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Abstract: Diamond color centers represent distinctive quantum spin systems with unique electronic and optical properties, positioning them as promising candidates for applications in single-photon sources, nanoscale quantum sensors, and quantum information. In this study, density functional theory is used to investigate the potential of the beryllium-vacancy (BeV) color center in diamonds and its electronic and optical properties. The formation energy of BeV in different charge states are calculated to show that BeV2− can possess spin-triplet ground state. The optical index Zero-Phonon Line (ZPL) of the predicted BeV2− color center is at 578 nm within the visible light range, and the influences of various electron donors on the ZPL have also been explored, which can be an instructive guidance for the preparation method of the BeV color center. These characteristics can demonstrated that BeV2− can be a potential candidate of color center. We believe that these results can eventually pave the way for the further experimental explorations for the identification and comprehension of the BeV center in diamond and also its possible applications in nanoscale quantum sensors.
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1. Introduction
Single color center in diamonds has attracted much attention for their unique electronic and optical transition properties, which are crucial in acting as single-photon sources [1–3], high-precision nanoscale quantum sensors [4–8], and quantum computing bits [9–12]. The negatively charged nitrogen-vacancy (NV−) center in diamond is the leading system in high-precision quantum sensors with high temporal and spatial resolution [13]. Their unique electronic and optical properties enable high-fidelity manipulations at room temperature [18,19], showing their potential in nanoscale quantum sensing fields [14–16]. 
Except for NV− color center, many solid state systems with similar electronic and optical properties have been studied. Some practical criteria for identifying new color centers are proposed such as: (a) A spin-triplet bound state suitable for a qubit. (b) Negligible interference from the electronic states of the host (defects should lie deep inside the bandgap). (c) No thermal excitations between bound states at room temperature (the energy levels of the color center have significant separations) [17].
[bookmark: _Hlk175140547]The theoretical and experimental studies to identify new color centers as promising nanoscale quantum sensors are in full progress. The quantum color centers in diamond commonly exhibitorsymmetry. However, under natural conditions the puresymmetry color centers (SiV−, GeV−, SnV−, and PbV−) have no permanent electric dipole moment, making their optical transitions less sensitive to electromagnetic field [18–21], so a nanoscale quantum sensor color center is anticipated to have  symmetry, which is sensitive to external electric and magnetic fields. The  symmetry color centers commonly include NV−, neutral oxygen-vacancy center (OV(0)), boron-vacancy center with one negative charge (BV−). Nevertheless, even if OV(0) and BV− centers have spin-triplet ground states [22–27], they do not show detectable luminescence mainly because of Jahn-Teller instability and distortion of the triplet-excited states, which are thus excluded from the NV-like color centers [23]. Therefore, NV− like  symmetry vacancy centers in diamond are relatively rare. 
In this study, it is demonstrated that the beryllium vacancy center in diamond with two negative charges (BeV2−) could be a powerful  symmetry color center. The beryllium vacancy refers to a structure in a diamond where a beryllium atom replaces a carbon atom with an adjacent vacancy. Up to now, there are very few experimental and theoretical researches on beryllium in diamonds. To explore the feasibility of the predicted BeV center, the density-function theory (DFT) calculations have been conducted for the accurate evaluation of the properties. These can provide ideas for the future preparation of BeV color centers.
2. Computational methods
[bookmark: _Hlk177327459]The computational analyses presented in this study were conducted using the PWmat package, a robust plane-wave pseudopotential code designed for (DFT) calculations. In our calculation, we first utilize the Perdew-Burke-Ernzerhof (PBE) functional for a rough and fast calculation, and then the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional is used for the further accurate validation of the DFT calculations [28]. We use Gamma sampling Monkhorst-Pack k-point [34] to perform geometric optimizations to determine electronic properties, including formation energies and wave functions. With a cutoff energy of 50 Ry (680 eV), we first use PBE functional for a fast optimization of primitive cells with the lattice parameter of 3.545 Å, close to the experimental lattice parameter of diamonds 3.567 Å [29]. The rest of the calculations are carried out in a  supercell with 512 atoms, ensuring that the supercell size is adequately extensive to minimize the interactions between periodic defect and electronic donor images so that the dispersion of in-gap defect states is negligible. 
The charge states of the system are critical in determining the stability and charge density polarization. Formation energies have been calculated to identify the most stable charge states for given Fermi levels using the following expression [17,27,30]:

