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Abstract

We study from first principles the stability of neutral and charged oxygen vacan-

cies in lutetium oxyorthosilicate, Lu2SiO5, as well as its possible modification

due to the presence of Ce3+, as present in commercial scintillators. We show

that the neutral oxygen vacancy with the lowest formation energy forms at the

oxygen sites within the [SiO4] tetrahedra instead of the interstitial oxygen site

bonded exclusively to lutetium atoms. The discrepancy with a previous study

is attributed to the quality of the pseudopotential. Support for these results is

found by performing a bonding analysis of the oxygen sites, as well as oxygen

vacancy calculations in the iso-structural Y2SiO5 compound. In addition, we

find that the incorporation of Ce3+ ion does not affect the stability of oxygen

vacancies in Lu2SiO5.
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1. Introduction

Since the 1990s, many efforts have been devoted to the study of the lumines-

cent properties of Ce3+-doped Lu2SiO5 (LSO) due to its superior characteristics

for scintillation, such as a high density (7.4 g/cm3), short decay time (around

40 ns), high light output (3.5 times that of bismuth germanate [BGO]), and

a satisfactory energy resolution. [1, 2, 3, 4, 5, 6] These properties make this

optical material a suitable commercial scintillator for applications in positron

emission tomography (PET) imaging system.

LSO crystallizes in a monoclinic crystal structure (space group of C2/c) and

its conventional cell (with 64 atoms) is shown in Figure 1, which is two times

larger of the unit cell (with 32 atoms). In this compound there are five kinds

of oxygen sites coordinated by Si and Lu atoms. LSO has two inequivalent Lu

crystallographic sites, coordinated by seven and six oxygen atoms and denoted

as Lu1 and Lu2, respectively.

When doped, the Ce ions are expected to occupy the Lu sites, as Ce and Lu

have the same formal valence charge and similar ionic radii.[7] In a pioneering

work on LSO:Ce3+, Suzuki and co-workers measured the excitation and emission

spectra of this scintillator at 11K.[2] Their results clearly indicated the presence

of two distinct types of luminescent centers in LSO:Ce3+. The emission band

with higher energy has a peak at 420 nm and the emission band with lower

energy has its maximum at 480 nm. In subsequent studies, much attention has

been paid to understand the optical behavior of Ce3+ ion in LSO,[4, 5, 6, 8, 9,

10, 11] leading to several achievements, such as increase of light yield, higher

energy resolution and shorter decay time.

However, to further understand the LSO:Ce3+ behavior, there are still open

issues to address. Let us mention some of them. (i) The identification of the

luminescent center is not yet clear and the related thermal quenching behavior

lacks understanding.[12, 13] The lower emission band observed in the experiment

at low temperature 11 K does not allow to identify the typical doublet emission

peaks (2F7/2 and 2F5/2) of Ce3+ ion. Furthermore, this emission band suf-

2



fers from a very strong thermal quenching, and it cannot be detected at room

temperature.[2] In the literature there are indeed some works devoted to the

identification of the luminescent center of the low emission peak.[9, 14] However,

a solid assessment is still missing from those previous studies. (ii) The phys-

ical origin of the afterglow and thermoluminescence (TL) phenomenon is still

controversial.[6, 8, 10, 15, 16] The afterglow and TL behaviors of LSO:Ce3+ de-

grade its scintillation properties. The main hypothesis is the presence of intrin-

sic defects (oxygen vacancies) created during the synthesis process of LSO:Ce3+

in oxygen poor atmosphere (Ar). These intrinsic defects can provide electron

and/or hole traps for the excitation energy. (iii) The effect of co-doping with di-

valent cation ion (M2+) on the scintillating performance of LSO:Ce3+ is not yet

understood. Several recent experimental works indicate that the scintillating

performance of LSO:Ce3+ can be improved through the co-doping of divalent

cation ions.[17, 18] In these works, the improvement has been linked to the for-

mation of intrinsic defects in LSO:Ce3+. Further studies need to be conducted

to confirm this hypothesis.

