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Thesis Summary (approx.800 English Words )

Isotopic diamond superlattice (IDS) where '“C and '*C diamond layers are periodically stacked along
the [001] direction has been synthesized by H. Watanabe, et al. (2009). In this system, the
confinement of excited charge carriers to '?C diamond layers has been demonstrated from the carrier
recombination spectrum by cathodoluminescence. This is the first evidence of the formation of
quantum wells in homojunction superlattice. Although isotope effects and -electron-phonon
interactions (EPIs) are expected to play an important role in this carrier confinement, the details of
theoretical backgrounds of this phenomenon have never been established so far because it is
theoretically and numerically difficult to correctly treat isotope effects on electron-phonon
interactions. In this study, we propose one approach to address these problems and reveal the physical
mechanism of the formation of quantum wells due to isotope effects and electron-phonon interactions
in IDSs.

We have carried out density functional theory (DFT) and density functional perturbation theory
(DFPT) calculations to obtain electronic states and phonon modes of diamond, respectively. By using
maximally localized Wannier functions and the force constant model, we have converted real-space
physical parameters of a specific unit cell of diamond to those of IDSs. This approach allows us to
carry out computations of electronic states and phonon modes in large IDSs while keeping the
accuracy of first-principles calculations with much less computational costs. In the calculations of
EPIs, we have developed a simple tight-binding (TB) model for diamond. This TB model is based on
the Wannier representation of EPIs. Furthermore, we have adopted the quasiparticle self-consistent
GW method to correctly include isotope effects on EPIs. As a consequence, we have introduced a new
theoretical approach for calculating EPIs which takes the off-diagonal matrix elements of the
self-energy operator of EPIs into account. We name this approach as quasiparticle TB model.

We have studied phonon localizations in several IDSs by using the DFPT and the force constant
model. We have revealed that phonon localizations are caused by isotope effects when the thickness
of each isotopic diamond layer is over 3.1 nm in [001] and [111] IDSs and there are several types of
phonon localizations depending partly on the phonon frequencies. Since phonon localizations could
strongly influence EPIs, these results are helpful to discuss the formation of quantum wells in IDSs.
We have compared zero-point renormalizations (ZPRs) between our quasiparticle TB method and the
DFPT in isotopically pure '*C diamond. It has been found that our quasiparticle TB model reproduces
the ZPRs obtained from DFPT calculations around the valence-band-top states at the I' point. In




addition, we have revealed that the off-diagonal matrix elements of the self-energy operator of EPIs
vanish in isotopically pure '?C diamond. These results indicate that our quasiparticle TB model is
theoretically equivalent to the conventional DFPT approach when we consider an isotopically pure
system.

To clarify the physical mechanism of the formation of quantum wells in IDSs, we have analyzed the
electronic structure at the I" point in virtual °C/**C [001] IDSs. It has been found that the conventional
approach, which considers only the diagonal matrix elements of the self-energy operator of EPIs,
cannot provide energy levels corresponding to the valence-band edge of °C diamond in any IDSs. On
the other hand, our quasiparticle TB model shows energy levels approaching the valence-band edge of
%C diamond as a function of the number of stacking °C and **C diamond layers. Here, we have
confirmed that several energy levels localize either to °C or **C diamond layers from the partial
density of states in real and energy space. Then, off-diagonal matrix elements of the self-energy
operator of EPIs are not zero and we have revealed that they are of high importance when several
isotopes are spatially distributed in the system.

We have carried out the same analysis by using our quasiparticle TB model in actual '*C/"*C [001]
IDSs. Here, we have confirmed that several energy levels localize to '*C diamond layers when the
thickness of each isotopic diamond layer is about 20 nm. This thickness is consistent with the
experimental result reported by H. Watanabe, et al. (2009) and is extremely larger than the thickness
of virtual °C/?*C IDSs. We therefore have concluded that the difference of the ZPRs between isotopic

diamond layers becomes important for the formation of quantum wells.
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