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Isotopic effects in impurity-vacancy complexes in diamond
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We consider isotopic effects on the photoluminescence of recently discovered germanium-vacancy (GeV ™) color center in diamond produced
by the high-pressure high-temperature (HPHT) treatment. It was demonstrated that the influence of isotopic composition on the position of
zero-phonon line (ZPL) and its first vibronic peak (local vibrational mode, LVM) provides valuable information on the electronic and structural

properties of this center.
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Investigation of isotopic effects on the photoluminescence of split-vacancy centers in diamond allows one
to obtain deeper insight into their electronic, structural and optical properties. Due to the bright and almost
monochromatic luminescence, the two already-known representatives of these class of defects SiV and recently
discovered GeV [1-4] are considered as possible candidates for single-phonon emitters in quantum communications
or photoluminescence markers in biomedical applications. Although the attractiveness of these centers is mostly
caused by the large Debye—Waller factor (the intensity of the ZPL relative to the overall intensity of the center
emission), the study of the luminescence sideband is still very informative.

In this paper, we discuss only negatively charged GeV center which was produced in nano- and microdiamonds
by HPHT synthesis from organic substances [4,5]. This split-vacancy complex consists of impurity atoms located
almost midway between two vacant cites. Ideally the symmetry of the center is 3m. However, due to the
incompletely filled doubly degenerate impurity electron level in the diamond band gap, this structure is Jahn-Teller
unstable and the degeneracy should be lifted. Thus, the actual symmetry of the center should be lower. It is
believed that the physical mechanism, which lifts this degeneracy in split-vacancy centers is caused by the spin-
orbit coupling [4,6,7]. Thus, the fluorescence line caused by the promotion of an electron from the lower e,, level
to this incompletely filled e, one (with separation energy of about 2.059 eV), is split into quadruplet Z; _4 with
two characteristic splitting energies 0.2 and 1.1 THz (corresponding to the energy difference in e, and e, levels
respectively). This splitting is clearly seen in Fig. la—b) and Fig. 2a). Still, according to electronic paramagnetic
resonance measurements, the trigonal symmetry of the center is retained [8,9]. Oscillation of the heavy impurity
Ge atom gives rise to LVM in the diamond phonon spectrum which is observed ~ 45 meV apart from the strongest
component of ZPL line in the fluorescence sideband of this center (see Fig. 1a—b). Both the absolute energy of the
strongest component of ZPL (Z;) and relative energy of LVM (L;) almost linearly depends on the isotope number
of Ge atom m (see Fig. 1c). In the harmonic approximation, the LVM energy scales as a square root of the mass
of oscillating atom but due to the small relative range dm = m — m’ of isotope numbers of Ge atoms (70 — 76) it

can be approximated by the linear dependence with the coefficient (;& ~ QL—l well reproduced in experiment (see
Fig. Ic). e

On the other hand, a rather strong linear dependence of absolute ZPL energy on Ge isotope number is an
indication of different binding energies of the excited and ground electronic states of the GeV center (see inset in
Fig 2). According to the Keil model [10] the frequency defect A (the difference in binding energies between the
excited and the ground electronic states) leads to the following dependence of the isotopic shift of ZPL energy
(6Z) on the mass of vibrating atom: 6Z = (1 — (m/m’)"/?)A/2. If the isotope number difference dm is small,

then this relation can be reduced to the simple linear dependence: — ~ —. So the observed isotopic shift of
m m
the ZPL in GeV center indicates that the binding energy of Ge atom in the two-vacancy void of diamond lattice in
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F1G. 1. Panels a) and b) represent PL and PLE sidebands respectively of GeV™ center taken at
T = 77 K. The thin line in the middle of the plot represents photoluminescence of GeV™ center
around ZPL (Z;_4). c) the isotope shift of Z; ZPL component and LVM energy. Inset in panel
c) represents the Huang—Rhys model where the arrows correspond to the energies of ZPL and
LVM transitions in photoluminescence

the excited electronic state is almost 50 % higher than in the ground one (about 67 and 45 meV respectively). A
similar isotopic shift was previously observed in SiV™ center too and was also attributed to the difference in the
potential surface curves in the excited and the ground electronic states [11].

The frequency defect A can be also observed in the difference between luminescence and absorption sidebands
of GeV™ center as shown in Fig. la-b. Actually, the high-energy sideband was registered using the photolumines-
cence excitation technique, but it can be considered as a more sensitive substitute for light absorption. The two
sharp features in PLE sideband correspond to transitions 1 — 1’ and 0 — 1/, while in the luminescence sideband,
only one line corresponding to transition 0’ — 1 is observed (here tick marks designate excited electronic state).
This yields a slightly different curvature for the potential surface in the excited state (73 meV) than the value
obtained from isotopic shifts but it can be caused by anharmonicity effects not considered in this simple model.

The presence of an anharmonicity effects manifests itself in the isotopic shifts of ZPL caused by substitution
of carbon atoms (*2C to 13C). In this case, the isotopic shift reaches an impressive value of 3.2 meV. This can only
be partially accounted for by isotopic contraction of diamond lattice (= 0.8 meV of this value). Because carbon
atoms do not directly participate in the local oscillations (it can be demonstrated by independence of LVM energy
on carbon atoms mass, Fig. 2a), so the remaining part of this energy shift should be attributed to anharmonicity
effects [12] or to some “silent” vibronic modes (involving oscillation of carbon atoms), which for some reason,
does not contribute to the sideband of this center.

Note that the isotopic substitution of either impurity or carbon atoms both indicates that LVM is due to the
vibrations of impurity atom alone. These findings might be a hint of the possible resulting symmetry (broken due
to the Jahn—Teller effect) of this center.

In the previous consideration, we follow the Franck—Condon principle (also known as the Huang—Rhys model)
which assumes that the electronic dipole moment of transition does not depend on the coordinates of the impurity
atom. This is a natural assumption when one is dealing with allowed electronic transitions, which is the case for the
GeV center. However, in previous studies [13,14], there is a tendency to consider the next term in the decomposition
of the electronic dipole moment on the coordinates of impurity atom (the Herzberg-Teller effect) as an additional
free parameter of the model that also might explain asymmetry in the luminescence and the absorption sidebands.
Remarkably, the isotopic shifts also provide a means for experimental evaluation of the relative amplitude of the
Franck—Condon and Herzberg—Teller effects (see Fig. 2b). In the Herzberg-Teller treatment, the change of the
impurity atom mass should influence its dynamics that, in turn, should bring about relative changes of vibrational
modes amplitudes on either sideband of ZPL. This is not actually observed in the substitution of Ge isotopes in
GeV center. On the other hand, the energy shift of LVM line (caused by the Franck—-Condon effect) is clearly
observed in the same experiment, so this discrepancy demonstrates negligibility of the Herzberg-Teller effect in
GeV™ center.
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F1G. 2. a) Isotopic shift of ZPL (Z;_4) and LVM (L;) on the isotope substitution of carbon atoms
observed at 7" = 4.2 K. b) Luminescence (upper part) and absorption (lower panel) sidebands
relative to Z; line of GeV™ center in samples with different Ge isotopes (I' = 77 K)

We conclude that HPHT synthesis is a powerful tool for the production of optical color centers in diamond
which are in demand for potential application and (as a side effect) it is also capable of controlled introduction of
the pure isotope components into resulting products. As a result, the study of isotopic effects on the properties of
color centers in diamond enables one to obtain useful information regarding the electronic and structural properties
of these centers.
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