a and 21b provide a
resonant light projection means for illuminating the collection, 12, of nanosize objects with laser beams as the resonant
light. The sources 21a and 21b are capable of emitting the
resonant light under alterable conditions. Under the conditions, the resonant light can be altered at least in polarization
and preferably also in wavelength and intensity as mentioned earlier under the heading "Control of Resonant Light"
in [1].
[0104] The conditions can be changed so that they are
suitable for intended purposes. For example, the conditions
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may be changed under the control of the control section 26
based on information on the nanosize objects that is fed
through an external input device (for example, keyboard; not
shown). Alternatively, if the material, size, shape, internal
structure, etc. of the sample nanosize objects are unknown,
there may be provided a spectrometer (not shown) by which
to determine differences between electronic excitation levels, size, shape, internal structure, etc. of the nanosize
objects. The conditions can be changed under the control of
the control section 26 based on the measurements.
[0105] The number of the resonant light projection means
is not limited in any particular manner. Two laser beam
sources may be provided as in FIG. 2 (21a and 21b); either
one of the sources may be provided; or three or more of them
may be provided. The provision of two or more laser beam
sources enables projection of resonant light (laser beams)
under different sets of conditions together and hence a
greater variety of more complex manipulation.
[0106] The laser beam sources 21a and/or 21b are not
limited in specific structure in any particular manner: any
publicly known laser beam source for use in nanosize
objects manipulation can be used. A specific example is a
laser beam source emitting in the near ultraviolet region if
the sample nanosize objects are CuCl quantum dots. CuCl
has an electronic excitation level in the near-ultraviolet
region. A more specific example in the same situation is a
blue-violet semiconductor laser element at a wavelength of
385±1 nm and an output power of 3 mW and with a
linewidth of 0.05 nm. Another example is a wavelengthvariable, mode-locked titanium: sapphire laser (the fundamental harmonic is from 720 nm to 900 nm; if LBO, LiO 3
or a similar non-linear optical crystal is used, the second
harmonic is 360 to 450 nm). Techniques of changing the
polarization or otherwise controlling the illuminating conditions are not limited in any particular manner either. Any
publicly known laser optics may be used. For example, wave
plates may be used to change the polarization. For example,
the polarization of the laser beam is rotated 90° by using a
half-wave plate.
,

[0107] The enclosure 22 has an internal space which
accommodates the collection, 12, of nanosize objects in it
for manipulation. The collection, 12, of nanosize objects are
manipulated inside the enclosure 22 by the laser beam(s)
(resonant light) emitted by the laser beam sources 21a
and/or 21b. The enclosure 22 is not limited in size, shape,
etc. in any particular manner: any enclosure of a suitable
structure may be used in accordance with the types and
manipulation environment for the nanosize objects (collection, 12, of nanosize objects). For example, to manipulate
the collection, 12, of nanosize objects in superfluid helium
or a similar fluid medium, a helium cryostat or similar
enclosure which can house superfluid helium may be used.
[0108] The nanosize-object-collection generating section
23 forms the collection, 12, of nanosize objects. The section
23 may form the nanosize objects by itself before forming
the collection 12. Alternatively, the nanosize objects may be
introduced externally to the enclosure 22 and the section 23
forms the collection, 12, of nanosize objects using, for
example, a focused beam. An example of the former configuration is to directly generate quantum dots in superfluid
helium and convert the dots into the collection 12 under a
focused beam. For details, see Japanese Patent Application
(Tokugan) 2004-071621 (quantum dot manipulation method
and quantum dot generation/manipulation device). An
example of the latter configuration is the manipulation

device of the present invention being so linked to a quantum
dot generating device as to allow movement of quantum
dots. The quantum dots, generated in the quantum dot
generating device, are transferred to the manipulation device
where the dots are converted into the collection 12.
