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研究成果の概要（和文）：励起子ライマン分光法を用いて、歪誘起トラップ中にトラップされた亜酸化銅中の1s
パラ励起子の世界初の吸収イメージングに、励起子温度7Kにおいて成功した。また、励起子内部遷移の共鳴エネ
ルギーの印加応力依存性を理論的に計算可能とし、実験結果との対応付けを行った。また、この中赤外分光法を
希釈冷凍機に対して適用する実験系を完成させ、100mK台の量子縮退パラ励起子の吸収イメージングを取得する
ことに成功した。さらに、2台のフェムト秒モード同期チタンサファイアレーザーを構築し、超高精度な光周波
数コムとして完成させることで、固体の精密分光の実現への道筋をつけた。

研究成果の概要（英文）：We have succeeded to demonstrate the absorption imaging for trapped 1s 
paraexcitons in cuprous oxide at 7 K using the excitonic Lyman specrsocopy. This is the first 
observation of the absorption image in exciton systems in general.  that probes 1s paraexcitons via 
the 1s-2p transition. We have developed a theory that describes the frequency shift of the excitonic
 internal transitions in a strain-induced trap, and we have compared the numerical results with our 
experiment. We also extended this experimental method in the mid-infrared to our dilution 
refrigerator, where we have successfully observed the absorption image of a quantum degenerate 
exciton gas at around 100 mK. In addition, we have developed two mode-locked femtosecond lasers and 
controlled them to be ultrafine optical frequency combs. This is the first step towards fine 
spectroscopy of solids using femtosecond frequency combs.

研究分野：量子エレクトロニクス

キーワード： 励起子　ボース・アインシュタイン凝縮　吸収イメージング　周波数コム

  １版
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FIG. 4. (Color online) (a) Differential transmission image at a probe wavelength of 9760 nm (the indicated temperature of the cryostat was
2.4 K). (b) Spatial distribution of (a) in the vertical direction (averaged in the horizontal direction). The spatial width (FWHM) is wV = 125 µm.
(c) Spatial distribution in the vertical direction that was extracted from the spatially resolved luminescence spectrum. The spatial width (FWHM)
is 121 µm. The increasing tail on the left side is due to the !−

3 -phonon-assisted luminescence of 1s orthoexcitons near the rim of the trap
potential. We subtracted this contribution when estimating the spatial width. (d)–(f) Probed position dependence of the 1s-2p paraexciton
induced absorption spectrum, (d) at the position where the induced absorption was maximal, (e) at 130 µm, and (f) at 260 µm to the right from
(d). The peak energy for a strain-free case is 128.2 meV.

yellow-series excitons are mixed with green-series excitons
under a strain field. 1s excitons are split (12 meV for the yellow
series, and 10 meV for the green series in a strain-free crystal)
by the electron-hole exchange interaction, but it is zero for 2p
excitons. Therefore, second-order perturbation theory gives
different energy shifts for the 1s and 2p levels. In addition,
the symmetry of the envelope functions influences the energy
shift. Our tentative calculation shows that the yellow-series 2p
paraexciton levels split into essentially two branches, with one
showing a larger redshift than that of the 1s paraexciton level
and the other exhibiting a blueshift. Consequently, the 1s-2p
paraexciton resonance splits into two types of branches, one
with a small redshift (which was observed here) and the other
with a relatively large blueshift. Due to the position-dependent
shift in the 1s-2p resonance energy, a careful treatment is re-
quired to analyze the induced absorption spectrum for spatially
spread excitons in a trap. We will give a detailed discussion of
the spectral line-shape analysis in a forthcoming paper.

Finally, an important aspect of our technique is its capability
to measure the absolute density of 1s paraexcitons. As dis-
cussed above, the 1s-2p offset energy in the trap is dependent
on the position. However, by taking the spectrally integrated
"α1s−2p, such a spectral structure becomes unimportant and
only the position dependence of the exciton density remains.
The average density of paraexcitons in a probed region is
expressed in the following equation:

n1s = !cϵ0n

π |µ1s−2p|2E1s−2p

∫
"α1s−2p(E)dE, (1)

where ϵ0 is the dielectric constant in vacuum, n is the index
of refraction of Cu2O in the midinfrared region, µ1s−2p is
the transition dipole moment, and E1s−2p is the 1s-2p offset

energy. To evaluate the differential absorption coefficient
"α1s−2p(E) from the differential transmission "T/T (E),
one needs to know the size (wD) of the exciton cloud in
the direction of the probe laser beam, since "α1s−2p(E) =
− ln["T/T (E) + 1]/wD . The density distribution is Gaussian
in the present quasiequilibrium condition. By applying the
reasonable assumption that wD was the same as the horizontal
width wH because the trap frequencies for both directions
are the same, the average density was found to be n1s =
2.3 × 1013 cm−3 when we probed the center of the trapped gas
as in Fig. 4(d). We believe that the error of the density estimate
is ±20%, which originates from the error in the estimated
transition dipole moment (µ1s−2p = 3.5 ± 0.3 eÅ [1]).

