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Abstract 
The creations of photons in response to mechanical stimulus in a crystal that has noncentral 
symmetry are the great fundamental physics responsible for numbers of important 
technologies. The underlying mechanism and complete theory for a precise explanation of the 
mechanical-photonic energy conversion phenomena is vital important. We take commercial 
piezoelectric LiNbO3 matrics as the example to interpret the detail mechanisms of energy 
conversions for the photon-generation through a native point defects study. It was found the 
Frenkel and Schottky type complex pairs as well as the antisite pair defects acting as energy 
harvesting and migration centers, which are very easy to form and active. It does to be the 
extra deep electron or hole traps levels near the valence or conduction band edge, 
respectively. That is the substantial energy reduction via a spontaneous equilibrium 
transformation from the complementarily charged individuals into agglomerated complexes. 
Such energy gain for both two processes turns to be independent to the variations of synthesis 
chemical potentials. In addition, the complex defects actually form independent to the 
variations of the chemical potentials. This leads to a coupling and exchange effect by them to 
continuously collect and transport host charges along the path via localized states to the deep 
recombination levels. The initiating energy barrier is small which ambient thermal 
stimulation or quantum tunneling can accomplish. The native sensitizers such as VNb2O5, 
VLiNbO3, NbLi are also the energy conversion centers to non-radiative resonant energy transfer 
onto the activator center at the Oi to transfer the energy into photon emissions. A generalized 
energy conversion mechanism has been unraveled in this work. This gives a solid theoretical 
reference for developing the mechanical-photonic energy conversion materials.  



Introduction 
    Mechanically induced photon emission (MIPE) has now been a significant optical 
phenomenon that aroused considerable interests in material and device applications. Such 
significant physical picture of energy conversion mechanism illustrates the MIPE materials 
can be characterized as multi-channel excitation-based photo-energy conversion carriers. 
They can accept a wide range of wavelength scaled energy excitations, starting from the 
external UV (ultraviolet) light photo- excitation to near-infra-red (NIR) photo-stimulation or 
even the extra-long wavelength acoustic or ultrasonic remote stimulations. In addition, they 
are also highly feasible to accommodate a wide variety of external mechanical stimulation 
manners, such as pressure, stress, tribo-friction, or ultrasonic waves, which can be efficiently 
converted into the energies for output photon emissions (luminescence) [1-10]. These 
external mechanical stimuli have been standardized as measureable and characterizable 
physical parameters. The resulting electromagnetic light occurs in way of photoemissions. 
Meanwhile, an observable duration for the emission output decay within the luminescence 
process indicates the promising application of the persistent phosphorescence. 
 
    Based on the plotted energy conversion physical picture (Figure 1), the MIPE provides a 
novel way of accurately diagnosing the structural health even raw-eye observable, which is 
far more advantageous over the conventional point-by-point measurement method by use of a 
strain gage. The multi-scale and multi-dimensional MIPE material will provide a flexible 
platform of application in fields of earth-quake prediction, stability test of large 
infrastructures via non-destructive measurement, wearable hand-input oriented multi-touch 
technology in smartphone or other mobile devices combining with electronics magneto-
optelectronics, and even to the promising long-persistent photoacoustic nanogenerators [11-
13]. Better understanding the energy conversion mechanism for the MIPE will help us 
establishing guidelines and a roadmap for developing and materializing the novel MIPE 
technology. 
 
    Recent studies [5, 9, 14-31] demonstrated milestone works in this field that piezo-oxides, 
oxy-sulfides, sulfides can be easily applied as high-performance MIPE materials through 
nano-engineering, either transition metal or rare earth ion doping, and achieved flexible color 
manipulations [32]. This requires us not just only to understand the electronic structures that 
given by extrinsic doping, but also a high demanding to plot the photon-electron dynamic 
transitions based on the subtle energy conversion mechanisms towards promising mechano-
persistent-luminescence. 
 
    As we know, the donor and acceptor charge carriers in the conventional semiconductor 
materials are usually generated and staying near the conduction (CB) and valence band (VB) 
edges respectively. Their ionization energy barriers are usually small enough to easily release 
the free charge carriers to recombination for electronic transitions from high to lower levels. 
The excited charge carriers will be released back for further spontaneous recombination 
through the delocalized conduction states of host lattice by a small magnitude of thermal 
stimulations or quantum tunneling effect. However, most of the piezo-type or non-piezo-type 
MIPE materials possess the charge carrier levels as extra deep donor and acceptor levels 
staying near the VB and CB conversely, which brings extra energy consumptions for charge 
ionization. This also requires a charge alternation process within an equivalent free energy 
process that alternate the charge localization levels where the donor like level stay at or near 
the conduction band minimum (CBM) and the acceptor like levels stay at or near the valence 
band maximum (VBM). The recombination will be a spontaneous process to release the 
energy in forms of photon emissions. Therefore, the generalized energy conversion and 



transfer mechanism study requires us for a descent understanding on the charge carriers 
alternation process and electronic transition behaviors in the MIPE materials. 
 
    The MIPE host materials can be either semiconducting materials (e.g. CaZnOS, NaNbO3 
ZnS, nano-ZnO etc.) or insulating materials. Piezoelectric material is one of the important 
candidates for the MIPE applications [9, 11, 18-31]. Recently, the commercial piezoelectrics 
LiNbO3, a prominent insulating piezoelectric material, has been reported to be used for high 
performance red-emitting elastic MIPE with rather high electromechano-optical energy 
conversions [15]. It shows a superb wide range of photon transparent from 280 nm 
(ultraviolet) to 5000 nm (far-infrared or micrometer-wave). Its ability for multifunctional 
control in optoelectronics can be promisingly applied in the field of high- precision sensing of 
micro-stress, zero-threshold damage diagnosis, or high-resolution bioimaging. Some other 
MIPE host materials (ZnS, CaZnOS) can be also used for biomedical applications with its 
biosolvability in the living tissue, single cell, or bone microstructure, e.g. osteoporosis 
symptom diagnosis with combinations of advanced infra-red (IR)-photoacoustic imaging 
(tomography). 
 

Herein, the physical picture needs to be more clear that whether the phenomenon of MIPE 
is limited to the phase of host materials (inorganic or organic) or not. This means a questions 
arises that what is the essential role of the piezoelectricity? It might not the core reason for 
originating the MIPE. However, the piezoelectricity is still the essential driving force to 
produce the local piezoelectric-field within the lattice, in order to form the local ionization 
potential to facilitate the charge ionization at local defect or impurities sites and promote the 
inter-site valence exchange type charge transfers. Therefore, there must be a widely valid and 
generalized energy conversion mechanism to determine and characterize the MIPE beyond 
the conventional host system. 

  
Calculation method  

(1) Thermodynamic limits on chemical potentials of components 
Although there have been many experiments reported the synthesis of LiNbO3 mechano-

luminescence (ML) materials, it is very difficult to produce the defect-free host because of 
the stability and purity control, especially for prevention of phase separation.  This arises 
because the host will experience a series of reversible reaction to partial decomposition 
through the reactions as follows: 

 
Li + Nb + (5/2) O2 ⇌ LiNbO3 ⇌ Li2O + Nb2O5      (1) 
 
The formula in Eq. (1) shows a difference and competence of formation enthalpy and 

chemical potentials of elements and compounds. As pointed out by Xue et al[33], a reaction 
in the 1 : 1 mixture of Li2CO3 and Nb2O5 powders (raw precursor materials) may yield not 
only LiNbO3 but also Li3NbO4 and LiNb3O8 components in the whole system. Following the 
approach of Ding et al[34], we expand the chemical potentials for Li, Nb, and O as μLi, μNb, 
and μO, respectively. To prevent solid/gas precipitation of these elements in the host lattice, 
they need to be: μLi≤0, μNb≤0, and μO≤0. In realistic equilibrium growth process, the chemical 
potentials of each constituent species may vary but they are constrained by formation 
enthalpy of host lattice in order to maintain a stable LiNbO3 compound required as follow: 
 

eVLiNbOONbLi 32.143 3 −==++ µµµµ         (2) 
 



    The μLiNbO3 is actually also bound, to avoid the LiNbO3 going through reversible or partial 
decompositions into Li2O and Nb2O5. They are also bound by thermodynamic relationship 
formula as follows: 
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    The Eq. (2) and (3) also means the differences in their standard formation enthalpy may 
lead to different stabilities under a high temperature synthesis atmosphere. The 
aforementioned limitations of chemical potentials are thus be utilized to discuss the stable 
area for LiNbO3 with respect to the constituent chemical potentials of μLi, μNb, and μO, 
respectively, as constraints (shown in Figure 2). Figure 2 (a)-(c) shows the stable area for 
different combinations of constituent chemical potentials limits. Figure 2 (c) actually shows a 
very limited stable area in two-dimensional view with respect to μLi, μNb, and μO as 
constraints, in agreement with the experimental synthesis of LiNbO3 discussed by Marsh et al 
and Xue et al[33, 35]. Because the Li element is relatively active compared with Nb and O, 
we thus to list the limits of constituent chemical potentials in way of O-rich and Nb-rich 
respectively and shown in Table S1.  
 