[0109] The configuration shown in FIG. 2 includes the
fluid medium supply section 24 because the enclosure 22 is
loaded with a fluid medium. The fluid medium is, for
example, superfluid helium, but by no means limited. The
fluid medium supply section 24 is not limited in specific
structure in any particular manner either. Any publicly
known structure, for example, the one used for the helium
cryostat, may be used.
[0110] To additionally fix the nanosize objects (collection,
12, of nanosize objects) onto the substrate 30 after manipulation, the enclosure 22 is preferably provided with the
substrate fixing section 25 to which the substrate 30 is fixed.
The substrate fixing section 25 is not limited in specific
structure in any particular manner: any publicly known
substrate holder can be used that does not disrupt the fixing
of the collection, 12, of nanosize objects onto the substrate
30.
[0111] The control section 26 provides a control means
which controls the operation of the manipulation device of
the present embodiment. The section 26 should only be
capable of sending control signals to the laser beam sources
21a and 21b, the nanosize-object-collection generating section 23, and the fluid medium supply section 24 in the
manipulation device as shown in FIG. 2. The section 26 also
should only be capable of receiving information and signals
from input means or a similar device (not shown) and
controlling the operation of the means based on the signals/
information. The control section 26 is not limited in specific
structure in any particular manner: any suitable, publicly
known, conventional computing means can be used. A
specific example is a central processing unit (CPU) in a
computer which operates according to a computer program.
[0112] The control operation by the control section 26 will
be briefly described by way of an example. Suppose that the
laser beam sources 21a and 21b illuminate the collection,
12, of nanosize objects with laser beams under different sets
of conditions together. In that case, the section 26 controls
the laser beam sources 21a and 21b based on the information
fed through the input means so that the sources 21a and 21b
can simultaneously or alternately emit different types of
laser beams to achieve intended purposes. That control
operation enables a greater variety of optical manipulation.
[0113] The manipulation device of the present embodiment may include output means and/or sensor means. The
output means is, for example, display means (various display devices are possible) which displays various information on the manipulation of the collection, 12, of nanosize
objects to the operator. The sensor means detects whether
the substrate 30 is fixed to the substrate fixing section 25.
Such means can be constructed from prior art technology.
The means operate under the control of the control section
26.
[3] APPLICATIONS OF PRESENT INVENTION
[0114] The present invention is of course applicable across
the nanotechnology field and to the manipulation of any type
of nanomaterial. A specific example is an application to the
formation (production) of a quantum dot pair. That is, the
present invention encompasses the method of producing a
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quantum dot pair based on the method of manipulating
nanosize objects detailed above.
[0115] The method of producing a quantum dot pair will
be described by way of a specific example. First, for
example, a collection of closely positioned quantum dots
with particular properties is formed, for example, by a
focused beam in the collection forming step. Assume that the
collection of quantum dots is a collection of numerous
closely located quantum dots with particular properties
(size, shape, resonance energy, etc.). Thereafter, a quantum
dot pair is formed through the control of the distances
between the quantum dots in the collection of quantum dots
as in the first nanosize object manipulation step. In other
words, as mentioned above, an attractive or repulsive force
is induced between quantum dots by changing the polarization of the resonant light, so as to control the collective
configuration of the collection of quantum dots. Thus,
distance between the quantum dots is changed to form a
quantum dot pair. Thereafter, the specific nanosize object
selecting step may be carried out to select particular a
quantum dot pair. Alternatively, the second nanosize object
manipulation step may be carried out to fix the selected
quantum dot pair to the substrate, etc. Steps other than the
first nanosize object manipulation step, the second nanosize
object manipulation step, the specific nanosize object selecting step, and the collection forming step may be carried out.
The sequence of individual steps may be changed in any
manner.
[0116] The resonant light may be shone under different
sets of conditions together as mentioned above. For
example, the resonant light is shone under different sets of
conditions together to move only the quantum dots of a
particular size in one direction and simultaneously control
distance between the paired quantum dots which is less than
or equal to a particular distance or less. That operation
makes it possible to form a novel structure for the quantum
dot pair in free space and fix the structure to the substrate.