On the basis of the problems and hypotheses mentioned above, many ex-

perimental works have been conducted to study the intrinsic defects in LSO,

especially oxygen vacancies due to oxygen-poor conditions in the synthesis pro-

cess. In this respect, a pioneering study of Dorenbos’group aimed at explaining

the afterglow and TL behaviors of Ce3+ ions luminescence.[8] Later, Cooke et

al studied the intrinsic afterglow and TL behavior in LSO and YSO (Y2SiO5,

iso-structural with Lu2SiO5) crystals and obtained a similar result for both

materials.[10] Very recently, electron spin resonance (EPR) measurements were

used to study the role of oxygen vacancies as electron and hole traps in YSO.[6]

Theoretical studies were also conducted to understand the stability of oxy-

gen vacancy in orthosilicates.[15, 16] Detailed work on LSO by Liu et al [15]

leads to the conclusion that the most stable oxygen vacancies (neutral and dou-

bly positive charged) are created in the interstitial oxygen sites bonded to Lu

atoms only. On the other hand, the result of a related study that focused on

the oxygen vacancies in YSO[16] indicated that the neutral oxygen vacancies
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Figure 1: Crystal structure of Lu2SiO5 and the coordination environment of Lu sites. Green,

blue and red spheres stand for Lu, Si and O atoms, respectively.

located within [SiO4] tetrahedra are the most stable ones. As a consequence,

the identification and stability of oxygen vacancies in rare-earth oxyorthosili-

cates with C2/c space group needs to be further examined, and the difference

explained, if it is confirmed.

Although in the long term we focus on understanding the Ce3+ ions lumi-

nescence in LSO from first principles, which includes estimating the effect of

intrinsic defects (oxygen vacancy) on the Ce3+ ions, it is mandatory to clarify

the stability of oxygen vacancies and to provide the basis for further studies

related to the neutral excitation of Ce3+ ion.

The present work is structured as follows. In Section 2, we first describe

the theoretical methods used in the oxygen vacancy calculations. In Section 3,

the structural and electron properties of LSO bulk are discussed. The stability

of oxygen vacancies is studied in the Section 4, and the obtained results are

validated with those from calculations on YSO and a local orbital bonding

analysis. The effect of Ce3+ ion doping on the stability of the oxygen vacancies

is illustrated in Section 5.
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2. Numerical approach

2.1. General Computational Details

Calculations were performed within density functional theory (DFT) using

both the norm-conserving pseudopotential and the projector augmented wave

(PAW) methods as implemented in the ABINIT package.[19, 20, 21, 22] The

exchange-correlation (XC) effect on the stability of oxygen vacancies in LSO

(and YSO) was examined using both the LDA and the PBE-GGA. Specifi-

cally, we considered four cases: the PBE-GGA XC functional associated with

a recent PAW dataset [23, 24]; the LDA XC functional, with three different

norm-conserving pseudopotential sets. The first set, denoted LDA-TM, was

generated about twenty year ago using the Troullier-Martins (TM) construct

[25]. The second, denoted LDA-FHI, set used also the TM construct, but dif-

ferent (more recent) settings as implemented in the Fhi98PP pseudopotential

program[26]. The third set, based on the ONCVPSP construct, was recently

produced in the framework of the PseudoDojo project.[27, 28] Here we denoted

it as LDA-Dojo. Most of the atomic datasets are available from the ABINIT

website.

The calculation with the PBE-PAW approach is the workhorse of our LSO

study. The other (LDA) cases aim at understanding the discrepancy with the

earlier study, and aim at confirming the result obtained in the PBE-PAW case.

For the Ce3+ doped calculation, DFT(PBE)+U was used, allowing the Ce4f

states to be found inside the band gap. The U value has been optimized to 4.6

eV (J = 0.5 eV) in our previous study on Ce3+ doped materials,[29], and we

have not changed this value.

For the PBE-PAW case, the oxygen dataset, with 2s22p4 valence electrons,

has a 1.3 Bohr radius and two projectors per angular momentum channel. The

silicon PAW dataset, with 3s23p2 valence electrons, has a 1.71 Bohr sphere ra-

dius and two projectors per angular momentum channel. The cerium dataset,

with 5s25p66s25d14f1 valence electrons, has a 2.5 Bohr radius and two pro-

jectors per angular momentum channel. For Lu, we tested two different PAW
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atomic datasets in our previous study.[29] The normal ABINIT Lu PAW dataset,

with 5s25p66s25d14f14 as valence electrons, has a 2.5 Bohr sphere radius and

two projectors per angular channel. However, we assumed that Lu4f electrons

play a minor role on structure relaxation and electronic structure. In order to

decrease the computational load in this work, we have generated a PAW atomic

dataset with the valence configuration 5s25p66s25d1 (freezing the fully occupied

4f orbital in the core state), using the ATOMPAW software[30] with the same

input parameter as the normal PBE-PAW atomic dataset, but with frozen 4f

states. Here we denote this PAW atomic dataset as ‘Lu4f -core’, which is used

in this work.