(2) Ground state structure optimization 
The ferroelectric phase of LiNbO3 within R3c space group has been chosen for modeling, 

which is mirror-symmetrical to the lattice of corundum Al2O3 (R-3c). Since the first Jacob 
ladder in DFT has been confirmed for reliable structural relaxation and cell optimization of d 
or even f-orbital based solids [36-38], we use both PBE and PBE+U level CASTEP code [39] 
for ground state lattice relaxation. The geometry optimization is both well satisfied for both 
ultrasoft and norm-conserving pseudopotentials. To improve the accuracy of the electronic 
structure calculation, the Hubbard U parameter has been induced in PBE+U calculations, 
since it is the key dominant feature that usually underestimated in many semicore d orbital 
based transition metal oxides. 
 

We chose the (4s, 4p, 4d, 5s) states as valence states of Nb, (1s, 2s, 2p) for Li, and (2s, 2p) 
for O respectively. We used OPIUM code in the Kleinman-Bylander form norm-conserving 
pseudopotential [40] with non-linear partial core correction[41] to minimize the systematic 
error due to the atomic core-valence electron densities overlap. Further the RRKJ method is 
chosen to optimize the basis sets and ionic minimization of pseudopotentials[42]. The norm-
conserving pseudopotentials is chosen because it can reproduce the all-electron behavior for 
outter shell valence electrons with |S-matrix|=1 compared to ultrasoft pseudopotentials[43, 
44]. As all of the consituent elements (Li, Nb, and O) are light elements, the spin-orbit 
coupling effect has not implemented over the calculations. The kinetic cutoff energy of 
750eV, which expands the valence electrons states in a plane-wave basis set. 

  
The Nb-related native point defects usually induce the charge-spin out-sync sloshing effect. 

To guarantee the electronic minimization and convergence, the ensemble DFT (EDFT) 
method of Marzari et al[45] is used for solving Kohn-Sham equation. The reciprocal space 
integration was performed by k-point sampling with grids of 6 × 6 × 2 k points in the 
Brillouin zone of LiNbO3 unit cell, and 3 × 3 × 2 for defect electronic structures calculations 
in supercell respectively. We further select the (¼, ¼, 0) special k-point[46] in the size of 2 × 
2 × 1  supercell (120-atom sized). This converges the total energy to under 5.0x10-7eV per 
atom. The Hellmann-Feynman force on each atom was converged to lower than 0.01eV/Å. 



The geometry optimization used the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm 
through all bulk and defect supercell calculations. 

 
(3) Hubbard-U ab initio determination at each Nb and O site 

Because the electronic states in the optical fundamental gap are less sensitive to the 
nonlinearity of Hubbard U parameters. we choose Anisimov-type rotational-invariant DFT+U 
method [47]. To minimize the effect of the localized hole states produced by 2p orbitals of O 
sites, the self-consistently determined Hubbard U potentials is also applied on the O-2p 
orbitals, which have been reached a consensus [48-51] in many oxides materials. Thus, it is 
necessary to consider both self-energy corrections on semicore orbitals for oxides [52-54]. 
However, the non-self-consistently determined Hubbard U parameters usually induce an 
extra error in lattices due to the non-zero residue of second-order partial derivative to the 
charge density. It is necessary to consider our established self-consistent determination of U 
parameter on the electronic structures [37, 51-55], in order to minimize the error on the lattice. 

 
We previously devised a method to ab-initially determine the semicore d/f orbital energy in 

order to further self-consistently correct the electronic structures from routine first-principles 
calculations[37, 54, 56]. Our work shows that the method is particularly valid for those 
materials synthesized via the extremely physical or chemical conditions[37, 54, 56]. The 
Hubbard U parameter has been self-consistently determined based on our previous developed 
method[37, 54, 56]. For the all of the electronic states calculations in LiNbO3 models, we use 
the self-consistent determination for the U correction on the localized Nb-4d orbitals to 
correct the on-site Coulomb energy of the electron spurious self-energy. With our self-
consistently determination process[37, 38, 52-54, 57, 58], the on-site Hubbard U parameters 
for the partially filled 4d orbitals of Nb is self-consistently determined to be Ud=6.08 eV, and 
Up=5.95 eV for O-2p. The detail process was referred to the previous work. 

  
(4) Defect formation enthalpy formula 

To calculate defect formation energy calculations at different charge states (q), we consider 
the overall supercell was established and remained constantly based on the ground state 
relaxed primitive cell, to avoid the thermodynamic effect of enthalpy changes by cell 
variations. The formation energy of a targeted defect ( qH ) at the specific charge state q, can 
be described as a relation of the positions of Fermi energy ( FE ) and the chemical potential 
µ∆ of species of defects α , which is shown as follow: 

[ ] ( ) ( )∑ ∆++∆++−=
α

ααα µµµ 0),( nEEqEEEH FVHqFq ,      (4) 

The above qE  and HE are the total energy of a relaxed defective lattice in charge state q and 
an ideal host lattice at the ground-state, respectively. The FE∆  in Eq. (4) is the change of  
Fermi energy with respect to the valence band maximum (VBM, EV=0), and αn is the number 
of atoms of constituent element α chosen as targeted defect sites, then the 0

αµ  is referenced 
chemical potential, based on the method used by the work of Zunger et al [59]. 
 

(5) Charge point defect corrections within the periodic lattice 
    We consider the case of defects with q≠0 that the Coulomb potential correction is 
necessary to be used to counteract Madelung the image charge of the crystal lattice. There 
have been three corrections developed. One is the band alignment correction developed by 
Van de Walle and coworkers [60]. The second is the dispersion correction of defects between 
the gamma point and Monkhorst-Pack point, developed by Wei et al. [61]. The third is the 



dipole correction, which considers the Madelung effect based on static electric Coulomb 
potential corrections, developed by Makov and Payne [62]. This method is the current widely 
used correction scheme in DFT and also implemented in our work. However, such 
corrections contribute only around ~0.2 eV in magnitude to the defect formation energy. Our 
goal is to establish a physicochemical trend, rather than highly accurate level calibrations, 
which require demanding computations. 
 
Results and discussion 
 
Bulk LiNbO3 

 
There have been two stable phases found for the LiNbO3 by experiments, which are 

ferroelectric (piezoelectric, R3c) and paraelectric phases (R-3c)[63]. The ground state 
structure for LiNbO3 at room temperature is the piezoelectric phase (R3c). The high-
symmetric paraelectric phase (R-3c) is stable above 1480 K and can be only stable within a 
narrow equilibrium region[63]. Thus, the low symmetry structural configuration creates 
opportunities for the elastic mechano-luminescence (ML) related energy conversions. The 
crystal lattice of LiNbO3 with space group of R-3c has been studied by many groups. It 
actually follows the ABO3 perovskite and arranges in a rhombohedral lattice representation 
studied around by Darlington et al[64]. It has been reported that the local displacement of the 
Nb-sites and Nb-O octahedron tilting induce the local transition of lattice from (R3c)-(R-3c)-
(R3m) symmetry[64]. It indirectly implies that the instabilities of host lattice could be 
predominantly sourced from the native point defects or defect complexes. 
 

For the structural optimization, the reported crystal lattice parameters of synthesized 
LiNbO3 are a=5.289 Å and c=13.848 Å determined by Boysen et al through neutron powder 
scattering experiments[65]. The relaxed structure at the ground state by our linear response 
DFT+U calculation shows the lattice parameters of a=5.169 Å and c=13.850 Å with very 
small relative error of 2.27% and 0.01% respectively. 

 
In electronics, the band gap of the LiNbO3 are reported variously from the range of 3.28 

(indirect)-4.30 eV (direct) measured by optical absorption experiments. The most frequently 
used experimental measured band gap is 3.78 eV in ferroelectric phase may have been 
influenced by the electron-hole attraction induced band gap narrowing effect, and mostly 
focus on the optical absorption onset position [66-68]. Our calculated band gap (4.13 eV) is 
much smaller than the 5.28 eV by hybrid-functional calculations and 5.42 eV by GW method, 
but evidently follows a same magnitude to the 4.71 eV by GW with FLAPW [69-72]. The 
synthesis of the LiNbO3 usually produce energetically favorable stoichiometric defect such as 
Li or Nb related vacancy, interstitial or even complex. This may affect the results when the 
samples are measured in the way of absorption in the vacuum ultraviolet domain or indirect 
interband transitions [73, 74]. Therefore, the descent understanding on the LiNbO3 requires 
us to implement a comprehensive and extensive study on the native defects. 
 