[0117] The present invention is capable of manipulating
carbon nanotubes as mentioned earlier. The radiation force
exhibits different properties depending on whether the resonant light shone on a pair of parallel carbon nanotubes is
polarized parallel or vertical to the length of the carbon
nanotubes. Thus, attractive/repulsive force is controllable as
with quantum dots. Good manipulation is realized.
[0118] The present invention will be more specifically
described in reference to examples. The present invention is
by no means limited by the examples. A person skilled in the
art may make alterations, modifications, or other changes to
the present invention without departing from its scope.
[0119] CuCl semiconductor cubic quantum dots measuring 20 nm on each side were used as the nanosize objects.
The electronic excited state of the semiconductor quantum
dot was approximated using the Lorentz oscillator model. A
response field was calculated using a discrete integral equation and substituted in the Maxwell stress tensor to calculate
the force exerted on a quantum dot. Specific conditions are
shown in FIG. 3(a): the two cubic quantum dots were
located so closely as 8 nm to each other. Their center of mass
was supposed to be in the x-y plane. The parameter of the
CuCl Z3 exciton was used in the z-axis direction (resonance
energy: 3.2022 eV). The resonant light (laser beam) was
shone with an intensity of 50 µW/100 µm 2 (= 50 W/cm2). The
resonant light was shone under this set of conditions, but
with different polarizations. Frequency dependence of the x-

and y-components of the acceleration (force divided by
mass) acting on individual quantum dots is shown in FIGS.
3(b) and 3(c).
[0120] The electronic excitation levels of a single quantum
dot are indicated by vertical lines in FIGS. 3(b) and 3(c). It
is understood that if there are closely located cubic semiconductor quantum dots, polarizations induced in the dots
interact through an electromagnetic field to form a "polaritonic molecule" consisting of quantum dot pairs which
exhibit a bonding state (BS) or an antibonding state (AS)
having different eigenenergy from the electronic excitation
levels of the single quantum dots.
[0121] As two cubic quantum dots are moved closer, a
repulsive force appears between the dots under resonant
light polarized normal to the straight line linking the center
of mass of the quantum dots (center-of-mass line), and an
attractive force appears under resonant light polarized parallel to the center-of-mass line. In both cases, the magnitude
of the force increases with a decrease in the distance. When
the distance is reduced further to about a few nanometers, a
laser with such an intensity that it would otherwise cause a
linear response produces an acceleration a few tens of times
as strong as gravity. In addition, with quantum dots as large
as, for example, about 60 nm in size, there appears a region
where normal polarization, which would inherently induce a
repulsive force, produces a negative component of force
under certain conditions, inducing an attractive force. With
a rectangular parallelepiped fine particles, the peak value is
greater with incident light polarized parallel to the long axis,
and the frequency corresponding to the peak acceleration
varies with the shape and polarization.
[0122] Next, CuCl semiconductor spherical quantum dots
measuring 40 nm in diameter were used as the nanosize
objects. Similarly to the preceding case, it is understood
from FIGS. 4(b) and 4(c) that "polaritonic molecules" which
exhibit a bonding state (BS) or an antibonding state (AS) are
formed. The peak of the force on a single cube under the
resonant light is about as large as that on a sphere of the
same volume.
[0123] The bonding and antibonding states can selectively
be created with incident light of different polarizations as
above. Exciting the energy to the bonding state induces the
attractive force between the quantum dots; exciting the
energy to the antibonding state induces the repulsive force
between the quantum dots. An unconventional method of
manipulating nano size objects can be provided by exploiting
these facts.
[0124] FIG. 5 shows a configuration example in which
multiple beams are used including a standing wave. A
sample cell 41 is placed right above a substrate 42. A prism
43 is attached beneath the substrate 42. The substrate 42 is
provided so that quantum dot arrays, such as quantum dot
pairs, are attached to it ultimately.