For comparison, we could roughly calculate the average
density from the absorbed optical power and the spatial spread
of wV and wH , on the basis of the rate equation,

d

dt
n1s = −n1s

τ
− An2

1s + G

Vavg

. (2)

τ = 300 ns is the measured lifetime of 1s paraexcitons, A =
4 × 10−16 cm3/ns [1] is the two-body collision-induced loss
coefficient (an identical value to that in the unstressed sample
is assumed here), G = 2.7 × 106 excitons/ns is the generation
rate (a 30% [6] efficiency is assumed for the capturing
of 1s paraexcitons in the trap potential after the creation
of 1s orthoexcitons), and Vavg = wH × wH × wV = 5.8 ×
10−6 cm3 is the average volume. The calculated steady-state,
average density is n1s = 3.0 × 1013 cm−3, demonstrating the
quantitativeness of the present technique.

Future extension of the present technique to sub-100-
mK temperatures might be hampered by unwanted thermal
radiation. The 1s-2p resonance wavelength lies in the center of
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yellow-series excitons are mixed with green-series excitons
under a strain field. 1s excitons are split (12 meV for the yellow
series, and 10 meV for the green series in a strain-free crystal)
by the electron-hole exchange interaction, but it is zero for 2p
excitons. Therefore, second-order perturbation theory gives
different energy shifts for the 1s and 2p levels. In addition,
the symmetry of the envelope functions influences the energy
shift. Our tentative calculation shows that the yellow-series 2p
paraexciton levels split into essentially two branches, with one
showing a larger redshift than that of the 1s paraexciton level
and the other exhibiting a blueshift. Consequently, the 1s-2p
paraexciton resonance splits into two types of branches, one
with a small redshift (which was observed here) and the other
with a relatively large blueshift. Due to the position-dependent
shift in the 1s-2p resonance energy, a careful treatment is re-
quired to analyze the induced absorption spectrum for spatially
spread excitons in a trap. We will give a detailed discussion of
the spectral line-shape analysis in a forthcoming paper.

Finally, an important aspect of our technique is its capability
to measure the absolute density of 1s paraexcitons. As dis-
cussed above, the 1s-2p offset energy in the trap is dependent
on the position. However, by taking the spectrally integrated
"α1s−2p, such a spectral structure becomes unimportant and
only the position dependence of the exciton density remains.
The average density of paraexcitons in a probed region is
expressed in the following equation:

n1s = !cϵ0n

π |µ1s−2p|2E1s−2p

∫
"α1s−2p(E)dE, (1)

where ϵ0 is the dielectric constant in vacuum, n is the index
of refraction of Cu2O in the midinfrared region, µ1s−2p is
the transition dipole moment, and E1s−2p is the 1s-2p offset

energy. To evaluate the differential absorption coefficient
"α1s−2p(E) from the differential transmission "T/T (E),
one needs to know the size (wD) of the exciton cloud in
the direction of the probe laser beam, since "α1s−2p(E) =
− ln["T/T (E) + 1]/wD . The density distribution is Gaussian
in the present quasiequilibrium condition. By applying the
reasonable assumption that wD was the same as the horizontal
width wH because the trap frequencies for both directions
are the same, the average density was found to be n1s =
2.3 × 1013 cm−3 when we probed the center of the trapped gas
as in Fig. 4(d). We believe that the error of the density estimate
is ±20%, which originates from the error in the estimated
transition dipole moment (µ1s−2p = 3.5 ± 0.3 eÅ [1]).

For comparison, we could roughly calculate the average
density from the absorbed optical power and the spatial spread
of wV and wH , on the basis of the rate equation,

d

dt
n1s = −n1s

τ
− An2

1s + G

Vavg

. (2)

τ = 300 ns is the measured lifetime of 1s paraexcitons, A =
4 × 10−16 cm3/ns [1] is the two-body collision-induced loss
coefficient (an identical value to that in the unstressed sample
is assumed here), G = 2.7 × 106 excitons/ns is the generation
rate (a 30% [6] efficiency is assumed for the capturing
of 1s paraexcitons in the trap potential after the creation
of 1s orthoexcitons), and Vavg = wH × wH × wV = 5.8 ×
10−6 cm3 is the average volume. The calculated steady-state,
average density is n1s = 3.0 × 1013 cm−3, demonstrating the
quantitativeness of the present technique.

Future extension of the present technique to sub-100-
mK temperatures might be hampered by unwanted thermal
radiation. The 1s-2p resonance wavelength lies in the center of
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