 From the Figure 3, the ground state electronic band structure calculations based on the 
optimized cell gives a direct band gap of 4.130 eV following the paths of F→Γ→Z in 
rhombohedral representation. This results is close to the data of 4.0 eV measured by Redfield 
et al via temperature varied optical absorption spectroscopy[67]. The calculated optical 
fundamental band gap is smaller than the 4.30 eV measured by optical absorption of Kase et 
al[68]. Our calculated band gap data (4.130 eV) is much larger than 3.78 eV from frequently 
cited experiments[66]. This is due to the exciton-pair induced band gap narrowing effect 



during experiment consistent with the analysis by Schimdt et al[75]. Therefore, our DFT+U 
calculation with ab-inito determined Hubbard-U parameters for fully-occupied Nb 4d4 as well 
as the 2p orbitals for O sites are self-consistent and reliable, which have been also illustrated 
in our previous work [37, 38, 52-54, 56-58, 76].   

 
Figure 3 also shows the projected components of the (s, p, d) orbital LiNbO3 in TDOS. We 

see that the top of valence band consists of levels from O-2p orbitals. The lower conduction 
band is contributed by the Nb-4d orbitals. The O-2s filled orbitals show 12 eV staying below 
the top of valence band (valance band maximum, VBM).  
 

For the energetics, the bulk properties of crystal LiNbO3, we have already shown the 
calculated formation enthalpy of piezoelectric LiNbO3 is ∆Hf(LiNbO3)=-14.32 eV in the 
Experimental Section with considerations of Eq. (2) and (3). This calculated formation 
enthalpy shows slightly higher (+0.1 eV, +0.7%) than the one representatively obtained by 
GGA functional based DFT calculation from Phillpot et al, as well as the experimental data (-
14.149 eV) [77]. The formation enthalpies of the sub-components calculations shows that our 
calculated ∆Hf(Nb2O5)=-19.89 eV in a close agreement with experimental measurement of -
19.94 eV (+0.2%), and with 1.68 eV higher than the data by Phillpot et al (-18.26 eV) [77]. 
Our calculated ∆Hf(Li2O)=-6.71 eV are close to both calculation and experiments [77].  
 
Niobium antisite (NbLi) 
 

We start from the native niobium antisite (NbLi) defect, which is a possible defect source in 
energy migration within this ternary compound. This could be seen as the wrongly filling of 
the interstitial Nb and Li at the intrinsic Nb and Li vacancy sites respectively within LiNbO3. 
Since only one valence electron for Li, there are four charge states to be discussed for the 
antisite (NbLi).  

 
Figure 4 (a) shows the TDOS of the electronic and hole levels that localized within the 

optical band gap of LiNbO3. The neutral state (NbLi
0) shows a deep donor trap behavior with 

the level of 2.84 eV above the VBM (EV+2.84 eV). The electronic level is actually 
degenerated with two electronic states staying at the same level. For the NbLi

+, the defect 
state shows even deeper donor trap level with position of EV+2.49 eV. The doubly and triply 
charged states (NbLi

2+ and NbLi
3+) have almost the same electronic and hole levels within the 

band gap, which are staying at EV+2.50 eV for the electronic state and EV+3.97 eV for the 
hole state, respectively. For the NbLi

4+, the donor trap level turns to be even deeper nearly 
staying at the midgap, which is EV+2.13 eV. The localized hole state is staying at the bottom 
of the CBM with the position of EV+4.02 eV. For the charge states of +2, +3, and +4, they are 
all in the spin-down configuration. 

 
As shown in Figure 4 (b), the localized electronic and hole orbitals contour plot have been 

mapping in the real space lattice of LiNbO3 with consideration of niobium antisite defect 
(NbLi). The neutral state shows the two degenerated electronic states occupying the same 
level is represented by the dxy and dyz components of Nb-4d orbitals staying at NbLi antisite in 
spin-up configuration. For the singly and doubly positive charged states (NbLi

+ and NbLi
2+), 

the electronic orbitals are nearly the same which are contributed by the dxy component of the 
NbLi-4d orbital. However, the localized hole state induced by the NbLi

2+ is localized at the 
second nearest neighboring O and Nb sites from the anti-Li-site (exchanged with Nb), which 
is contributed by a hybridized orbital between p-π (O) and 4d orbital (Nb) in the lattice. This 
arises because the local electrical field has been disturbed by the anti-Li-site, and the on-site 



orbital charge density distribution has re-arranged to the second nearest cation and anion sites. 
For the NbLi

3+, the localized electronic state is tilted dxy component of Nb-4d orbital staying 
at NbLi site, while the hole state showing the orbitals are localized on the NbLi site and the 
second nearest Nbhost sites with partial p-d coupling effect. For the case of NbLi

4+, the 
localization of the orbitals is similar to the case found in the NbLi

3+, indicating the valence 
change of the NbLi does not change much in the defect charge density distribution within the 
host, especially under the high charge state (e.g. from NbLi

3+ to NbLi
4+). Meanwhile, the 

electronic orbital contour plot in real-space is nearly the same among the state of NbLi
+, 

NbLi
3+ and NbLi

4+. 
 
We further studied the formation energy of this antisite defect under different charge states, 

as shown in Figure 4 (c). The cost of energy to form the neutral NbLi in the host LiNbO3 is 
5.55 eV, which is insensitive to the chemical potential limit varied (either O- or Nb- rich), 
since it is only the exchange of two cation sites within the host following original 
stoichiometric ratio. The formation of NbLi is usually achieved by the exchange of Nb and Li 
sites. Thus, the formation energy for each defect is updated to be 2.77 eV per defect site, i.e. 
their formation energies should be divided by two as occurrence per defect. The 
thermodynamic transition level for the state (+/0) staying at EV+3.93 eV denoting a shallow 
donor state. However, the NbLi

+ state is not a long-life sustained defect state within the host. 
It will further transform into the NbLi

3+ and NbLi
4+ with the Fermi level (EF) varied. Then the 

transition level for the state (3+/+) is staying at EV+1.93 eV and (4+/3+) is at EV+1.75 eV 
respectively. Among the five different charge states of the NbLi, there is only the defect 
reaction shows the negative-Ueff with value of -0.03 eV, which is 2NbLi

2+→NbLi
++NbLi

3+. 
According to the above analysis, the possible charge states within the optical band gap for 
NbLi antisite defect is 0, +1, +3, and +4. 

 
Oxygen anion Frenkel pair defect (a-Fr) 

 
As for the type of lattice distortion, we move on to discuss the charge complementary pair 

defects, which is another typical intrinsic defects. The lattice distortions are usually caused by 
the fluctuation of the ambient conditions. The O related anion Frenkel pair (a-Fr) dominates 
the deep electronic trap levels within the optical band gap, which is important within the 
metal oxides [52, 57, 78]. We firstly consider the O has been perturbed and dissociated from 
its original host lattice with evolving into the nearest local cage of the LiNbO3 motif structure. 

 
The TDOS shown in Figure 5 (a) shows the electronic and hole levels induced by the a-Fr 

(i.e. VO+Oi) in the lattice. For the a-Fr0, there are three electronic states with two degenerated 
in spin-up near the mid gap (EV+2.48 eV) and one in spin-down next to the VBM (EV+0.48 
eV), as well as one hole state localized next to the CBM in spin-down (EV+3.89 eV). For the 
a-Fr+, one of the degenerated electron has been ionized. The electronic levels are staying in 
the mid-gap as EV+2.29 eV (spin-up) and EV+0.47 eV (spin-down) next to the VBM. Two 
electronic hole states are localized at EV+4.00 eV next to the CB edge. For the a-Fr2+, there is 
only one electron left staying at the EV+0.49 eV next to the VBM while two hole states 
staying at EV+4.05 eV. For the a-Fr-, the electronic levels are localized at EV+0.44 eV (spin-
up), EV+2.49 eV (spin-up), EV+2.53 eV (spin-down), and EV+2.71 eV (spin-down), 
respectively. The EF is pinned at EV+2.81 eV. The localized hole states are staying at 
EV+4.01 eV (spin-up) and degenerated next to the CBM. For the a-Fr2-, all of the localized 
hole states have been passivated by the excess electrons. There are eight electronic states 
staying in the gap, which are occupying at the levels of EV+0.47 eV (spin-up, degeneracy=3), 



EV+0.61 eV (spin-down, degeneracy=2), EV+2.27 eV (spin-up), EV+2.51 eV (spin-up), and 
EV+2.82 eV (spin-up), respectively. 