[0125] Inside the sample cell 41, there exist pairs of
quantum dots 40 as the nanosize objects, which means that
the quantum dots 40 have been selected by size.
[0126] Laser beams A and B emitted by two laser beam
sources 44 facing each other illuminate the substrate 42 via
the prism 43 obliquely from below the prism 43. The
configuration produces a horizontal standing wave E parallel
to the substrate 42. The standing wave E is a near field,
which is localized at the surface of the substrate, with
electric field intensity distribution like a standing wave in
the horizontal direction. Due to these properties, the quan-
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turn dot pairs gather and line up periodically on the standing
wave E (standing wave trapping).

between polarizations similarly to the case of FIG. 5. Thus,
the dots 50 can be arranged, for example, along lines.

[0127] An evanescent wave (light) D is produced from the
same laser beams using the prism 43. The evanescent wave
induces a radiation force F acting on the quantum dots 40
against gravity, thereby holding the quantum dots 40 at a
fixed height above the substrate 42. It is also possible to
attract the quantum dots 40 to the substrate 42 by switching
the laser beams A and B between frequencies.

[0136] It is also possible to attach the quantum dots 50 to
the substrate 52 by moving the lens 51 up and down
(direction "a" and "b" in the figure) to control the position
of the laser spot B, so that the laser spot B sits on the
substrate 52.

[0128] Standing wave trappings can be formed this way
not only normal to the prism 43, but also parallel to the prism
43.
[0129] Resonant light (arrangement control light) C is
shone onto the quantum dots 40 by a device (not shown)
from above the sample cell 41. The light C is polarized and
has an oscillation plane that is, for example, horizontal and
parallel to the page (left/right direction in the figure) or
horizontal and normal to the page, as indicated in the figure.
[0130] As mentioned earlier, the quantum dots 40 are
being held at a fixed height above the substrate 42. The
quantum dots 40 gather one-dimensionally where the potential is minimum on the standing wave E. However, if the
quantum dots 40 exist in large amounts, they make a
distribution in the lateral direction (in the horizontal direction). The spread of the dots 40 in the normal direction is
restrained by shining the resonant light C, which is polarized
in a particular manner, from above so that an attractive force
is induced in the direction that is horizontal and parallel to
the page. The dots 40 are distributed more one-dimensionally by allowing the collection to stretch with a repulsive
force in the normal direction to the page. The dots 40 can in
principle be arranged similarly to regular patterns, although
the process may be time-consuming. It is also possible to
attach the quantum dots 40 to the substrate 42 by further
controlling near fields and the intensities of the beams. In
other words, the quantum dots 40 can be attached to the
substrate 42 by adjusting the position of the standing wave
E or the evanescent wave D.
[0131] This control of the oscillation plane of the polarized light adjusts the parallel and normal forces to the page
and modifies the distribution of the quantum dots in the
lateral direction and in the normal direction to the page,
thereby controlling the arrangement of the quantum dots.
[0132] FIG. 6 shows another configuration example in
which multiple beams are used including a standing wave.
A substrate 52 is placed right above a lens 51. The substrate
52 is provided so that quantum dot arrays, such as quantum
dot pairs, are attached to it ultimately.
[0133] Pairs of quantum dots 50 as the nanosize objects
exist between the lens 51 and the substrate 52, which means
that the quantum dots 50 have been selected by size.
[0134] Resonant light A, a focused laser beam, is focused
through the lens 51 to form a laser spot B. At the same time,
the resonant light A is reflected off the substrate 52 to form
a standing wave C. The standing wave C induces radiation
force D against gravity on all the quantum dots 50. Due to
these properties, the quantum dot pairs gather and line up
periodically in the plane in which the laser spot B, located
at the focal point, sits (standing wave trapping).
[0135] The direction in which the quantum dots 50 gather
(arrangement) is controllable by controlling the oscillation
plane of the polarized resonant light A and switching

[0137] After arranging the quantum dots 50 on the laser
spot B, for example, along straight lines with the focused
laser beam in this manner, the dots 50 may be attached to the
substrate 52. This is applicable to the control of energy
transfer between arranged quantum dots and the fabrication
of quantum dot circuits.
