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This work analyzes the effects of a nearby Hf or Zr dopant on the electron

density trapped at an oxygen vacancy site. The two metals are among the

dopants used to achieve thermoluminescence and energy storage in phosphors

based on cubic lutetium oxide (c-Lu2O3). The presence of oxygen vacancies is

anticipated in those phosphors. If the dopant is located outside the immediate

surroundings of the vacancy site, the resulting optical trap depth is similar to that

of the isolated oxygen vacancies (1.6–1.7 eV versus 1.7 eV). If the dopant is one

of the four metal cations surrounding the vacancy site, the corresponding trap

depth is 2.0–2.1 eV. Using time-dependent density-functional theory calcula-

tions, it was found that the excitation of the vacancy-trapped electrons can take

two forms: a local excited state at the vacancy site can be formed, or an electron

transfer to Hf might occur. With charge compensation in mind, several

structures with three defects were analyzed: the dopant cation, the vacancy and

an interstitial oxygen (Hf/Zr plus a Frenkel pair). These last two systems with

the dopant in a +4 oxidation state and a single electron trapped at the vacancy

site correspond to zero total charge, while another electron can be trapped. The

vacancy site is expected to trap the electron, not the dopant. The composite

defects of the dopant and Frenkel pair are thus considered the most likely

electron traps in cubic Lu2O3:Hf and cubic Lu2O3:Zr.

1. Introduction

Cubic lutetium oxide (c-Lu2O3) materials doped with Tb or Pr

may, upon excitation, exhibit charge carrier trapping, the

corresponding long-term energy storage and, consequently,

thermoluminescence. Defects or dopants capable of electron

trapping (typically transition metals of the d block) must be

introduced in order to achieve such properties. The lanthanide

is considered to be the hole trap and the recombination center.

Depending on the electron trap depth, afterglow or long-term

(permanent) energy storage can be achieved. The positions of

thermoluminescence glow curve peaks (that is, the tempera-

tures of maximum emission intensity at a given heating rate)

depend strongly on the impurities responsible for it, as well as

on the respective trap depth (Zych et al., 2017; Kulesza et al.,

2018; Bolek et al., 2019).

Previously, electron trapping in Lu2O3:Ta has been attrib-

uted [using density functional theory, (DFT) calculations] to

the dopant cations (Shyichuk & Zych, 2019), which was in line

with the available experimental data and semi-empirical

vacuum-referred binding energy model [known as the

Dorenbos model (Dorenbos, 2017)]. In another example, the

depth of the oxygen vacancy localized electron trap was found

to be consistent with experimental estimates (Shyichuk &
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Zych, 2020). However, the case of Lu2O3:Hf happened to be

not that straightforward. In particular, the Hf-localized elec-

tron in Lu2O3:Hf corresponds to either a low-energy trap of

0.8 eV at most, or no trapping at all, depending on the parti-

cular dopant ion arrangements (Shyichuk et al., 2022). In the

latter paper, the same computational approach was used to

analyze several kinds of Hf-based electron traps, and only a

few of them were found to be sufficiently deep to explain the

observed glow peaks, although those required two dopant ions

to sit on the second-nearest-neighbor sites. That paper also

provides a detailed introduction, where the glow peaks of

different Hf-codoped Lu2O3 are compared.

Briefly, Lu2O3:Pr,Hf samples usually exhibit several glow

curve peaks at very distinct temperatures, namely at about

135�C, 250�C and 340�C, the middle one being the most

prominent (Wiatrowska & Zych, 2012, 2013a,b). Further

studies indicated that the main peak might also be split in two

at about 200�C and 270�C (Kulesza et al., 2013), or it may be

shifted slightly to about 230�C, while a fourth peak appears at

about 300�C (Kulesza et al., 2016). In Lu2O3:Tb,Hf, the main

glow peak is located at about 240–260�C, with a lower-inten-

sity shoulder ending at about 350�C (Sójka et al., 2019; Kulesza

et al., 2018, 2016, 2010, 2013; Kulesza & Zych, 2013). The peak

positions may depend quite significantly on the heating rate

(Zych & Kulesza, 2014). A feature common to both Tb and Pr

co-doped samples is a small (fading with time) peak at about

70–150�C. Another common feature is the main peak, mostly

occurring at about 240–260�C. The estimated trap depths of

about 1.6–1.7 eV for this peak correspond quite well to the in

silico value of the oxygen vacancy electron trap depth (esti-

mated using DFT; Shyichuk & Zych, 2020). Three peaks with

shapes and proportions similar to those of Lu2O3:Pr,Hf also

occur in Lu2O3:Tb,Sr and Lu2O3:Tb,Ba (Trojan-Piegza et al.,

2009), where the co-dopants are the non-luminescent alkali

earth cations. The low-temperature (�130�C) peak is the only

one present in Lu2O3:Tb,Sr (Chen et al., 2012).

