VOLUME 88, NUMBER 6

PHYSICAL REVIEW LETTERS

11 FEBRUARY 2002

Direct Observation of Optically Forbidden Energy Transfer between CuCl Quantum Cubes
via Near-Field Optical Spectroscopy
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We report, for the first time, evidence of near-field energy transfer among CuCl quantum cubes using
an ultrahigh-resolution near-field optical microscopy and spectroscopy in the near UV region at 15 K.
The sample was high-density CuCl quantum cubes embedded in a NaCl matrix. Measured spatial dis-
tributions of the luminescence intensities from 4.6-nm and 6.3-nm quantum cubes clearly established
anticorrelation features. This is thought to be a manifestation of the energy transfer from the lowest
state of exciton in 4.6-nm quantum cubes to the first dipole-forbidden excited state of exciton in 6.3-nm
quantum cubes, which is attributed to the resonant optical near-field interaction.
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Observations of a single quantum dot have recently be-
come possible using near-field optical spectroscopy [1,2]
and microluminescence spectroscopy [3,4]. Spectroscopy
of individual quantum dots is one of the most important
topics of nanostructure physics, and several extraordinary
phenomena have been reported, such as intermittent lu-
minescence [5] and long coherent time [6]. The coupled
quantum-dots system exhibits more unique properties (e.g.,
the Kondo effect [7,8], Coulomb blockade [9,10], and
breaking the Kohn theorem [11]) in contrast with the single
quantum-dot system. The quantum dots system reveals a
variety of interactions such as carrier tunneling [7-10],
Coulomb coupling [11], spin interaction [12], and so on.
Investigation of interactions among quantum dots is impor-
tant not only for deep understanding of the various physi-
cal phenomena but also for developing novel functional
devices [7—12]. The optical near-field interaction [1] is of
particular interest, as it can govern the coupling strength
among quantum dots.

Recently, Mukai et al. reported ultrafast “optically
forbidden” energy transfer from an outer ring of loosely
packed bacteriochlorophyll molecules, called B800,
to an inner ring of closely packed bacteriochlorophyll
molecules, called B850, in the light-harvesting antenna
complex of photosynthetic purple bacteria [13]. They
theoretically showed that this transfer is possible when
the point transition dipole approximation is violated due
to the size effect of B80O and B850. From our viewpoint,
this energy transfer is due to the optical near-field inter-
action between B800 and B850. Similarly, the energy
can be transferred from one dot to another by the optical
near-field interaction for the quantum dots system, even if
it is a dipole-forbidden transfer.

CuCl quantum cubes (QCs) embedded in NaCl have
the potential to be an optical near-field coupling system
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PACS numbers: 78.67.Hc, 68.37.Uv, 73.21.La, 73.63.Kv

that exhibits this optically forbidden energy transfer. This
is because, for this system, another possibility of energy
transfer, such as carrier tunneling, Coulomb coupling, and
so on, can be neglected, because carrier wave function is
localized in QCs due to a deep potential depth of more than
4 eV and the Coulomb interaction is weak due to small
exciton Bohr radius of 0.68 nm. Conventional optical
energy transfer is also negligible, since the energy levels of
nearly perfect cubic CuCl QCs are optically forbidden, and
are confined to the energy levels of exciton with an even
principal quantum number [14]. However, Sakakura et al.
observed the optically forbidden transition in a hole-
burning experiment using CuCl QCs [15]. Although they
attributed the transition to an imperfect cubic shape, the ex-
perimental and simulation results did not show such imper-
fection. We believe that the transition was due to the energy
transfer between the CuCl QCs, via the optical near-field
interaction similar to the optically forbidden energy
transfer between B800 and B850 in the above-mentioned
photosynthetic system. Thus far, this type of energy trans-
fer has not been directly observed. This Letter reports
the direct observation of energy transfer from the exciton
state in a CuCl QC to the optically forbidden exciton state
in another CuCl QC by optical near-field spectroscopy.