[0138] Other possible manipulation (not illustrated) is the
prevention of solidification of an entire collection system or
conversely the promotion of solidification.
[0139] The embodiments and examples described in Best
Mode for Carrying Out the Invention are for illustrative
purposes only and by no means limit the scope of the present
invention. Variations are not to be regarded as a departure
from the spirit and scope of the invention, and all such
modifications as would be obvious to one skilled in the art
are intended to be included within the scope of the claims
below.
INDUSTRIAL APPLICABILITY
[0140] As described in the foregoing, the present invention enables a greater variety of more complex manipulation
of a collection of nanosize objects using resonant light than
conventional techniques. Therefore, through the manipulation of nanosize objects, the present invention enables the
manufacture of structures having new properties and are
applicable to the manipulation of biomolecules, cells, and
organelle in cells. The invention is widely useable in fields
related to nanotechnology.
1. A method of manipulating nanosize objects,
said method comprising illuminating nanosize objects
with light resonant with an electronic excitation level of
the nanosize objects to induce force being exerted on
the nanosize objects from the resonant light for
manipulation of the nanosize objects,
wherein:
the resonant light illuminates a collection of nanosize
objects; and
the resonant light is changed in polarization to control
mechanical interaction of the nanosize objects.
2. (canceled)
3. (canceled)
4. The method of claim 1, wherein the resonant light is
changed in polarization so as to excite resonance energy of
closely positioned nanosize objects to a level below resonance energy of a single nanosize object.
5. The method of claim 1, wherein the resonant light is
changed in polarization so as to excite resonance energy of
closely positioned nanosize objects to a level above resonance energy of a single nanosize object.
6. The method of claim 1, wherein the resonant light
illuminates under different sets of conditions together.
7. The method of claim 1, wherein the resonant light is a
laser beam A which is polarized light oscillating in a
direction D1 and which covers only an energy region
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including a peak below resonance energy of a single nanosize object so as to induce attractive force between nanosize
objects in the direction Dl and no force between nanosize
objects in a direction D2, where the directions Dl and D2 are
orthogonal to each other.
8. The method of claim 1, wherein the resonant light is a
laser beam A which is polarized light oscillating in a
direction Dl and which covers only an energy region
including a peak above resonance energy of a single nanosize object so as to induce repulsive force between nanosize
objects in a direction D2 and no force between nanosize
objects in the direction Dl, where the directions Dl and D2
are orthogonal to each other.
9. The method of claim 1, wherein:
the resonant light, under one set of conditions, is a laser
beam A which is polarized light oscillating in a direction Dl and which covers only an energy region
including a peak below resonance energy of a single
nanosize object so as to induce attractive force between
nanosize objects in the direction Dl and no force
between nanosize objects in a direction D2; and
the resonant light, under another set of conditions, is a
laser beam B which is polarized light oscillating in the
direction D2 and which covers only an energy region
including a peak below resonance energy of a single
nanosize object so as to induce attractive force between
nanosize objects in the direction D2 and no force
between nanosize objects in the direction Dl, in order
to induce attractive force between nanosize objects
both in the direction Dl and in the direction D2, where
the directions Dl and D2 are orthogonal to each other.
10. The method of claim 1, wherein:
the resonant light, under one set of conditions, is a laser
beam A which is polarized light oscillating in a direction Dl and which covers only an energy region
including a peak above resonance energy of a single
nanosize object so as to induce repulsive force between
nanosize objects in a direction D2 and no force between
nanosize objects in the direction Dl; and
the resonant light, under another set of conditions, is a
laser beam B which is polarized light oscillating in a
direction D2 and which covers only an energy region
including a peak above resonance energy of a single
nanosize object so as to induce repulsive force between
nanosize objects in a direction Dl and no force between
nanosize objects in the direction D2, in order to induce
repulsive force between nanosize objects both in the
direction Dl and in the direction D2, where the directions Dl and D2 are orthogonal to each other.