Given the similarities in glow peaks between Hf co-doped

materials and those where oxygen vacancies are anticipated

(Trojan-Piegza et al., 2009; Chen et al., 2012), it is likely that at

least some of the former are actually caused by the vacancies.

With that idea in mind, for the present work several structures

containing both oxygen vacancies and Hf dopant located at

several different distances were analyzed. Additionally,

systems with Hf dopant and a Frenkel pair (oxygen vacancy

plus interstitial oxygen) were considered. The most repre-

sentative of the defects were also analyzed with Zr instead of

Hf. In agreement with the experimental data, the two cations

exhibited very similar values for the trap depths. While

tempting, no comparison of the results with the experimental

data has been done, as such a comparison would have been

unsafe. Some of the found traps are similar in depth to that of

the isolated oxygen vacancy (obtained via the same DFT-

based approach).

All of the analyzed structures resulted in electron traps of

moderate depth, where the trapped electrons were located at

the vacancy site. With charge compensation considered, the

most likely candidate for the electron trapping is the compo-

site defect Lu2O3 :Hf�;V�O;O00i (that is, an Hf4+ ion, an inter-

stitial O2� and a single electron trapped at VO) – a charge-

neutral system with a single trapped electron, which is capable

of deep-trapping another electron. The same is true for the

analogous Zr-based composite defect. For these defects, the

effect of the distance between the VO and Oi sites was inves-

tigated. Time-dependent DFT (TD-DFT) was applied to

analyze the excitation of the trapped electrons. Kröger–Vink

notation (Kröger & Vink, 1956) is used in this paper.

2. Experimental

The calculations followed the approach described in previous

work on the subject (Shyichuk & Zych, 2019, 2020; Shyichuk et

al., 2022). The refined experimental structure of cubic Lu2O3

from Zeler et al. (2014) has been optimized with Quantum

Espresso (Giannozzi et al., 2009, 2017) using the Perdew–

Zunger (Perdew & Zunger, 1981) local density approximation

(LDA PZ) exchange-correlation functional and GBRV ultra-

soft pseudopotentials (Garrity et al., 2014). A plane-wave

cutoff of 40–42 Ry was used (depending on the structure) and

the k-point grid was 3�3�3. The optimized cell was subjected

to defect creation and the resulting structures were optimized

again. All-electron calculations followed, using the full-

potential linearized augmented plane wave (FP-LAPW)

(Wimmer et al., 1981) in the augmented plane wave with local

orbitals flavor (APW+lo+LO in Wien2k notation; Blaha et al.,

2020). The RPP meta-generalized gradient approximation

(Räsänen et al., 2010) exchange and LDA PZ correlation

density functionals were utilized. The all-electron calculations

were single-point energy calculations [resulting in density of

states (DOS) and magnetization density], on top of which TD-

DFT (Sharma et al., 2012, 2011) calculations followed. Please

refer to the supporting information for full details.

3. Results and discussion

3.1. Cell size and bond lengths

The introduction of Hf4+ into the Lu2O3 structure resulted

in slight decrease in the size of the latter. The introduction of

both Hf4+ and a V�O (an oxygen vacancy with two electrons in

it) does not result in much of a cell-size change compared with

the Hf4+-only structure (namely, a 0.01% increase). A similar

result was obtained previously without Hf (Shyichuk & Zych,

2020). Also in this case, the two electrons in the oxygen

vacancy do not cause any significant distortions with respect to

the structure without a vacancy (with the oxygen ion in its

regular position). The relative positions of Hf and V�O have

virtually no effect on this behavior. From Table 1, it is clear

that the distance between Hf and the oxygen vacancy in the

Lu2O3 :M,VO system has a negligible effect on the unit-cell

volume. Zr doping, however, results in slightly smaller cells

than in the Hf-doped analogues. Note that in Lu2O3 :M,VO,Oi,

the differences between the Zr- and Hf-doped systems are

much smaller.

research papers

438 Andrii Shyichuk � Meta-GGA TD-DFT study of electron trapping Acta Cryst. (2023). B79, 437–449



The introduction of interstitial oxygen Oi in addition to

Hf4+/Zr4+ and a V�O (total cell charge�1) results in about a 1%

increase in the cell volume compared with the Hf4+-only

structure. The Lu2O3 :Hf�;V�O;O00i structure (where only one

electron is trapped) is 0.64% larger than the Hf4+-only struc-

ture (Lu2O3 :Hf�). The Lu2O3 :M,VO,Oi systems with a single

trapped electron exhibit cell volumes most closely similar to

that of pure Lu2O3. In other words, the Lu2O3 :M�;V�O;O00i
systems exhibit the lowest structural distortions within the

studied set, with only 0.1–0.2% deviation from the undoped

cell size.