 
Figure 5 (b) shows the localized orbitals of electronic and hole states for the 

aforementioned levels. We see that, for the positively charged states (+1 and +2), all of the 
mid-gap electronic states are contributed by the VO part of the a-Fr. These deep donor trap 
levels are actually dominated by the dxy, dxz, dyz, dx2-y2 components of Nb-4d orbitals nearby 
the VO site. The localized hole states that staying at the CBM is mainly contributed by the 
anti-bonding states of the O-2p orbitals at the Oi interstitial site. For the negatively charge 
states, the electronic state next to the VBM is originated by the coupled p-π electronic orbitals 
between Oi and nearest neighboring O-sites. The localized hole orbitals next to the CBM are 
mainly contributed by the p-π* anti-bonding state. The excess electron is pushed forward to 
the mid-gap by repulsive Coulomb potential and occupying the local Nb-4d orbitals next to 
the VO site. Especially to the a-Fr2- charge state, the localized hole states within the band gap 
have been well passivated by the two excessively captured electrons. Therefore there are only 
the electronic states localized in the gap mainly distributed at the region next to the VBM or 
near the mid-gap. In the real-space, these two excess electrons individually have two 
probabilities of on-site orbital occupations, which are the nearest neighboring Nb-4d orbital 
at the VO sites and the other is p-orbitals of Oi site. We also see that the orbitals deep in the 
gap show an anisotropic p-π non-bonding orbital alignment denoting the trace of the 
instabilities, which is responsible to the energy-transfer by local electrical fields within the 
host lattice.  

 
For the formation energy, the cost to form the O-related a-Fr pair defect within the local 

cage of LiNbO3 motif is relatively high in the neutral, which is 8.22 eV per pair or 4.11 eV 
per defect site. From Figure 5 (c), we see that only two defect reactions among different 
charge states give negative-Ueff, which are 2a-Fr- → a-Fr0 + a-Fr2- and 2a-Fr0 → a-Fr2+ + a-
Fr2- with values of -2.40 eV and -1.79 eV, respectively. Therefore, it is indicating that the 
stable charges for the a-Fr within the host are mainly the +1, +2, and -2. The neutral and 
singly negative charge states are showing relative life-time to be stabilized within the lattice. 
However, with overall looking at the Figure 5 (c) along the entire the EF variation range in 
the gap, there are only +2 and -2 charge states stable within the optical fundamental band gap 
area.  

 
Lithium cation Frenkel pair defect (FrLi) 

 
The Li may be very easy to escape from its original lattice and transporting within the host, 

since the energy cost is found to be rather low for the Li-interstitial (Lii). Therefore, Li cation 
Frenkel pair defect (FrLi) can be very common within the host and may play an active role to 
affect the local electrical field distribution of the host lattice.  

 
From the TDOS calculation (Figure 6 (a)), the neutral state (FrLi

0) does not affect the 
electronic states of host obviously, except only the two electronic states close to the VBM 
(EV+0.1 eV). We interpret these levels are attributed to the instabilities of O-2p orbitals near 
the VLi and the Lii sites. The singly positive state (FrLi

+) produce the localized hole states next 
to the CBM (EV+3.90 eV). This arises because the hybridized empty p-d orbital components 
near the VLi. The singly negative state (FrLi

-) within the host produces two different electronic 
levels localized in the gap. One of the level staying next to the VBM (EV+0.10 eV) with two 
degenerated O-2p electrons while the other level staying at EV+3.08 eV in the gap 
contributed by the dxy component of the Nb-4d orbital next to the Lii site.  



 
The localized electronic and hole orbitals are shown in the Figure 6 (b). The neutral FrLi 

state only possess localized O-2p orbitals parallel to the (0001) of the LiNbO3 lattice. The 
FrLi

+ gives the localized hole stats at one pair of O and Nb sites nearby the VLi. The FrLi
- state 

has two different electronic orbital distribution areas within the lattice. One of them is the 
localized O-2p orbitals around both VLi and Lii regions, while the other is staying at the 
nearest neighboring Nb-4d orbitals at the Lii site, perpendicular to the LiNbO3 (0001). 

 
The formation energy (Figure 6 (c)) shows the FrLi is rather energetically favorable within 

the lattice. The energy cost of the neutral state is 1.31 eV per pair, which means only 0.66 eV 
per defect site. This result shows a good agreement with the 0.93 eV done by another method 
from Donnerberg and Catlow coworkers[79]. As we know, the VO can be seen as a very 
comment intrinsic defect in the oxide materials confirmed by our previous collaborators [80-
82]. However, the formation energy of FrLi shows even lower level than the VO under the Nb-
rich limit (i.e. 0.66 eV<0.76 eV). Moreover, such Frenkel pair defect is chemical potential 
limit independent, indicating that the FrLi is one of the generally existing intrinsic defects in 
the synthesized LiNbO3 under either Nb-rich or O-rich chemical atmospheres. On the other 
hand, the FrLi is a positive-Ueff center gives the defect reaction is endothermal process: 
2FrLi

0→FrLi
++FrLi

- with value of +2.08 eV. The thermodynamic transition levels of the (0/+) 
state is at EV+1.64 eV and EV+3.71 eV for the (-/0) state, showing deep donor and acceptor 
correspondingly.  

 
Niobium cation Frenkel pair defect (FrNb) 
 
Another cation Frenkel pair defect in LiNbO3 is the FrNb. The Nb atom is perturbed by the 
thermal vibration or external high energy irradiation, and hopping into the nearby local 
energetic minimum site from original equilibrium lattice site. This formation may take higher 
energetic cost and would induce obvious localized electronic levels in the band gap.  
 
The TDOS (Figure 7 (a)) shows that the FrNb uniformly induce the localized electronic levels 
within the band gap without any appearance of the localized hole states. For the FrNb

0, there 
are three electronic levels localized within the gap, which are EV+2.51 eV, EV+2.85 eV, and 
EV+2.99 eV. They are actually the deep donor trap levels. The electronic levels at the singly 
positive state (FrNb

+) are slightly different with about 0.1 eV deeper from CBM, which are 
EV+2.46 eV, EV+2.74 eV, and EV+2.87 eV, respectively. The doubly positive state (FrNb

2+) 
shows that one of the electronic level has been terminated and the rest levels are localized at 
EV+2.38 eV and EV+2.73 eV with small ferromagnetic (FM) behavior for the spin-alignment. 
Differently, both of the FrNb

- and FrNb
2- as negatively charge states are showing the trapping 

of the four localized electronic states in the gap. For the FrNb
-, the levels are EV+2.41 eV, 

EV+2.68 eV, and EV+3.08 eV, where the EV+2.68 eV are doubly degenerated for both spin-up 
and down electrons. For the FrNb

2-, the electronic levels are turns even slightly deeper as 
EV+2.35 eV, EV+2.55 eV, and EV+2.93 eV respectively, where the EV+2.55 eV are the 
doubly degenerated level for spin-up and down electrons.  
 
The localized electronic orbitals distributions are shown in Figure 7 (b). We see that all of the 
electronically active regions induced by the FrNb (VNb+Nbi) are actually the Nbi within the 
local cage of LiNbO3 motif. The electronic levels in the gap are the hybridization of the Nb-
4d orbitals between this Nbi and nearby Nbhost. These electronic levels consist of the d-
components of dxz, dz2, and dxz of the Nb-4d orbitals.  
 



From the aspect of the energy cost, the formation energy of the neutral FrNb is shown as 8.13 
eV per pair, which is 4.06 eV per defect site, independent to the chemical potential as either 
Nb-rich or O-rich limit (Figure 7 (c)). This energy cost is about 6.2 times higher than the FrLi 
forms in the host, and also follows well with the trend predicted by the semi-empirical 
method (6.26 eV)[79]. The defect reactions among different charge states shows it has three 
negative-Ueff processes of 2FrNb

+ → FrNb
0 + FrNb

2+, 2FrNb
- → FrNb

0 + FrNb
2-, and 2FrNb

0 → 
FrNb

2+ + FrNb
2- with values of -1.81 eV, -2.91 eV, and -0.32 eV, respectively, while it also 

possesses a positive-Ueff reaction for the 2FrNb
0 → FrNb

+ + FrNb
- with value of 2.20 eV. 

Therefore, both of the FrNb
2+ and FrNb

2- states are the main equilibrium charge states in the 
host lattice.  
 
Nb2O5 Schottky defect (VNb2O5) 

 
The Schottky (STK) defects are also the main intrinsic pair defects that affect the 

electronic and optical properties of LiNbO3. These are formed by nearest neighbored 
vacancies that following the stoichiometric ratio of the components within the compound, 
such as the VNb2O5, VLi2O, and VLiNbO3. We firstly look at the case of VNb2O5 in the host lattice. 