With the above PBE atomic datasets, as well as the ones from the three

sets of LDA norm-conserving pseudopotentials, we performed the structural re-

laxation and band structure calculations. The convergence criteria have been

set to 10−5 Hartree/Bohr (for residual forces) and 0.5 mHa/atom (for the toler-

ance on the total energy). In the calculations, the needed cutoff kinetic energy

and Monkhorst-Pack sampling have been determined to be 30 Ha and 2×4×4,

respectively.

In our work, we have also analyzed the local bonding interaction in LSO,

to aid the understanding of relative stability of five kinds of oxygen vacancies.

This was done using the COHP framework as implemented in the LOBSTER

software.[31, 32, 33]

2.2. Defect calculations

The formation energy of oxygen vacancies (with neutral, one positive and

doubly positive charged) in both LSO and YSO has been calculated using a

well-established thermodynamic formalism:[34]

∆Ef(q) = Edef(q)− Ebulk + q(εVBM + µe)−
∑
i

∆niµi (1)

where Ef is the formation energy of the oxygen vacancy in a charge state q

which is 0, 1+, 2+ for VO, V+
O and V2+

O , respectively. Edef(q) is the total energy
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of the system containing the oxygen vacancy in a charge state q and Ebulk is the

total energy of the ideal host with the same supercell size. The third term in

Eq.(1) describes the dependence on the electron chemical potential, µe, which

is measured with respect to the valence band maximum (VBM), εVBM. The

formation energy also depends on the chemical potential of the constituents as

given by the last term, where the difference between the number of atoms of

type i in the ideal cell with respect to the defect cell, is denoted by ∆ni. In

the calculations, the chemical potential of oxygen, µO was obtained from the

total energy of an O2 molecule in a cubic box of 30×30×30 Å
3
. In the present

work, we focus on the relative stability of various oxygen vacancies in LSO(:Ce).

Thus, the reference chemical potential, µO from the O2 molecule is used, which

might be different from the real case in oxygen poor conditions. Following

above ideas, for example the formation energy of neutral oxygen vacancy in

LSO without (∆Ef,1) and with (∆Ef,2) Ce3+ ion doping can be expressed as

follows:

∆Ef,1 = Etot(LSO : VO) + µO − Etot(LSO) (2)

∆Ef,2 = Etot(LSO : Ce, VO) + µO − Etot(LSO : Ce) (3)

Furthermore, the defect thermodynamic transition energy level ε(q/q′) of the

oxygen vacancy then can be defined as the electron chemical potential where

the formation energy of oxygen vacancy in the charge state q is equal to the one

of another charge state q′ of the same oxygen vacancy site:[34]

ε(q/q′) = [∆Ef(q)−∆Ef(q
′)]/(q′ − q) (4)

For the charged oxygen vacancy (1+ and 2+) case, additional attention

must be paid to the unphysical electrostatic interaction between the charged

defect and its periodic images introduced by the periodic boundary conditions.

Well-established formalisms exist to correct for this artificial interaction. In the

present work, we consider corrections for the dominant contribution related to
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the Madelung energy:[35]

EMd = −αq
2

2εL
(5)

where q denotes the charge state of oxygen vacancy, α is the lattice-type de-

pendent Madelung constant, ε is the macroscopic dielectric constant and L is

the supercell lattice constant. The monopole correction term, −αq
2

2L , is obtained

from our ab-initio calculations, and the experimental values of the dielectric

constants of LSO and YSO 9.59 and 9.94, respectively, are used.[36]

Detailed convergence studies have been conducted on the supercell size used

for the oxygen vacancy calculations. For the bulk sample, the formation energies

of oxygen vacancies from a 63-atom supercell differ from those of a 127-atom

supercell (1×2×1 conventional cell) by less than 0.05 eV. After the Ce3+ ion

doped, the formation energies of oxygen vacancies from a 63-atom supercell

provide a slightly larger difference from those of a 127-atom supercell, around

0.1 eV. Therefore, the data presented in the main text were obtained using

a 63-atom supercell for the bulk sample, which is the choice done in Ref.[15],

for fair comparison. For the Ce3+ ion doped LSO, we use the supercell size

of 127-atom. In detail, for the calculation of oxygen vacancies in LSO bulk,

one oxygen atom was removed from the 64-atom LSO conventional supercell,

resulting in Lu16Si8O39 (63-atom supercell). The calculations involving the

Ce3+ ion were performed with one Ce atom substituting one Lu atom both

in the bulk supercell (Lu32Si16O80) and in the supercell containing an oxygen

vacancy (Lu32Si16O79, 127-atom supercell).