It is well known that translational motion of the exci-
ton center of mass is quantized due to the small exciton
Bohr radius for CuCl quantum dots, and that CuCl quan-
tum dots become cubic in a NaCl matrix [15-17]. The
potential barrier of CuCl QCs in a NaCl crystal can be
regarded as infinitely high, and the energy eigenvalues for
the quantized Z3 exciton energy level (ny, ny, n;) in a CuCl
QC with the side length of L are given by
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where Ep is the bulk Z3 exciton energy, M is the transla-
tional mass of exciton, ap is its Bohr radius, n,, n,, and n;
are quantum numbers (n.,n,,n; = 1,2,3,...), and d =
(L — ap) corresponds to an effective side length found
through consideration of the dead layer correction [15].
The exciton energy levels with even quantum numbers are
dipole-forbidden states, that is, optically forbidden [14].
However, the optical near-field interaction is finite for such
energy levels [18].

According to Eq. (1), there exists a resonance between
the quantized exciton energy level of quantum number
(1,1,1) for the QCs with effective side length d and the
quantized exciton energy level of quantum number (2,1, 1)
for the QCs with effective side length /2 d. For this type
of resonant condition, the coupling energy of the optical
near-field interaction is given by the following Yukawa
function [1,18]:

V(r) =

aoCan, o

Here r is the separation between two QCs, A is the cou-
pling coefficient, and the effective mass of the Yukawa
function w is given by
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where Enyc is the exciton energy of a NaCl matrix. The
value of the coupling coefficient A depends on each experi-
mental condition; however, we estimate it from the result
of the previous work on the interaction between a Rb atom
and the optical near-field probe tip [18]. The value for A for
5-nm CuCl QCs is found to be more than 10 times larger
than that for the Rb-atom case, since the coupling coeffi-
cient A is proportional to the oscillator strength and square
of the photon energy [18,19]. Assuming that the separa-
tion r between two QCs is equal to 10 nm, the coupling
energy V(r) is the order of 10~# eV. This corresponds to
a transition time of 40 ps, which is much shorter than the
exciton lifetime of a few ns. In addition, intersublevel tran-
sition 7gp, from higher exciton energy levels to the lowest
one, is generally less than a few ps and is much shorter
than the transition time due to optical near-field coupling
[20]. Therefore, most of the energy of the exciton in a
CuCl quantum cube with the side length of d transfer to
the lowest exciton energy level in the neighboring quantum
cubes with a side length of +/2 d and recombine radiatively
in the lowest level.

We fabricated CuCl QCs embedded in a NaCl matrix by
the Bridgman method and successive annealing, and found
the average size of the QCs to be 4.3 nm. The sample
was cleaved just before the near-field optical spectroscopy
experiment in order to keep the sample surface clean. The
cleaved surface of the sample with 100-um-thick sample
was sufficiently flat for the experiment; i.e., its roughness
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was less than 50 nm, at least within a few wm squares. A
325-nm He-Cd laser was used as a light source. A double-
tapered fiber probe was fabricated by chemical etching and
a 150-nm gold coating was applied [21]. A 50-nm aperture
was fabricated by the pounding method [22].