 
The TDOS calculation (Figure 8 (a)) shows the neutral state (VNb2O5

0) produces two 
degenerated localized electrons next to the VBM (EV+0.10 eV) and one localized hole states 
next to the CBM (EV+4.08 eV), and there is no mid-gap states. The VNb2O5

+ produces one 
more electronic state localized next to the VBM based on the VNb2O5

0, which are EV+0.040, 
EV+0.060, and EV+0.10 eV, respectively. The localized hole state almost unchanged the 
position and stays at EV+4.09 eV. For the VNb2O5

2+ state, the electronic and hole states have 
similar configurations to the neutral state, which have two degenerated electronic levels at 
EV+0.10 eV and EV+4.10 eV for the localized hole level. This analysis indicates the positive 
charged states of the VNb2O5 does not provide any mid-gap localized states regardless the 
electronic and hole levels. However, the region of the VNb2O5 in the host is very active to 
capture the electrons and to be localized within the mid-gap area. For the VNb2O5

- state, there 
are two electrons are localized within the band gap with positions of EV+2.47 eV (spin-down) 
and EV+2.60 eV (spin-up), while the localized hole state is at EV+4.15 eV nearly buried into 
the CB. For the VNb2O5

2- state, the electronic localization levels within the gap are nearly the 
same but the spin-configurations are different. These two electronic levels are both spin-up at 
EV+2.43 eV and EV+2.63 eV. The localized hole level is staying at EV+4.11 eV. 

 
The localized orbitals for the electronic and hole levels are shown in Figure 8 (b). We see 

that the electronic levels localized nearby VBM induced by positive charge states of VNb2O5 
are mainly due to the local distortions of O sites. These distortions further result in the 
misalignment of the O-2p orbitals and deviated from its equilibrium bonding states from the 
host. The localized holes induced by these positive charge states are predominantly the anti-
bonding Nb-4d orbital levels. For the negatively charged states, both of the localized 
electrons and hole levels are uniformly contributed by the Nb-4d orbitals that nearby the 
VNb2O5 site or local void. 

 
Formation energy calculation (Figure 8 (c)) shows this type of intrinsic defects is rather 

energetically favorable, and showing a similar magnitude to the FrLi. The energy cost for the 
neutral state is 4.53 eV per Nb2O5 formula, which is 0.65 eV per point defect site, 
independent to the O- and Nb-rich chemical potential limits. This type of defects has both 
positive and negative Ueff reaction process for charge states variations. For the processes, 
2VNb2O5

+ → VNb2O5
0 + VNb2O5

2+ and 2VNb2O5
- → VNb2O5

0 + VNb2O5
2-, they have negative-Ueff 



values of -0.09 eV and -3.38 eV respectively. While the reaction of 2VNb2O5
0 → VNb2O5

2+ + 
VNb2O5

2- shows the positive-Ueff value of 3.38 eV. Thus, the 0, +2, and -2 charge states are the 
most stable charge states within the host lattice across entire band gap sized energetic range. 
The thermodynamic transition levels for the state (0/2+) and (2-/0) are staying at EV+1.04 eV 
and EV+2.73 eV respectively, showing a deep donor and acceptor behaviors.  
 
Li2O Schottky defect (VLi2O) 

 
The Li2O vacancy (VLi2O) is also the STK defect. The electronic properties of the resulted 

under-coordinated Nb- and O- sites are also worth investigating. The TDOS (Figure 9 (a)) 
shows the neutral VLi2O (VLi2O

0) does not contribute any gap states localized within the 
optical band gap. The VLi2O

+ defect state only produces one localized hole states next to the 
CBM with position of EV+3.77 eV. At the VLi2O

2+ defect state, two holes states are produced 
and localized below the CBM (EV+3.74 eV), and this level are doubly degenerated. For the 
VLi2O

- state, only one localized electronic state is induced within the band gap staying at 
EV+2.46 eV. For the VLi2O

2- state, there are two localized electronic state staying within the 
band gap area with positions of EV+2.40 eV and EV+2.69 eV. In this case, we find that the 
VLi2O tends to have doubly degenerated localized electronic and hole states at negatively and 
positively charged states, respectively.  

 
We further look at the localized orbitals (Figure 9 (b)) regarding different electronic and 

hole levels induced by different charge states of VLi2O within the host lattice. We see that the 
all positive charged VLi2O states have nearly the hybridized orbitals between empty Nb-4d 
and O-2p components with only different orientations within the host lattice. Similarly, all of 
the negatively charged states of VLi2O, the localized orbitals come from the occupancies of the 
extra electrons on the Nb-4d orbitals with partial O-2p components staying nearby. Thus, the 
Nb-4d orbitals within the LiNbO3 host lattice can easily accommodate localized electronic 
(capture e-) or hole (release e-) states. 

 
The formation energy shows the VLi2O does not form as easy as the FrLi within the lattice 

(Figure 9 (c)). This arises because the dominant contribution, VLi does not have much 
energetically favorability to form in the lattice (~2.05 eV at O-rich). Thus, the energy cost to 
form the neutral VLi2O is 4.44 eV per STK or 1.48 eV per defect site, independent to the 
variations of chemical potential limits. We also see that, the VLi2O is actually the positive-Ueff 
center and therefore all charge state have relatively long-life time to be stabilized within the 
host lattice, especially to the energetically distinguishable process, 2VLi2O

+→VLi2O
0 + VLi2O

2+. 
  

Full compositional Schottky defect (STK or VLiNbO3) 
 
We now consider the full compositional Schottky defect, which is formed by the LiNbO3 

vacancy (VLiNbO3). We see from the TDOS (Figure 10 (a)) that the VLiNbO3 uniformly 
produces localized electronic states within the band gap. The neutral state (VLiNbO3

0) induces 
three electronic states nearly degenerated in the band gap with positions of EV+2.36 eV, 
EV+2.38 eV, and EV+2.47 eV. For its singly positive state (VLiNbO3), one of these electronic 
states has been ionized and therefore only two are localized in the gap (EV+2.46 eV and 
EV+2.48 eV). The VLiNbO3

2+ state only produces one localized electronic state staying at 
EV+2.46 eV in the gap. For the singly negative charge state (VLiNbO3

-), there are three 
localized electronic states staying slightly deeper in the gap than the ones in VLiNbO3

0, which 
are EV+2.14 eV, EV+2.20 eV, and EV+2.27 eV respectively. For the VLiNbO3

2- state, there are 



still three electronic states localized within the gap, which are even deeper as EV+2.04 eV, 
EV+2.09 eV, and EV+2.14 eV respectively. 

 
The localized orbitals of the electronic and hole states induced by VLiNbO3 have been 

investigated (Figure 10 (b)). The VLiNbO3 is actually formed up by VLi, VNb and VO 
respectively. We find that these vacancies are closely contacted to each other and this region 
is electronically active, and the electronic orbitals are localized within this area. The electrons 
are localized on the on-site Nb-4d orbitals with three-fold symmetrically aligned at the apex 
points of equivalent triangle area parallel to the plane (0001). 

 
From the energetic view (Figure 10 (c)), the formation energy of the neutral VLiNbO3 state is 

9.78 eV per STK defect, which is 1.96 eV per defect site, irrespective to the variation of 
chemical potential limit (O-rich or Nb-rich). This shows the full compositional STK defect is 
not relatively energetically favorable within the lattice, which is nearly three times higher 
than the FrLi and VNb2O5. This energetic behavior for this STK defect is obviously different 
from another type of mechanoluminescence solid materials (i.e. CaZnOS), which has been 
discussed previously by us [83, 84]. The VLiNbO3 is a negative-Ueff center from the formation 
energy plot with related to the EF variation in the gap. The defect reaction process among the 
change of charge states have the negative-Ueff, which are 2VLiNbO3

0 → VLiNbO3
+ + VLiNbO3

- and 
2VLiNbO3

0 → VLiNbO3
2+ + VLiNbO3

2- with values of -1.32 eV and -2.48 eV, respectively. 
Therefore, the most stable charge states within the host lattice are VLiNbO3

2+ and VLiNbO3
2-. 

 
Native defects induced luminescent properties 

(1) Interband transitions via native point or complex defects energy evolutions 
Experimentally, both of the mechanoluminescence (ML) and photoluminescence (PL) 

spectra of the LiNbO3:Pr3+ reported by Xu et al [15], and show three dominant and identical 
peaks from the range 600 nm ~ 650 nm (609 nm, 619 nm, and 639 nm). The overall PL 
spectrum centers at 619 nm. The excitation spectra related to this emission PL spectrum are 
predominantly showing two broad bands centering at 281 nm and 345 nm, which are 4.41 eV 
and 3.59 eV in photon energy, respectively.  