3. Bulk Lutetium Oxyorthosilicate

The structural parameters used to build the initial conventional cell were

taken from experimental data [37] and then optimized in each case for the spe-

cific XC functional and pseudopotential. Table 1 lists the optimized lattice

parameters for LSO obtained from PBE-PAW calculation. The theoretical re-

sults for LSO bulk are consistent with the experimental value, within 2% relative

difference. The relaxation results from other three LDA calculations are also
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listed in Table S1 of the Supplementary Information. The LDA-FHI and LDA-

Dojo provide the optimized lattice parameters within 2% relative difference with

respect to experiment, while the results of the LDA-TM case give a larger error,

above 5%. At present, the larger error of LDA-TM case is not clear, but should

be related to the quality of pseudopotential set, which was generated twenty

years ago.

Table 1: Lattice parameters of bulk LSO within the conventional cell.

LSO a(Å) b(Å) c(Å) α β γ Volume(Å3)

Exp. 14.28 6.64 10.25 90.00 122.22 90.00 821.74

Cal.(PBE) 14.26 6.67 10.30 90.00 121.97 90.00 831.49

Figure 1 shows the optimized crystal structure. LSO is composed of edge-

sharing [LuO7] and [LuO6] polyhedra that form a dense network with large voids

accommodating the [SiO4] tetrahedra. The relaxed coordination polyhedra of

Lu3+ ions in this compound are also shown in Figure 1. There are indeed two

inequivalent Lu sites and one Si crystal site in the LSO, which are coordinated by

oxygen atoms. Five kinds of oxygen atom sites are present in the LSO structure.

Figure 2 depicts the local environments of these oxygen sites. In Table 2, the

five different oxygen sites are listed based on the surrounding cationic sites. The

relaxed O-Lu bond length of the five oxygen crystallographic sites are shown in

Table S2 of the Supplementary Information. It is worthy to note that the bond

length of one O21-Lu1 bond is much longer than other cases of O-Lu bonds

(including another O21-Lu1 bond), indicating such Lu1 site is weakly bonded

with O21.

9



Figure 2: Oxygen sites in the crystal structure of Lu2SiO5.

Table 2: Coordination environment of the five different oxygen sites in Lu2SiO5 crystal. The

label is inferred from the number of bonding Lu cations (digits from the Lu1 and Lu2 columns).

Oxygen Site Lu1 Lu2 Si

O20 2 0 1

O21 2 1 1

O11 1 1 1

O02 0 2 1

O22 2 2 0
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Figure 3: (Kohn-Sham) electron band structure of Lu2SiO5, conventional cell.

We computed the (Kohn-Sham) electronic band structure of the optimized

bulk LSO conventional cell (Figure 3). The PBE-PAW band gap is 4.67 eV

at the Γ point. This result is consistent with the reported PBE value,[38]

but suffers from the well-known band gap problem of PBE, with sizable un-

derestimation compared to experimental result, around 6.50 eV.[3] The charge

densities of the HOMO and LUMO have been plot to check the composition of

VBM and conduction band minimum (CBM), as shown in the Figure S1 of the

Supplementary Information. The LSO results indicate that the VBM and CBM

states are mainly composed by O2p and Lu5d state, respectively. The LDA band

structures computed in the other three LDA+norm-conserving pseudopotential

cases give results very similar in terms of the composition of VBM and CBM.

These results are not shown here.

4. Oxygen vacancy stability in LSO

The existence of oxygen vacancies in LSO was first assumed based on the

afterglow and TL behaviors of LSO:Ce scintillator, which maybe caused by the

excited Ce5d electron and/or Ce4f hole being trapped in the oxygen vacancy. As
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described in Sec 1, the current understanding of the stability of oxygen vacancies

in the rare-earth orthosilicates with space group C2/c needs confirmation. In

this section, we re-examine this issue in both LSO and YSO cases.

To study the relative stability of five kinds of oxygen vacancies as shown

in Fig 2, detailed calculations have been conducted with different exchange-

correlation functionals and the different pseudopotentials, for different supercells

and charged states, as sketched previously.