here, represents the chemical potential, is the referenced Fermi level,  is the valence band maximum (VBM) in the bulk material, and  accounts for the energy needed to align the VBM of the defect supercell with that of the bulk [31].
The excited-state spin occupations have been introduced for the Zero-Phonon Line (ZPL) calculations to accurately simulate the optical transition properties of beryllium-related defects by promoting an electron to a higher energy level. The ground and excited states with constrained occupations are fully relaxed until the atomic forces are reduced to less than 0.01 eV/ Å.
3. Results and discussion
We first identify the stable BeVq (q represents the quantity and sign of the electric charge) systems in diamonds by calculating the structures and formation energy. To be an quantum color center, criteria mentioned above like wide bandgap and spin-triplet ground states should be satisfied. So we calculate the energy level diagrams of those identified BeVq systems to determine which charge state can be color center. Next, the electronic and optical properties of the newly-predicted BeV color center in diamond have been calculated, such as the formation energy and structure, for the confirmation of BeV to be a qualified color center in diamonds. Then, the optical properties such as Zero-Phonon Line (ZPL) have been studied by manually introducing electrons or various electronic donors. Finally, the potential preparation method for the fabrication of the beryllium vacancy center has been briefly discussed with the above properties.
3.1 Formation energy and structures
First, the different ground charge states are calculated without preliminary symmetry constraints. Figure 1(a) shows the formation energy of the -2, -1, 0, 1, 2 charge states of the BeV center as a function of the Fermi level. The charge states can be obtained through the slope of lines, and the stable state for a given Fermi level is the one with the lowest formation energy. For example, BeV2−center can be stable when the Fermi level is 2.72 eV above.
For a suitable host, color center criteria (b) requires that impurity energy levels should not exist in wide bandgap, preventing interference from the electronic states of the host during the optical transition process [17]. To identify suitable charge states of BeV systems, we calculate the ground states energy levels with different charges, which shows that only BeV2− has a deeply located spin-triplet ground state in accordance with criteria (a) and (b) (Fig. 1(b)). The calculated bandgap is 5.49 eV, which is close to the experiment value of diamonds (5.5 eV) [29], manifesting that the bulk diamonds are electronically stable after introducing a beryllium atom and a vacancy. Meanwhile, we also find a minor vacancy state close to Valence Band Maximum (VBM). Later calculations imply that this minor state has a negligible effect on the existence of the spin-triplet ground state and the energy and optical properties of the system. In other charge state systems, the ground triplet states are destroyed probably due to Jahn-Teller instability which may break thesymmetry (see Section S1) [32,33]. Therefore, they do not possess spin states suitable for color centers.
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Fig. 1. (a) The calculated formation energy as a function of Fermi level for -2, -1, 0, 1, and 2 charge states denoted by BeV2−, BeV–, BeV, BeV+, and BeV2+, respectively. (b) The ground state energy level diagram of BeV2−. The spin majority levels are characterized in blue, and the spin minority levels are purple. Only spin minority states are involved in spin-conserving optical excitations, which are located deeply within the bandgap. The dashed line shows the transition direction of electrons, and the corresponding absorption energy is marked in cyan.
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Fig. 2. Structure of a BeV2− quantum center consisting of six carbons and one beryllium in diamonds. (a) A 512 supercell withsymmetry axis parallel to  axis. (b) BeV2− in top view. (c) BeV2− in front view. Beryllium atoms are shown in green. Three carbon atoms close to vacancy are shown in red, and three adjacent to beryllium atom are in blue.
The ground state structure of BeV2− is illustrated in Figure. 2. The geometric structure has been calculated without any preliminary symmetry constraints, and the optimized structure exhibit symmetry akin to the NV−. At the ground state, the interatomic distance between the carbon atoms and the adjacent vacancy is 2.65 Å, and between these carbon atoms and the Beryllium atom the distance is 2.31 Å. This extended spacing suggests no long chemical bonds are formed. Furthermore, the C-Be bonds are 11.0% (0.26 Å) longer, and the C-C bonds of the adjacent atoms are 2.7% (0.06 Å) shorter compared to those in the pristine diamond lattice. Consequently, the beryllium atom moves towards the vacancy while the three adjacent carbon atoms shift outward. In contrast, in the NV− center, the N-C and C-C bonds in the vicinity of the vacancy contract by approximately 4% and 3%, respectively [34]. Therefore, the relative vacancy sites in NV− and BeV2− are similar.
3.2 Electronic properties
Then we study the electronic properties of BeV2− by calculating electronic density clouds. The localization of defect state electrons is depicted in Figures. 3 and 4. In Figure 3, the vacancy electrons differ from global electrons in that their electronic density clouds are localized near the color center. Figure 4 shows electronic density clouds of different energy levels in the spin-triplet ground state, manifesting that overall density clouds exhibit symmetry. Moreover, the additional minor state (Fig. 3 b-d) will break neither the vacancy states in higher energy nor thesymmetry, only impacting the exact values of specific electronic and optical properties. Therefore, the dangling bonds exhibit symmetry. 
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Fig. 3. (a) The electronic density cloud for a global electron. (b) (c) (d) The electronic density cloud of symmetric additional states occurring when introducing external electronic donors. The isovalue is set to be 0.001 e·bohr−3.
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Fig. 4. Defect ground states wavefunctions of BeV2– in diamonds. Beryllium atoms are shown in green. Three carbon atoms close to vacancy are shown in red, the three adjacent to beryllium atom are in blue, and the electron cloud is in yellow. The isovalue is set to be 0.001 e·bohr−3.