 
There are two significant factors led us to build the energy transfer model to interpret the 

ML luminescence property. The first factor is: with the stochiometric ration of Li 
(LixNbO3:Pr3+) decreased, the PL intensity monotonically and vastly decreases with centering 
peak of 619 nm remained. Meanwhile, as the second factor: the ML spectrum almost matches 
the one in PL in both peaks positions and overall variation shapes. We therefore deduce that 
the energies to sustain the ML luminescence are predominantly sourced from the the inter-
level transitions by native point defect levels in the host matrix. One of the key channels for 
this resonant transfer is the Föster resonant energy transfer (FRET). Accordingly, the energy 
will be resonantly transferred onto the levels of activator center in a continuous way, due to 
the inter-levels are matching between the ML-activator and PL-activator. Recall, we have 
previously introduced that the external excitation source is wide-ranged and can 
accommodate various kinds of excitations in terms of photoirradiation, piezo-electric field, 
and mechanical forces, etc [83, 84]. From our calculations on the thermodynamic transition 
levels (TTLs), we find the both electronic and hole transitions along the zero-phonon-line 
(ZPL) show a variety of matching levels to resonantly transfer the energy onto the ML-
activator center. Moreover, the photo-induced electron transfer (PET) is usually active and 
hopping among different native point defect sites. Thus, the native point defects in 
luminescent materials play a significant role on determining the luminescence properties, 
especially for the ML related phosphors. As early as the work down by Wiesendanger et 



al[74], the evident inter-band transition has been observed and the low-lying p-d orbital 
charge transfer related transitions are evident and significant to electrooptic effect. 

 
We summarize these native point defects in the Table S2 and Table S3. Their 

thermodynamic transitions and single-particle levels have been summarized in Figure 11 (a) 
and (b). From the theoretical calculation aspect, we have confirmed that there are a variety of 
inter-level electronic transitions induced energy transfers. Those matching-levels induced 
single or multi-photon resonance are all potentially responsible for the output emissions of 
intrinsic mechanoluminescence. As reviewed and summarized by the work of Smyth[85] on 
the native defects and doping impurities within LiNbO3, it is both highly possible for the 
coexistence of the n- and p-type electronic states in such insulating piezoelectric materials. 
This finding actually relies on the relative defect concentration ratios between different 
charge states and defect species such as excess O (Oi) etc.   
 
    These intrinsic electronic/hole inter-level transitions are classified as following paths: 
  
    (1) electron-to-electron level transitions, (2) hole-to-hole transitions, (3) electron-to-hole 
transitions via with n-type charge carriers, (4) hole-to-electron transitions with p-type charge 
carriers, (5) CBM-to-donor transitions by n-type carriers, (6) VBM-to-acceptor transitions by 
p-type carriers, and (7) electron-to-VBM transitions. As we previously discussed, the path (3) 
and (4) are seen to be the most efficiency in releasing the energy since they are mostly have 
relatively high oscillator strengths [86]. Meanwhile, these two paths are involving the charge 
alternations process without any change in free energy based on our previously proposed 
charge alternation pair (CAP) model [87]. Some native point defect complex such as a-FrO, 
FrNb, and VLiNbO3 are acting as either donor or acceptor like levels.  
 
    Regarding the paths in TTLs, for the transition via path (1), the energy is released by the 
electronic transition between different donor levels, such as VO→NbLi (636 nm, 627 nm), 
VO→FrLi (603 nm, 595 nm), Lii→NbLi (637 nm), Nbi→NbLi (608 nm), FrNb→VNb2O5 (627 
nm), NbLi→NbLi (621 nm) between different levels, respectively. For path (2), the related 
transitions are given as follows, VLi→VLi2O (620 nm), VNb→FrLi (599 nm), VNb→VLi2O (622 
nm), respectively. For the transition via path (3), the transitions are shown as VO→VNb (603 
nm, 595 nm) and a-Fr→VLi (623 nm) respectively. For the path (4), the transitions are 
illustrated as Oi→VNb2O5 (618 nm), FrLi→FrLi (597 nm), FrLi→NbLi (632 nm), and 
VLi2O→VLi2O (647 nm, 638 nm) respectively. For the path (5), there is no electronic transition 
from CBM to the donor level responsible for resonantly transfer the energy to the ML center. 
However, the hole transitions from the Oi→CBM (626 nm). At the meanwhile, there is also 
not any hole transition from the VBM to the acceptor level or from the donor level to the 
VBM by the electron, responsible for the path (6). These classifications have been 
summarized in the Table S4 accordingly. 
 

As for the SPLs, the electron-lattice coupling effect has been taken into account for the 
inter-level transitions. The as-classified possible transitions paths have been summarized in 
the Table 5. There have been found over 194 paths for inter-transitions existing and 
contributing the three reported PL and ML dominant peaks corresponding to the photon 
wavelengths of 609 nm, 619 nm, and 639 nm, respectively. Our calculated energetic intervals 
are converted into the photon energies or wavelengths are in a good agreement with the 
experimental measurement. In addition, we found that the single native point defects levels 
are contributing the type-I transition (i.e. path (1)). The mixed transitions which consist of 
transitions between native point and complex defects (antisite, Frenkel, or Schottky pairs) 



levels could be either type-I (path (1)) or IV (path (4)) transitions. The type-I and IV 
transitions between native pair complex defects levels are also found. However, those Nb-
included native Schottky complex defects such as VNb2O5 and VLiNbO3 are predominantly 
contributing the type-IV (hole-type charge carriers) transitions. This arises because the those 
Nb-related Schottky complex defects are always giving high lying electronic hole states next 
to the CBM as well as the localized electronic levels staying near the mid-gap. The VLiNbO3 
defect center sometimes produces the type V and VI transitions, and similar types of 
transitions have also been found in interstitial Nbi site. However, the VLiNbO3 also gives type 
VI and VII transitions attributed to their mid-gap localized electronic levels.  

 
On the other hand, the O related anion Frenkel pair (a-FrO) complex defects are uniformly 

contributing the type-I transitions. This is due to the interstitial Oi sites produce the low lying 
electronic levels localized near the top of the VB. This is also the reason why the Oi acts 
significantly to be the type-I transition centers as any given electron staying at the level 
always energetically favors the lower positions within the optical band gap area.  

 
It is also worth mentioning that there is only one O-related inter-level transition 

contributing the type-IV transition path by hole charge carriers. This arises from the localized 
hole level below the CB edge by the a-FrO pair defects (e.g. a-FrO

0, a-FrO
+, a-FrO

2+ a-FrO
-). 

Moreover, the O-related a-Fr pair defects possess various local structural configurations due 
to the O-ion migrations throughout the host lattice, which have been well discussed within 
rare earth oxides from our previous works[52, 57, 78]. 
 

We now start to discuss the inter-level transitions from the aspects of the native defects 
formation energies. The discussion on formation energies is necessary since the 
thermodynamic behaviors of the native point defects or complex still exist even under the 
external high energy irradiation (e.g. UV-light). Then, it has rather high probabilities to 
further generate the intrinsic defects from the host lattice based on the UV-irradiation. 
Especially, the experimentally reported excitation energies of UV responsible for both PL 
and ML luminescence are 4.41 eV and 3.59 eV, which are already reached the level to 
generate most native point defects or complex according to our above discussion.  

 
Most of the intrinsic defects are formed natively during the process of synthesis, which do 

not rest on the external excitations. For this case, it is necessary to consider the defect 
formation at the neutral state. From our early section of discussion, we find that the defect 
formation energies are asymmetrically distributed between O-poor and O-rich chemical 
potentials. Under O-poor chemical potential (i.e. Nb-rich in the reducing synthesis 
atmosphere), the native point defects such as VO, Nbi, and Lii, have relative low formation 
energies, which are 0.76 eV/site, 0.65 eV/site, and -0.64 eV/site, respectively. The Lii could 
be spontaneously formed at this synthesis condition. However, the oxidizing synthesis 
atmosphere, the formations of native defects cost more energies than the reducing atmosphere. 
Under O-rich chemical potential (oxidizing atmosphere), the native point defects such as VNb, 
VLi, and Lii, have low formation energies of 2.48 eV, 2.05 eV, and 1.56 eV respectively. 
Actually, the complex defects actually form independent to the variations of the chemical 
potentials. We find that the FrLi, VNb2O5, and VLi2O also have low formation energies of 0.66 
eV/site, 0.65 eV/site, and 1.48 eV/site, respectively.  

 
Except those low-cost intrinsic defects, there are also many intrinsic host defects that can 

be formed relying on the further external excitation (3.59 eV and 4.41 eV). Meanwhile, these 
defects are also responsible to involve the PL and ML excitations and emissions. For instance, 



the VO is not the one of such defects since its neutral state has the formation energy of 5.15 
eV. The neutral O interstitial defect (Oi) under the O-rich potential limit costs 3.04 eV to 
form. This indicates the accommodation of the excess O from the ambient under oxidizing 
condition is capable by 3.59 eV UV irradiation. This type of defect contributes most of the 
type-I transition paths. The formation of the neutral VNb site costs energy of 2.48 eV under O-
rich and acting as the starting level for the type-IV transitions. For the VLi

0, it has the 
formation energy of 2.05 eV in O-rich and 4.24 eV in O-poor limit. It seems to be 
electronically inactive but acting as the core component of forming the Li-complex defects 
such as VLi2O or FrLi etc. Moreover, the VLi

0 produces an extra-deep hole trap level next to the 
CBM acting as the self-quenching centers to annihilate the excited electrons proceeding onto 
the CB. Thus, this result shows a good agreement with experimental observation that the 
more VLi concentrations the less intensity of the PL with different excitations 
wavelengths[15]. 