The curve in Fig. 1(a) shows a far-field luminescence
spectrum of the sample that was recorded with a probe-
sample separation of 3 um in the collection-mode opera-
tion [1] of the cryogenic near-field optical microscope at
15 K. It represents the collective luminescence intensity
from several CuCl QCs, and is inhomogeneously broad-
ened owing to the size distribution of the QCs. Fig-
ure 1(b) represents the differential spectrum, which is the
intensity difference between luminescence measured with
probe-sample separations of 3 wm and of less than 10 nm.
This curve consists of many fine structures. These ap-
pear as the contribution of the QCs near the apex of the
probe because of the drastic increase in the measured lu-
minescence intensity for a probe-sample separation less
than 10 nm. The average density of the QCs is 107 ¢cm™3.
Thus, the average separation between the QCs is less than
30 nm, estimated from the concentration of CuCl. There-
fore, the spectral peaks in Fig. 1(b), obtained by near-field
measurement using the 50-nm aperture fiber probe, origi-
nate from several QCs of different size. Among these, the
peaks X and Y correspond to the confined Zs-exciton en-
ergy levels of quantum number (1,1, 1) for the QCs with
side lengths (L) of 4.6 and 6.3 nm, respectively. Their
effective side lengths d are 3.9 and 5.6 nm, whose size
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FIG. 1. (a) Far-field luminescence spectrum of a sample
recorded with probe-sample separation of 3 um for the
collection-mode operation at 15 K. (b) The differential lumi-
nescence spectrum, which is the intensity difference between
luminescence measured with the probe-sample separations of
3 um and of less than 10 nm. X, Y, and Z correspond to the
wavelengths of lowest exciton state in quantum cubes with the
side lengths of 4.6, 6.3, and 5.3 nm, respectively.
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ratio is close to 1:4/2, and thus the (1,1,1) and (2,1,1)
quantized exciton levels are resonant with each other to be
responsible for energy transfer between the QCs.

Figures 2(a) and 2(b) show the spatial distributions of
the luminescence intensity, i.e., near-field optical micro-
scope images, for peaks X and Y in Fig. 1(b), respectively.
The spatial resolution, which depends on the aperture di-
ameter of the near-field probe, was smaller than 50 nm.
These images clearly establish anticorrelation features in
their intensity distributions, as manifested by the dark and
bright regions surrounded by white broken curves. In order
to confirm the anticorrelation feature more quantitatively,
Fig. 3 shows the values of the cross-correlation coefficient
C between the spatial distribution of the intensity of the
luminescence emitted from the (7, ny, n;) level of exciton
in a QC with 6.3-nm side length and that from the (1,1, 1)
level in a QC with a different side length L. They have
been normalized to that of the autocorrelation coefficient
of the luminescence intensity from the (1,1,1) level in a

X: L#4.6nm

FIG. 2. Spatial distributions of the near-field luminescence
intensity for peaks marked as X, Y, and Z in Fig. 1(b),
respectively.
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6.3-nm QC, which is identified by an arrow (1) in Fig. 3.
To calculate the values of C, spatial Fourier transform was
performed on the series of luminescence intensity values
in the chain of pixels inside the region surrounded by the
broken white curves in Fig. 2. The large negative value
of C identified by an arrow (2) clearly shows the anticor-
relation feature between Figs. 2(a) and 2(b), i.e., between
the (2,1,1) level in a 6.3-nm QC and the (1,1,1) level in
a 4.6-nm QC.

This anticorrelation feature can be understood by not-
ing that these spatial distributions in luminescence inten-
sity represent not only the spatial distributions of the QCs,
but also some kind of resonant interaction between the
QCs. This interaction induces energy transfer from X
cubes (L = 4.6 nm) to Y cubes (L = 6.3 nm). Interpret-
ing this, most of the 4.6-nm QCs “accidentally” located
close to 6.3-nm QCs cannot emit light, but instead trans-
fer the energy to the 6.3-nm QCs. As a result, in the re-
gion containing embedded 6.3-nm QCs, the luminescence
intensity in Fig. 2(a) from 4.6-nm QCs is low, while the
corresponding position in Fig. 2(b) is high. As we men-
tioned above, it is reasonable to attribute the origin of the
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FIG. 3. Values of the cross-correlation coefficient C between
the spatial distribution of the intensity of the luminescence emit-
ted from the (ny, ny,n;) level of exciton in a QC with 6.3-nm
side length and that from the (1, 1, 1) level in a QC with the dif-
ferent side length L. They have been normalized to that of the
autocorrelation coefficient of the luminescence intensity from
the (1,1,1) level in a 6.3-nm QC, which is identified by an
arrow (1). The other four arrows (2)—(5) represent the cross-
correlation coefficient C between higher levels in a 6.3-nm QC
and other sized QCs. They are between (2) the (2,1, 1) level
in a 6.3-nm QC and the (1,1,1) level in a 3.9-nm QC, (3) the
(2,2,1) level in a 6.3-nm QC and the (1, 1,1) level in a 3.9-nm
QC, (4) the (3,1, 1) level in a 6.3-nm QC and the (1,1, 1) level
in a 3.6-nm QC, and (5) the (2,2,2) level in a 6.3-nm QC and
the (1,1, 1) level in a 3.5-nm QC. For reference, a white arrow
represents the value of C between the (2, 1, 1) level in a 6.3-nm
QC and the nonresonant (1,1, 1) level in a 5.3-nm QC.
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interaction to the near-field energy transfer. Besides, anti-
correlation features appear for every couple of QCs with
different sizes satisfying the resonant conditions of the
confinement exciton energy levels. Therefore, we claim
the first observation of energy transfer between QCs via
the optical near field.