	Furthermore, the electronic density rapidly decays with proximity to nearby atoms, indicating that the defect level is deeply embedded within the bandgap and originates from the vacancy center (see Section S2). It is anticipated that the spin-orbit coupling in the defect-bound states is negligible to prevent unwanted spin flips, which is likely met as the DFT calculations suggest. Moreover, if the energy difference between two defect spin states is not large enough compared to thermal energy at room temperature, the thermal excitations may couple and compromise spin information, which limits its applications only at a range far lower than room temperature [17]. We confirm the existence of substantial spin polarization at the defect center, ensuring that the deep defect-bound states are sufficiently separated in energy to avoid thermal excitations [35]. Therefore, BeV2− may be a stable spin system in relatively high temperature.
3.3 Optical properties
Then, we turn to study the Zero-Phonon Line (ZPL) of BeV2−. Spin-conserving optical excitation and pumping cycle are crucial for characterizing promising qubit candidates, as they potentially enable precise optical control of these states. 
The optically active spin minority levels are situated deep within the bandgap in Fig. 1(b), without significant resonance with the host valence electron states. The spin-conserving optical excitation process can be conceptualized by promoting the electron in level a' to the higher energy level e'. This facilitates the creation of an optical pumping cycle, involving transitions from the ground to excited states, followed by spin-selective nonradiative decay pathways, and finally, spin-conserving fluorescent transitions, known as Zero-Phonon Line (ZPL) transitions. 
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Fig. 5. Schematic for the energy versus configuration coordinate Q for two negative electron-charged states involved in the optical transition.
  The ZPL is calculated as the difference in total energy between the excited and ground states, , as shown in Figure. 5. Using the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06), the calculated ZPL is 2.15 eV (578nm), which falls within the visible light range, facilitating easy detection. The Stokes shift  and anti-Stokes shift  values are 531 meV and 641 meV, respectively.Visible light range ZPL can be measured and collected easily, even using an affordable Silicon Avalanche Diode. Thus, it can be a promising fluorescent marker and single-photon source in biology and medicine.
[bookmark: _Hlk174889140]In order to maintain the BeV2− charge state, the Fermi level must be raised above 2.72 eV (Fig. 1). Common methods of engineering Fermi level include introducing external electronic donors [36–38] and introducing nin diamond conjection [39]. Taking NV centers and SiV centers as examples, P and N donors are generally used to provide electron donors to maintain the negative charge state of the color centers [38,40–42]. Inspired by this, it can be expected that proper doping can increase Fermi energy, enhancing the stability of BeV2−. As Be itself serves as a p-type acceptor (see Section S4) , adding extra n-type donors is necessary to ensure relatively high Fermi level. 
In above calculations, the optical property discussion is conducted by manually adding 2 charges to the supercell for the formation of BeV2−. This aims to simulate a situation where donors are positioned far from the center of BeV2−, so the interactions between donors and BeV2− are negligible. Now, we conduct calculations involving additional donors in BeV2−, using oxygen, selenium as two-electron donors and nitrogen, phosphorus as one-electron donors. To introduce two negative charges, we need to place one two-electron donor or two one-electron donors. As confirmed in the NV− system, if the distance between defect centers and donors is far enough, empirically larger than 10.0 Å [43], the donor energy levels would not influence the defect. However, if we place electron donors in high symmetry sites, the donor’s volume and inner electrons may impose less influence on the whole system, so the request for far distance will primarily weaken [43]. To minimize the impact, for the one-electron donor, we add it to the axis, more than 10.0 Å far away from the center of defects, and as for two-electron donors, we add one in theaxis and another in the midpoint of the edge of supercell cube.
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Fig. 6. Ground states energy level diagrams of beryllium vacancy centers with various electronic donors. (a) Two nitrogen donors. One additional state and ZPL drops 0.4 eV. (b) One oxygen donor. Fractional occupation of electron states occur in this situation. (c) One selenium donor. Two additional states exist and ZPL drops 0.33 eV. (d) Two phosphorus donors. No additional states and ZPL drops 0.35 eV.
It can be found that the ground triplet spin states exist in Se, P, and N doping systems. However, fractional electron state occupation occurs when oxygen and selenium atoms act as electron donors (Figure. 6(b)). This phenomenon may be attributed to the vacancy states of oxygen atoms, which interfer with the defect states positioned deep inside the host's bandgap. Moreover, we find a similar drop in the energy, about 0.35 eV, of the excited states of systems with Se, P, and N donors, as shown in the decline of ZPL in Table Ⅰ. This phenomenon may attribute to the centers not-far-enough distance between donors and vacancy, or the relatively low electronegativity of the beryllium atom, which can not attract the adjacent electron clouds firmly. Therefore, the donor’s volume and inner electrons may distort the electronic properties of BeV2− even though it is introduced 10 Å away from the center. Meanwhile, the quantity of additional states is different with various electronic donors, because of the different electric disturbance caused by various electronic donors (see Section S3). This may result in slight differences among the values in BeV2−+Se, BeV2−+P, and BeV2−+N systems. Above all, introducing electron donors is not an easy method to add two electrons or lift Fermi levels. It requires more accurate ion implantation. Therefore, other methods like nin diamond conjection might be more appropriate to increase the Fermi energy.
Table Ⅰ. Optical transition energies for beryllium-vacancy center with different donors in diamonds calculated using the HSE06 and PBE functionals. All energies are given in electron volts (eV).
	System
	Method
	 ZPL
	A to B        
	C to D 
	Strokes shift 
	Anti-Strokes shift 