The introduction of additional electrons results in a

noticeable cell expansion of about half a percent for each

added electron. A forced high-spin state (resulting in the

vacancy electrons being unpaired) results in negligible

changes in the cell volume with respect to the low-spin ground

state.

In Table 1 and the following text, the values of R0(M–VO)

are shown. These are the distances between the M = Zr/Hf

dopant site and the oxygen vacancy site (the removed oxygen)

in the defect-free structure. This particular labeling is selected

due to the fact that the respective post-optimization values

depend on the charge state of the system. R0 is a more intuitive

label than the (much more abstract) number of the oxygen

position in the initial geometry, e.g. O51. Despite these

changes, R0 still reflects the trends (or, in most cases, the

complete lack of such whatsoever).

3.2. The Hf�-V�O system

Oxygen vacancies have a strong tendency to be formed in

c-Lu2O3, as was deduced from various pieces of experimental

evidence [see Shyichuk & Zych (2020) and references therein,

Petermann et al. (2002) in particular]. The present work has

analyzed whether an Hf dopant could have any effect on a

nearby oxygen vacancy. An empty oxygen vacancy (V��O ) is

characterized by a local charge of +2, corresponding to a

missing oxygen anion. A cluster with Hf4+ (Hf�, V��O ) is then +3
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Table 1
The effects of the analyzed defects on the unit-cell size of Lu2O3.

‘Exp.’ refers to experimentally obtained data (Zeler et al., 2014), and ‘Calc.’ refers to calculations made using the method described in this paper.

�Vcell (%) relative
to Lu2O3

�Vcell (%) relative
to Lu2O3:X

R0(Hf–VO)
(Å, label)

Impurities M
and symmetry

Cell
charge

No. of
trapped
electrons

High
spin

R(M–VO)
(Å)

R(M–Oi)
(Å)

R(VO–Oi)
(Å)

Cell
volume
(Å3) Exp. Calc. X = VO X = Hf4+

2.215 Zr, VO, C3i 1 2 No 2.23 1071.06 �1.56 �0.51 �0.52 �0.06
2.215 Hf, VO, C3i 1 2 No 2.19 1073.11 �1.49 �0.44 �0.46 0.00
4.05 1 2 No 4.31 1073.25 �1.49 �0.44 �0.45 0.01
4.195 1 2 No 4.13 1073.40 �1.48 �0.43 �0.45 0.01
4.585 1 2 No 4.32 1073.38 �1.49 �0.43 �0.45 0.01
6.723 1 2 No 6.70 1073.30 �1.49 �0.44 �0.45 0.01
4.195 1 2 No 4.13 1073.40 �1.49 �0.43 �0.45 0.01
4.195 1 2 Forced 4.12 1074.12 �1.46 �0.41 �0.43 0.03
4.195 Zr, VO, C3i 1 2 No 4.12 1070.72 �1.57 �0.52 �0.53 �0.07
4.195 Zr, VO, Oi, C3i 0 1 Yes 4.12 2.02 4.39 1089.85 �0.98 0.07 0.06 0.52
4.195 Hf, VO, Oi, C3i 0 1 Yes 4.13 2.07 4.40 1092.18 �0.91 0.14 0.13 0.59

�1 2 No 4.14 2.08 4.42 1104.10 �0.55 0.51 0.49 0.96
�1 2 Forced 4.13 2.08 4.42 1105.29 �0.52 0.54 0.53 0.99
�2 3 Yes 4.14 2.09 4.44 1118.22 �0.13 0.93 0.92 1.39

0 1 Yes 4.15 5.44 7.49 1093.83 �0.86 0.20 0.18 0.64
�1 2 No 4.16 5.46 7.54 1105.76 �0.50 0.56 0.54 1.01
�1 2 Forced 4.16 5.45 7.53 1106.56 �0.48 0.58 0.57 1.03
�2 3 Yes 4.21 5.47 7.57 1119.19 �0.10 0.96 0.95 1.41