11. The method of claim 1, wherein a standing wave is
produced to arrange the nanosize objects on the standing
wave.
12. (canceled)
13. The method of claim 11, wherein the standing wave is
produced by the resonant light and reflection thereof from a
substrate.
14. (canceled)
15. The method of claim 1, wherein a standing wave is
produced to exert a radiation force against gravity onto the
nanosize objects.
16. (canceled)

17. The method of claim 1, wherein an evanescent wave
is produced to exert a radiation force against gravity onto the
nanosize objects.
18. The method of claim 1, wherein a standing wave or an
evanescent wave is produced to manipulate the nanosize
objects, the standing wave or the evanescent wave being
regulated in terms of where the wave is produced to attach
the nanosize objects onto the substrate.
19. The method of claim 1, comprising step (a) of
illuminating the nanosize objects in the collection of nanosize objects with the resonant light for manipulation of the
objects, so as to control a collective motion and/or arrangement of the nanosize objects.
20. The method of claim 19, further comprising step (b)
of illuminating the nanosize objects in the collection of
nanosize objects with resonant light for manipulation of the
objects, so as to control a position of a center of mass and/or
motion of the nanosize objects of which the motion and/or
arrangement are already under control.
21. The method of claim 19, further comprising step (b)
of illuminating the nanosize objects with resonant light for
manipulation of the objects, so as to control a position of a
center of mass and/or motion of the nanosize objects before,
simultaneously with, or alternately with controlling the
motion and/or arrangement of the collection of nanosize
objects in step (a).
22. (canceled)
23. (canceled)
24. (canceled)
25. The method of claim 1, comprising step (d) of forming
the collection of nanosize objects.
26. (canceled)
27. The method of claim 25, wherein in step (d), the
collection of nanosize objects is formed with focused light.
28. (canceled)
29. The method of claim 1, wherein the nanosize objects
are either quantum dots or quantum dot pairs.
30. The method of claim 29, wherein:
the collection of nanosize objects contains either a plurality of types of nanozise objects having different
electronic excitation levels or a plurality of type of
nanosize objects of the same material, but differing in
at least one of size, shape, and internal structure;
the method comprises step (c) of illuminating the nanosize objects with the resonant light to select particular
nanosize objects from the collection of nanosize
objects, in which step either nanosize objects with a
particular electronic excitation level or nanosize
objects with substantially the same size, shape and
internal structure are selected.
31. (canceled)
32. The method of claim 29, wherein:
the method comprises step (d) of forming the collection of
nanosize objects; and
the collection of nanosize objects formed in step (d) is a
collection of quantum dots with particular properties.
33. The method of claim 32, wherein:
the method comprises step (a) of illuminating the nanosize objects in the collection of nanosize objects with
the resonant light for manipulation of the objects, so as
to control a collective motion and/or arrangement of the
nanosize objects; and
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distances separating quantum dots in the collection of
quantum dots are controlled to form a quantum dot pair.
34. (canceled)
35. (canceled)
36. A device for manipulating nanosize objects, said
device illuminating nanosize objects with resonant light to
exert a force on the nanosize objects to manipulate the
nanosize objects,
said device comprising: resonant light projection means
for illuminating the nanosize objects with light resonant
with an electronic excitation level of the nanosize
objects,
wherein the resonant light projection means is capable of
changing the resonant light in polarization.

37. The device of claim 36, further comprising an enclosure equipped with an internal space to accommodate the
collection of nanosize objects for manipulation,
wherein the enclosure can be loaded with a fluid medium.
38. (canceled)
39. (canceled)
40. The device of claim 36, comprising a plurality of said
resonant light projection means,
wherein the plurality of said resonant light projection
means illuminate the nanosize objects with the resonant
light under different sets of conditions together.
41. (canceled)
42. (canceled)