	BeV2−
	PBE
	1.73
	2.05
	1.63
	0.325
	0.092

	
	HSE06
	2.15
	2.68
	1.51
	0.531
	0.641

	BeV2−+Se
	HSE06
	1.82
	2.36
	1.41
	0.539
	0.401

	BeV2−+P
	HSE06
	1.80
	2.63
	1.18
	0.834
	0.618

	BeV2−+N
	HSE06
	1.75
	2.70
	1.10
	0.947
	0.651

	NV−
	HSE06
	1.96
	2.21
	1.74
	0.258
	0.217

	
	Expt.
	1.95
	2.18
	1.76
	0.235
	0.185


3.4 Preparation methods and future experiments
This study does not prepare BeV2−, but the possible preparation methods for future experiments are discussed as follows. Chemical Vapor Deposition (CVD) and ion implantation are predominant techniques for preparing NV− center [44–46]. For CVD method, the toxicity of beryllium and its compounds presents a challenge, as toxic residues can accumulate within the growth chamber, ultimately affecting the diamond film fabrication process. Ion implantation using beryllium ion implantation source [47] emerges as a more suitable approach for creating BeV2− with greater control over the positioning of color centers. After ion implantation, vacancies can be increased through electron irradiation to form the BeV structure [48]. It is recommended to further increase the Fermi level by ion implantation of donors (N, P, or Se) or introducing nin diamond conjection, thereby promoting the formation of BeV²⁻. Then, this structure can be created through annealing, where vacancies may combine with beryllium atoms to form beryllium vacancy centers.
4. Conclusions 
Our research reports BeV2−  symmetry spin system in diamonds which satisfies color center criteria and can be a promising color center. Its formation energy and configuration-coordinate diagram suggest that BeV2− center is stable with spin-triplet ground states when the Fermi level is above 2.72 eV. The Zero-Phonon Line (ZPL) of the beryllium vacancy center is at 2.15 eV, corresponding to 575 nm light in the visible spectrum. Furthermore, adding suitable electron donors can raise the Fermi level to stabilize the negative charge state and achieve the desired optical properties. Additional energy states will form variously when introducing different electronic donors. These states will not break the  symmetry but will slightly influence the exact electronic and optical properties.
High-quality BeV2− centers can probably be prepared by ion implantation and applied in quantum information fields. As a promising candidate in nanoscale quantum sensors, it shows potential in a wide range of applications, such as the microscopic detection of irregularities in materials and high-precision measurements of biomarkers in biological physics. It is believed that these results can eventually pave the way for the further experimental explorations for the identification and comprehension of the BeV center in diamond and also its possible applications in high-resolution quantum sensing.
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