To start with, we have observed that the formation energy of V+
O is higher

than those of VO and V2+
O , except possibly in a very narrow range of permitted

values of the Fermi level depending on the vacancy type. The PBE-PAW result,

which is a typical case, is shown in the Figure S2 of the Supplementary Infor-

mation. As a result, the formation energies of V+
O are not shown and neither

discussed here, for clarity.

As mentioned in Sec.2.2, we have checked the convergence with respect to

the supercell size. The Figure S3 of the Supplementary Information shows the

typical formation energy of neutral and doubly positive charged oxygen vacancy

in LSO from PBE-PAW pseudopotential case, using 127-atoms supercell. Com-

pared to the result of Figure S2, it can be seen that the change of the formation

energies of oxygen vacancy, using 63-atoms supercell, is less than 0.05 eV, and

can hardly be seen on this figure. The Table S3 listed the detailed conver-

gence study. The same convergence accuracy was also obtained for other LDA

pseudopotential cases.

The conclusive results of the formation energy of oxygen vacancy in LSO are

shown in Figure 4(a)-(d), for the PBE-PAW, LDA-FHI, LDA-Dojo and LDA-

TM, respectively. The calculation with our LDA-TM pseudopotential gives a

similar conclusion about oxygen vacancy stability, compared with the previous

work on LSO[15]: they obtain that the most stable neutral and doubly positive

charged oxygen vacancy is VO22. However, this conclusion does not hold for the

three other cases. At variance with the previous previous work and our LDA-

TM calculation, the PBE-PAW, LDA-FHI and LDA-Dojo cases indicate that

the most stable neutral oxygen vacancy in LSO forms at the oxygen sites within
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(d)

Figure 4: Formation energy of oxygen vacancy in Lu2SiO5: (a) PBE-PAW, (b) LDA-FHI, (c)

LDA-Dojo and (d) LDA-TM.

the [SiO4] tetrahedra. For the doubly positive charged case, the conclusion of

old LDA-TM calculations agrees with our four cases. All results indicate that

the most stable case is VO22, which is consistent with the EPR measurement.[6]

We have performed similar calculations on the isostructural YSO compound.

A similar difference was found between the results of LDA-TM and the other

three cases. Figure S4 of the Supplementary Information shows the typical PBE-

PAW result for the neutral and doubly positive charged oxygen vacancy stability

in YSO. The result for the neutral case is consistent with the previous study

about YSO[16], which indicates that the most stable neutral oxygen vacancy

is from the oxygen site in [SiO4] tetrahedra, but not from the oxygen vacancy

that has no Si neighbor. This result is quite similar with the LSO one.
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In the previous study of LSO[15], Liu et al proposed that the better stability

of the neutral VO22 was due to the bigger bonding strength between Si-O than

between Lu-O. Therefore, the energy needed to break the Si-O bond is larger

than that of Lu-O. Such conclusion does not hold. As noticed by Zhou et al

in the study of YSO,[16] the stability of oxygen vacancy should be related to

bonding interaction between all the cation ions and oxygen, not only focusing on

one single bonding energy. Indeed, from the viewpoint of bond dissociation en-

ergy, the bonding energy for Lu-O and Si-O equals 695 kJ/mol and 798 kJ/mol,

respectively, and a simple bond dissociation counting due to the lower num-

ber of bonds gives the conclusion that the bond dissociation energies for VO20,

VO11 and VO02 are smaller than that of VO22. However, this argument does

not explain the energetic similarity of VO21 (three Lu neighbors) with VO20,

VO11 and VO02 (two Lu neighbors). The reason for the unexpected stability

of VO21 might be due to the existence of the longest O-Lu (2.732 Å) in the

coordinating environment of O21 site, as discussed in Section 3. Of course, the

above discussion is crude since the bond counting model does not consider the

effect of hybridization and different bond lengths.

Following this idea, we obtain a more accurate quantitative analysis of the

bonding between the cations and oxygen in bulk LSO using the (projected)

crystal orbital hamilton population (pCOHP) analysis as implemented in the

LOBSTER code[31]. This method allows one to partition the entire band struc-

ture energy into pairwise inter-atomic interactions. The energy integral of the

COHP qualitatively represents the strength of the bond. A positive pCOHP

value indicates an anti-bonding interaction, and a negative pCOHP value indi-

cates a bonding interaction. The result for LSO is shown in Fig 5. The curves

in the upper section of Fig 5(a)-(e) indicate the total bonding interaction for the

cation and oxygen in the five oxygen sites, and in the lower section Figs 5(f)-(j)

show the partial contribution of each cation bonding with the oxygen atom.