 
Then for the complex, the anion Frenkel pair defect (a-FrO) is another typical defect with 

formation energy of 4.11 eV/site independent to the chemical potentials, which 
corresponding the UV irradiation with 281 nm (photon energy=4.41 eV). The FrNb provides 
electronic levels within the band gap and its neutral state costs 4.07 eV/site to form the 
complex. The VLiNbO3 contributes high lying electronic states below the conduction band edge, 
and has the formation energy of 1.96 eV/site at the neutral charge state. The NbLi defect in 
neutral state has the formation energy of 2.77 eV per site, which can contribute both type-I 
and IV transitions.  
 

Combining the Figure 11, Table S4 and S5, we found amount of energy levels from TTLs 
and SPLs are mostly overlapped. This arises because the energy transfer paths with same or 
similar energetic intervals are both coming from the single individual and multiple complex 
centers. Mismatching behavior of the energy levels usually causes depletions of the resonant 
energy transfer between different energy conversion centers. This will create amount of 
energy depletion channels once the external mechano-stimulus has been applied on the as-
synthesized LiNbO3 sample materials. From our previous work, we found some intrinsic ML 
and PL materials can have evident extent overlapping in intrinsic host defect levels, which 
can support substantial amount of resonant energy transfers [83, 84, 87]. On the other hand, 
as noted from Figure 11 (b), we also found that the hole-to-hole and electron-to-hole 
transitions are absent when donor-type charge carriers act as energy transfer entities. This 
arises because the localized holes states are mostly staying near the bottom of the CB edge 
instead of mid-gap area or near the VB, which are generated by the native point defects or 
defect complex. 

 
The O-related anion Frenkel pair (a-FrO) defects have been reported as the effective entity 

for the energy conversions [57, 78, 83]. However, in this work, the a-FrO is not energetically 
preferred to forming in the host and playing as the energy conversion center. On the other 
hand, it is worth considering whether the Nb-4d crystal field splitting (CFS) effect is evident 
to impact the electronic structure. As we know, the 4d orbital CFS effect is usually stronger 
than the ones in 3d orbitals (i.e. 4d>3d). However, the Nb-4d (4d45s1↔4d55s0) orbitals can be 
occupied by the 5 d-electrons with 2 electrons on the 4deg and 3 electrons on the 4dt2g levels 
in the high-spin state configuration. Our estimation shows either octahedral or tetrahedral 
ligand field configuration returns the crystal field stabilization energy (CFSE) uniformly the 
zero. Accordingly, there is no substantial impact on the electronic structures by the CFS 
effect from Nb-4d orbitals. 

 



(2) Thermodynamic energy evolutions via the native point and complex defects 
We further found that the agglomerating (aggregating) effect is strongly favorable in 

physicochemical trend, since the formation energy calculations tell that the system 
energetically favors the formation of the complex defects. Such agglomerating effect is the 
equilibrium process to form the native complex defects within the host matrix via the 
aggregations or close contact of the separately distributed individual single point defects (as 
constituents). We found that the effective agglomerating effect favors more in energetics than 
those separated individuals. However, the a-FrO is found to be an exceptions here in this work. 
The a-FrO shows unfavorable to form within the host, since it neither gains energy from the 
agglomerating effect from the (VO+Oi) nor has an obvious energetic contrast before or after 
the agglomerating effect.  

 
We have summarized the change in free energy under such equilibrium transition process 

to energetically describe the defects migrations and agglomerating effect as shown in Table 1. 
With supported by Table S3, the original formation energies of some neutral native complex 
defects are high while the others are very low.  

 
However, they almost show that there are two processes are rather energetically favorable: 

(1) The charge alternation transition from the neutral separate individual point defects to the 
complementarily charged individual point defects; (2) The agglomeration from the 
complementarily charged separate individual point defects to the aggregated (or closely 
contacted) native complex defects. Moreover, we found that the energy gains from the 
electronically active point defects to the complex defects are actually a generalized 
phenomenon. The energy gain for both two processes turns to be independent to the 
variations of the O or Nb chemical potentials. As we can see from the Table 6 that, the energy 
is almost the same for both O-rich and Nb-rich chemical potential limits. Such generalized 
energy gain can be achieved by the local lattice relaxations, which follows the physical trend 
of electron-lattice coupling effect[87].  

 
Previously, we have studied the energy harvesting and conversions for the ML applications 

for the CaZnOS system [83, 84]. The native point defect levels have been extensively 
discussed and interpreted in terms of the thermodynamic transition level and single particle 
levels. From that work, we finally screened the candidates as electronic active centers for the 
ML energy transfers, which are VZnO and VCaZnOS respectively. Meanwhile, the a-FrO and a-
FrS are also energy kinetically favorable to proceed the dynamic energy transport. Herein, 
combining with our energy conversion model, we confirm that the VZnO and VCaZnOS are the 
energetically significant to support the energy transfer in the ML, which is once again 
verified from our more generalized theoretical mechanism, with much evident solid 
consistency shown in Figure 11 (c). 

 
Further looking at the Figure 11 (c), we find that the VNb2O5 has the largest agglomerated 

energy stabilization. The antisite NbLi possesses the second largest stabilization energy from 
the agglomeration process, and the VLiNbO3 is the third. The VLi2O shows almost zero 
agglomeration energetic gain which means a reversible process in a nearly zero structural 
configuration entropy transition. However, both of the a-FrO and FrLi cases show an 
endothermic effect for agglomeration, which are energetically unfavorable or electronically 
inert to participate in the ML energy transfer. This case is rather different from the one we 
found in CaZnOS system [83, 84]. Previous studies by both Li et al[69] and Marsh et al[35] 
have addressed the significance of the NbLi in the interband transitions to influence the 
optical absorption measurement. Here our work not only confirms this important conclusion 



but also more insightfully found the existence of the VNb2O5 and its role in energy transfer for 
self-recoverable ML process. 

  
The energy released from the relaxation of the electron-lattice coupling can resonant the 

energy to match the electronic transitions intervals between the different levels localizing at 
the nearby intrinsic defect regions. This non-radiative resonant energy can be further transfer 
throughout the lattice with much less impact by the phonon participation, since the electronic-
lattice coupling effect for complementarily charged point defects relaxation has already been 
counteracted to each other.  Therefore, these energy gains from the neutral to the 
complementarily charged and further transform into the agglomeration can be seen as a type 
of FRET-like (Föster resonant energy transfer) to transfer the energy without the influence to 
the local lattice distortion to transfer the energy non-radiatively and sustain with a 
substantially long distance, to support the single or multi-photon process of electronic 
transitions. Thus, we have the following equations with considerations of the three different 
types of photons with energies of 2.04 eV (609 nm), 2.00 eV (619 nm), and 1.94 eV (639 nm) 
respectively: 

 
321),,( zEyExEzyxE form ++=∆          (5) 

 
From the Eq (5), the E1, E2, and E3 represent the three typical photon energies (E1=2.04 eV, 

E2=2.00 eV, E3=1.94 eV), where the (x, y, z) determines the numbers of photons 
corresponding to the given photon energy. We note that, the less degree to distinguish the E1, 
E2, and E3, the broader the peaks for the PL or ML emission spectrum will be observed from 
the experiment. Therefore, the Eq (5) turns out to be the multiple valued functions and non-
monotonically varied by the variables. We take the example from the native complex defects, 
the antisite NbLi defect, from the Table 1. Both energy gains from the process (1) (charged) or 
process (2) (agglomerated) are shown as -6.06 eV and -6.10 eV. The magnitude of the 
energies can be seen as all three photons participated or partially participated as follows: 
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As we know, the energy cost for forming the NbLi can be seen as still relatively high 

compared with the most comment VO defects in the host. However, Table 1 shows that the 
absolute value of the energy gain from equilibrium transition in either charged or 
agglomerated process are both larger than the neutral formation energy of the NbLi in the host 
lattice. Therefore, such formation activation barrier can be overcome by the local lattice 
relaxations nearby native point defects.  

 
On the other hand, the VNb2O5 are showing the energy gains for the two processes are -

10.00 eV and -16.18 eV. These energies can be evidently support the resonanting the 
electronic transitions for emitting te short wavelength photons, which can be (x=0, y=5, z=0) 
and (x=8, y=0, z=0), respectively. Therefore, the energy support for the electronic transitions 
that sustains for a long distance within the host and long durations with long life-time decay 
can be predominantly contributed by the NbLi and VNb2O5 synergistically onto the VLiNbO3 site 



as shown in Figure 11 (d). Based on discussions, it is found that in the both energetics and 
electronics, there has no advantage for the native point defects to the native complex defects. 
According to the chemical potential boundaries (Figure 2), it shows that the native complex 
defects are more energetically favorable to the point defects.  