For reference, we note the dark area outside the broken
curves in Fig. 2(b). This occurs because there are very
few 6.3-nm QCs. From the absorption spectrum of the
sample, it is estimated that the population of 6.3-nm QCs
is one-tenth the population of 4.6-nm QCs. As a result, the
corresponding area in Fig. 2(a) is bright due to absence of
the energy transfer.

On the other hand, the spatial distributions of the lumi-
nescence intensities from other QCs whose sizes do not sat-
isfy the resonant condition given by Eq. (1) did not show
any anticorrelation features. This is confirmed by com-
paring Figs. 2(a), 2(b), and 2(c). Here Fig. 2(c) shows the
spatial distribution of the luminescence intensity of peak Z
in Fig. 1(b), which corresponds to QCs with a side length
of 5.3 nm. The white arrow in Fig. 3 indicates the rela-
tionship between Figs. 2(b) and 2(c). The negligibly small
value of C identified by this arrow proves the absence
of the anticorrelation feature between the exciton energy
levels in a 6.3-nm QC and the (1,1,1) level in a 5.3-nm
QC due to their nonresonant condition.

Furthermore, arrows (3)—(5) also represent clearly large
negative values of C, which means the existence of the
anticorrelation feature between higher levels in 6.3-nm QC
and other sized QCs. They are (3) the (2,2,1) level in
a 6.3-nm QC and the (1,1,1) level in a 3.9-nm QC, (4)
the (3,1,1) level in a 6.3-nm QC and the (1,1, 1) level in
a 3.6-nm QC, and (5) the (2,2,2) level in a 6.3-nm QC
and the (1,1,1) level in a 3.5-nm QC. These anticorrela-
tion features can also be explained by the resonant optical
near-field energy transfer. The features represented by this
figure support our interpretation of the experimental re-
sults. The large anticorrelation coefficients C identified by
arrows (4) and (5) in Fig. 3 are the evidence of multiple
energy transfer: Since the (1,1, 1) levels in 3.5-nm and
3.6-nm QCs resonate or nearly resonate to the (2, 1, 1) level
in a 4.6-nm QC, there is another route of energy transfer
in addition to direct transfer from the 3.5-nm and 3.6-nm
QCs to 6.3-nm QCs, i.e., the transfer via the 4.6-nm QCs.
We consider that such multiple energy transfers increase
the value of C identified by arrows (4) and (5) in Fig. 3.

In conclusion, CuCl QCs embedded in a NaCl matrix
form a system that emphasizes the optical near-field in-
teraction due to its high potential barrier, small radius of
exciton, and high density of QCs. Using near-field op-
tical spectroscopic microscopy with a spatial resolution
smaller than 50 nm in the near UV region at 15 K, we
observed, for the first time, resonant energy transfer occur-
ring from the lowest state of excitons in 4.6-nm QCs to the
first dipole-forbidden excited state of excitons in 6.3-nm
size QCs. This is attributed to the optical near-field in-
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teraction between the QCs. In addition, this phenomenon
can provide a variety of applications, such as an all-optical
near-field switch.
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