Fig 5 clearly shows that the four oxygen sites that are part of a Si-tetrahedron

have similar bonding interaction, despite the differing number of Lu neighbors.

The VO22 case is clearly different. These results are consistent with the forma-
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Figure 5: Total (upper row) and projected (lower row) crystal orbital Hamitonian populations

(COHP) of the Si-O and Lu-O interations at the five oxygen sites, with PBE-PAW.

tion energy of neutral oxygen vacancy in LSO, as shown in Fig 4(a).

The agreement between PBE-PAW, LDA-FHI and LDA-Dojo cases leads

us to believe that the LDA-TM case does not describe properly the oxygen

vacancy formation. The LDA-TM pseudopotentials were generated a long time

ago, and the quality of pseudopotentials has seen a noticeable improvement over

the recent years, as described in Ref.[39].

5. The effect of Ce3+ ion doping

Cooke et al have studied the intrinsic trapping site in rare-earth oxyorthosil-

icates (Re2SiO5, Re = Y, Gd and Lu) [10, 11, 40]. They obtain that the TL

behavior of rare earth oxyorthosilicates is not affected by the Ce3+ doping but

15



depends on the space group of the crystal structure. Indeed, the TL signals of

YSO and LSO are quite similar, while they both differ from the one of Gd2SiO5

(space group P21/c).

In this section, we evaluate from first principles the effect of Ce3+ ion dop-

ing on the stability of oxygen vacancy in LSO. Before performing the study

of LSO:Ce,VO, calculations for LSO:Ce have been conducted. The DFT+U

method successfully localizes the Ce4f state inside the band gap. The total

energies of LSO:CeLu1 and LSO:CeLu2 indicate that the Ce3+ ions prefer to

enter the Lu1 site than Lu2 site, by lowering the energy of 45.93 kJ/mol. This

preference of Ce3+ occupation might be due to the larger volume of the Lu1

coordination polyhedron than that of Lu2 site, which favors the larger Ce ion

to occupy the looser site. Such assessment is consistent with the previous ex-

perimental and theoretical studies.[37, 41]

Table 3 lists the total energy and formation energy of neutral oxygen vacancy

in LSO with and without Ce3+ ion doping. The total energy value of LSO bulk

with 128-atom supercell is -73918.52 eV, which is not shown in Table 3. The

effect of Ce3+ ion doping on the stability of oxygen vacancy can be evaluated

from the difference of ∆Ef,1 and ∆Ef,2, where the ∆Ef,1 and ∆Ef,2 can be

calculated as Eq.( 2) and Eq.( 3), respectively. The comparison between ∆Ef,1

and ∆Ef,2 is listed in the last column of Table 3. For most Ce3+ ion-doping

cases, the effect on the stability of the oxygen vacancy is negligible, the energy

difference being around 10 kJ/mol. Such energy difference can be matched by

the single-crystal high temperature growth condition at 2150 ◦C,[42] related to

energy change of around 20 kJ/mol (or 0.2 eV). However, it is worthy to note

that the high temperature growth condition cannot change the relative stability

of O22 with respect to the oxygen sites in [SiO4] tetrahedral, with 100 KJ/mol

(or 1.0 eV) formation energy difference.
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Table 3: Formation energy of LSO:VO (,Ce) crystal, with 127-atom supercell. [Unit: eV]

case Etot(LSO:VO) ∆Ef,1 Ce site Etot(LSO:Ce,VO) ∆Ef,2 ∆Ef,2 - ∆Ef,1

VO20 -73475.39 5.76 Lu1
-73394.51 5.66 -0.10

-73394.45 5.71 -0.05

VO21 -73475.21 5.95

Lu1 -73394.32 5.84 -0.09

Lu1 -73394.12 6.04 0.09

Lu2 -73393.95 5.75 -0.20

VO11 -73475.30 5.83
Lu1 -73394.43 5.73 -0.10

Lu2 -73394.04 5.67 -0.19

VO02 -73475.33 5.83 Lu2
-73394.04 5.67 -0.19

-73394.01 5.69 -0.13

VO22 -73474.28 6.88

Lu1 -73393.31 6.86 -0.02

Lu1 -73393.40 6.76 -0.10

Lu2 -73392.93 6.77 -0.11

Lu2 -73392.85 6.85 -0.03

6. Conclusion

We have studied the stability of neutral and charged oxygen vacancies in

rare-earth oxyorthosilicate Lu2SiO5 with first principles calculations. The neu-

tral oxygen vacancy in the [SiO4] tetrahedral site has the lowest formation en-

ergy, while vacancies in the interstitial oxygen site bonded to lutetium atoms

only are more difficult to form.