 
We move onto the modeling the change in free energy if we do not consider temperature 

variation effects as well as the zero-point vibration energies for each defects. Then, with 
conversing the energy variations of charged and agglomerated from the Table 1, the 
mechanical loading (ML) as well as the ML loading cycles can be simplified in the energy 
changing pathways (Figure 11 (e)). By using these pathways, we can clearly see the both 
individual contributions and collective physicochemical trend on how to harvest and transfer 
the energy with different magnitude of loading of external mechanical excitations. From 
Figure 11 (e), we found even the intrinsic un-doped LiNbO3 system can clearly reflect the 
energy trapping centers given by the oxygen anion Frenkel pair defects (a-FrO), which 
requires a pre-stimulation by the UV light. Also, with existence of this energy trap, the 
emission intensity and reversibility are found to be decreased with ML-loading cycles 
increasing. This finding shows a good agreement with experimental observation by Xu et 
al[15]. We also exhibit the energy changing pathway in the system of previous discussed 
CaZnOS [83, 84] and further confirmed the mechanical quenching effect that reported 
previously by Xu et al[5, 14].  
 
Conclusion 

We have studied the native point defect levels of LiNbO3 to interpret the intrinsic 
mechanoluminescence mechanism. We found the both interstitial and vacancy defects are 
low energy defects, and mutually interplay through series of defect chemical reactions for 
energy transfer between different charge states from the host. Moreover, the formations of 
native defects under the oxidizing synthesis atmosphere cost more energies than the reducing 
atmosphere. Under O-poor chemical potential (i.e. Nb-rich in the reducing synthesis 
atmosphere), the VO, Nbi, and Lii, have relative low formation energies, which are 0.76 
eV/site, 0.65 eV/site, and -0.64 eV/site, respectively. The Lii is found to be spontaneously 
formed at this synthesis condition. In addition, the complex defects actually form independent 
to the variations of the chemical potentials. We find that the FrLi, VNb2O5, and VLi2O also have 
low formation energies of 0.66 eV/site, 0.65 eV/site, and 1.48 eV/site, respectively. We also 
predict the energy transfer cycle paths along the zero-phonon lines responsible for the 
intrinsic persistent luminescence, which is the VNb2O5→Oi, the charge balance can be 
achieved by the Lii

+ and VO
2+ since these native defects have negative formation energy and 

can be spontaneously formed and transporting with energetic barriers free throughout the host 
lattice. Therefore, in defect reaction related energy conversion, both interstitials and 
vacancies are the native activators sites to accommodate the recombination of the excited 
electrons and holes and release the energy by photon emission. 
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Table 1. Summary of the free energy gains for the formation of the native complex defects. 
The change in formation energies are shown for the two process: (1) from the neutral separate 
individuals to the complementarily charged separate individuals (i.e. “Charged” in the table); 
(2) from the complementarily charged separate individuals to the neutral agglomerated 
complex (i.e. “Agglomerated” in the table). The NbLi* denotes an indirect transfer from 
(VLi+Lii)+(VNb+Nbi). 
 

Complex 
O-rich Nb-rich 

Charged Agglomerated Charged Agglomerated 
VLiNbO3 -7.37 -2.83 -7.37 -2.81 
VNb2O5 -10.00 -16.18 -10.00 -16.15 
VLi2O -4.74 -0.07 -4.74 -0.06 
a-FrO -2.22 2.25 -2.23 2.26 
FrLi -2.54 0.24 -2.53 0.24 
FrNb -3.52 -2.45 -3.52 -2.44 
NbLi -6.06 -6.10 -6.05 -6.09 
NbLi* -3.89   -3.89   

 
  



Figure 1.  
 

 
 
Figure 1. Schematic illustrating diagram about the native defects induced energy harvesting 
and conversion model for the elastic mechano-persistent luminescence (self-recoverable). (a) 
Microscopic view on the atomic and electronic mechanisms for the elastic-ML. (b) The 
schematic energy diagrams for the energy transfer and charge transitions for piezoelectric ML. 
(c) The overall systematic Gibbs free energy (∆G) diagram for illustrating the energetics on 
the self-recoverable ML mechanism.    



Figure 2. 
 

  
 
Figure 2. Calculated phase diagrams with respect to chemical potentials of Li (μLi), Nb (μNb), 
and O (μO) elements.  
 
  

(a) (b)

(c)



Figure 3. 
 

 
 
Figure 3. Band structure and total density of states (TDOSs) of LiNbO3. 
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q=0, Ee1↑ q=0, Ee2↑
(b)

q=1, Ee1↑ q=2, Ee1↑ q=2, Eh1↓

q=3, Ee1↑ q=3, Eh1↓ q=4, Ee1↑ q=4, Eh1↓



 
 
Figure 4. (a) TDOSs of NbLi in neutral (NbLi

0), singly negative (NbLi
+), doubly negative 

(NbLi
2+), triply negative (NbLi

3+), and quadruply negative (NbLi
4+). The dashed line denotes 

the highest occupied level for electrons. (b) Localized electron and hole orbitals at the relaxed 
NbLi site with side views (Li=purple, O=red, Nb=cyan). (c) Formation energies of NbLi under 
O- or Nb- rich chemical potential limits. 
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Figure 5. 
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(b)



 
 
Figure 5. (a) TDOSs of a-Fr in neutral (a-Fr0), singly positive (a-Fr+), doubly positive (a-
Fr2+), singly negative (a-Fr-), and doubly negative (a-Fr2-). The dashed line denotes the 
highest occupied level for electrons. (b) Localized electron and hole orbitals at the relaxed a-
Fr site with side views (Li=purple, O=red, Nb=cyan). (c) Formation energies of a-Fr under O- 
or Nb- rich chemical potential limits. 
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Figure 6. 
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Figure 6. (a) TDOSs of FrLi in charge states of 0, +1, and -1. The dashed line denotes the 
highest occupied level for electrons. (b) Localized electron and hole orbitals at the relaxed 
FrLi site with side views (Li=purple, O=red, Nb=cyan). (c) Formation energies of FrLi under 
O- or Nb- rich chemical potential limits. 
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Figure 7. 
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Figure 7. (a) TDOSs of FrNb in neutral (FrNb

0), singly positive (FrNb
+), doubly positive 

(FrNb
2+), singly negative (FrNb

-), and doubly negative (FrNb
2-). The dashed line denotes the 

highest occupied level for electrons. (b) Localized electron and hole orbitals at the relaxed 
FrNb site with side views (Li=purple, O=red, Nb=cyan). (c) Formation energies of FrNb under 
O- or Nb- rich chemical potential limits. 
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Figure 8. 
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Figure 8. (a) TDOSs of VNb2O5 in charge states of 0, +1, -1, +2, and -2. The dashed line 
denotes the highest occupied level for electrons. (b) Localized electron and hole orbitals at 
the relaxed VNb2O5 site (Li=purple, O=red, Nb=cyan). (c) Formation energies of VNb2O5 under 
O- or Nb- rich chemical potential limits. 
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Figure 9. 
 

 
 

 
 

  
 
Figure 9. (a) TDOSs of VLi2O in charge states of 0, +1, -1, +2, and -2. The dashed line 
denotes the highest occupied level for electrons. (b) Localized electron and hole orbitals at 
the relaxed VLi2O site (Li=purple, O=red, Nb=cyan). (c) Formation energies of VLi2O under O- 
or Nb- rich chemical potential limits. 
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Figure 10. 
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Figure 10. (a) TDOSs of VLiNbO3 in charge states of 0, +1, -1, +2, and -2. The dashed line 
denotes the highest occupied level for electrons. (b) Localized electron and hole orbitals at 
the relaxed VLiNbO3 site (Li=purple, O=red, Nb=cyan). (c) Formation energies of VLiNbO3 
under O- or Nb- rich chemical potential limits. 
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Figure 11. 
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Figure 11. (a) Summary of thermodynamic transition levels of different charge states of the 
intrinsic defects LiNbO3. The red line denotes donor type transition level and black line 
shows the acceptor level. (b) Summarized single-particle levels of intrinsic defects in LiNbO3 
with different charge states (empty states=red, filled states=black). (c) Summarized energy 
variation diagram for both LiNbO3 and our previous studied CaZnOS systems to demonstrate 
the complementarily charged and agglomerated evolutions from point defects to the complex 
defects responsible for active center for ML energy transfer and electronic transitions. (d) The 
schematic energy transfer related electronic transitions for the elastic ML photon output. (e) 
Free energy variation pathway along different native complex defects in both up-doped 
LiNbO3 and CaZnOS. 
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Schematic illustrating diagram about the native defects induced energy harvesting and 
conversion model for the elastic mechano-persistent luminescence (self-recoverable). 
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