This contradicts results obtained one decade ago. We have tested different

settings (exchange-correlation functionals and PAW or pseudopotentials) and

observed that an old pseudopotential set favor the vacancy formation at the

Lu-only bonded site, in contradiction with the results from more recent pseu-

dopotentials, this being irrespective of the choice of exchange-correlation func-

tional. This conclusion finds further support in the results of vacancy formation

energy calculations in the isostructural compound Y2SiO5.

The higher formation energy of neutral oxygen vacancies in the interstitial

17



site compared to the other sites can be understood as coming from the bigger

number of bonds to be broken (four Lu-O bonds), while in the other cases, a

single Si-O and two Lu-O close bonds are broken. We also find that the incor-

poration of Ce3+ ion has a negligible effect on the stability of oxygen vacancy

in the Lu-based oxyorthosilicate.
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Abstract

We study from first principles the stability of neutral and charged oxygen

vacancies in lutetium oxyorthosilicate, Lu2SiO5, as well as its possible modifica-

tion due to the presence of Ce3+, as present in commercial scintillators. We show

that the neutral oxygen vacancies with the lowest formation energy form at the

oxygen sites within the [SiO4] tetrahedra instead of the interstitial oxygen site

bonded exclusively to lutetium atoms. The discrepancy with a previous study

is attributed to the quality of the pseudopotential. Support for these results is

found by performing a bonding analysis of the oxygen sites, as well as oxygen

vacancy calculations in the iso-structural Y2SiO5 compound. In addition, we

find that the incorporation of Ce3+ ion does not affect the stability of oxygen

vacancies in Lu2SiO5.
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Table 1: Lattice parameters of bulk LSO within the conventional cell.

LSO a(Å) b(Å) c(Å) α β γ Volume(Å3)

Exp. 14.28 6.64 10.25 90.00 122.22 90.00 821.74

Cal.(LDA-TM) 14.95 6.84 10.81 90.00 122.99 90.00 927.53

Cal.(LDA-FHI) 14.06 6.38 9.85 90.00 122.76 90.00 743.52

Cal.(LDA-Dojo) 14.12 6.15 10.03 90.00 122.25 90.00 781.28

(a) (b)

Figure 1: Charge density of (a) VBM and (b) CBM of Lu2SiO5 at the Γ point. The green,

blue and red spheres stand for the Lu, Si and O atoms, respectively.
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Figure 2: The corrected formation energy of oxygen vacancy with 2+, 1+ and neutral charge

in Lu2SiO5 from PBE-GGA PAW, using 63-atom supercell.

Table 2: Relaxed O-Lu and O-Si bond length of five oxygen crystallographic sites in LSO

crystal. The longest O-Lu is shown in bold. [Unit: Å]

M = O20 M = O21 M = O11 M = O02 M = O22

M-Lu1

2.307 2.732
2.254 —

2.352

2.235 2.325 2.144

M-Lu2 — 2.216 2.237
2.236 2.271

2.224 2.57

M-Si 1.615 1.612 1.624 1.641 —
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Figure 3: Formation energy of oxygen vacancy in Lu2SiO5 from PBE-PAW, using 127-atom

supercell.

Table 3: The formation energy of neutral oxygen vacancies in LSO bulk. [Unit: eV]

case Etot(LSO:VO, 63-atoms.) ∆Ef,1 (63-atom) Etot(LSO:VO, 127-atom) ∆Ef,1 (127-atom)

VO20 -36516.14 5.76 -73475.39 5.76

VO21 -36515.95 5.97 -73475.21 5.95

VO11 -36516.04 5.86 -73475.30 5.83

VO02 -36516.08 5.82 -73475.33 5.83

VO02 -36515.01 6.88 -73474.28 6.88
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Figure 4: Formation energy of oxygen vacancy in Y2SiO5 from PBE-PAW, using 63-atom

supercell.
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