4.195 Zr, VO, Oi, C3i 0 1 Yes 4.14 5.43 7.48 1091.34 �0.94 0.12 0.11 0.57
2.180 Zr, VO, C2 1 2 No 2.41 1071.20 �1.55 �0.50 �0.52 �0.05
2.180 Hf, VO, C2 1 2 No 2.38 1072.98 �1.50 �0.45 �0.46 0.00
3.866 1 2 No 3.99 1073.29 �1.49 �0.44 �0.45 0.01
4.088 1 2 No 4.36 1073.13 �1.49 �0.44 �0.46 0.00
4.334 1 2 No 4.45 1073.10 �1.49 �0.44 �0.46 0.00
6.782 1 2 No 6.49 1073.25 �1.49 �0.44 �0.45 0.01
4.241 1 2 No 4.04 1073.25 �1.49 �0.44 �0.45 0.01
4.241 Zr, VO, C2 1 2 No 4.04 1070.65 �1.57 �0.52 �0.53 �0.07
4.241 Zr, VO, Oi, C2 0 1 Yes 4.01 2.03 4.40 1089.57 �0.99 0.07 0.05 0.52
4.241 Hf, VO, Oi, C2 0 1 Yes 4.01 2.09 4.41 1092.06 �0.92 0.14 0.13 0.59

�1 2 No 4.03 2.10 4.43 1103.97 �0.56 0.50 0.49 0.95
�1 2 Forced 4.04 2.10 4.44 1105.26 �0.52 0.54 0.53 0.99
�2 3 Yes 4.06 2.11 4.45 1118.01 �0.14 0.93 0.91 1.38

0 1 Yes 4.05 5.88 7.49 1093.78 �0.87 0.19 0.18 0.64
�1 2 No 4.07 5.90 7.54 1105.67 �0.51 0.56 0.54 1.00
�1 2 Forced 4.08 5.89 7.54 1106.41 �0.49 0.58 0.56 1.03
�2 3 Yes 4.10 5.92 7.59 1119.59 �0.09 0.98 0.96 1.43

4.241 Zr, VO, Oi, C2 0 1 Yes 4.05 5.88 7.48 1091.34 �0.94 0.12 0.11 0.57



charged, which is quite high. Such a charge, however, can be

compensated with e.g. an Lu3+ vacancy, which has been

assumed to be lying outside the studied cell (roughly 10 Å or

more from the Hf site) and is not modeled explicitly. Another

possibility involves an interstitial O2�, which is considered

below in the following sections of this paper.

A series of samples where an oxygen vacancy was located in

proximity to an Hf dopant was analyzed. First, samples with

total charge of +3 (Lu2O3 :Hf�;V��O , empty traps) were

considered. The dopant was kept on either the C3i or C2 Lu

site, while different oxygen atoms (selected to be approxi-

mately the same distance from the dopant on either of the

sites) were removed to create an oxygen vacancy. For both

metal sites, one of the options included Hf in the immediate

vicinity of the vacancy: an oxygen bound to the dopant (the

one common to the two sites) was removed (see the

supporting information). In the DOS plots, several trap states

below the conduction band were found. Thus, the study moved

to the next step, where samples with a total charge of +1

(Lu2O3 :Hf�;V�O ) were analyzed, corresponding to the

vacancy holding two paired trapped electrons.

In Lu2O3 :Hf�;V�O , the Hf ion remains in its +4 oxidation

state, while the vacancy trap is full (doubly occupied). Such a

conclusion is drawn from the DOS (Fig. 1) and radial electron

density plots (Fig. 2). In particular, the peak located about

0.5 eV below the Fermi level is free from Hf 5d contributions

and is also present in the Lu2O3 :V�O plots (Fig. 1). The radial

probability (likelihood of finding the electron at a certain

distance) plots (Fig. 2) indicate that the corresponding

eigenvalue electron density is most abundant between 0 and

2 Å from the vacancy site. The density associated with the

lowest trap band is closely confined on the vacancy site, almost

identically to the isolated vacancy case (Shyichuk & Zych,

2020). The Hf 5d muffin-tin density contributions to the

trapped electron density are close to zero. In augmented plane

wave calculations, muffin-tin spheres are atom-centered non-

overlapping spheres, inside of which the basis is atomic

orbital-like, while the plane waves fill the interstitial space.

Here, the Zr sphere radius was 2.2 Bohr, while the Hf sphere

radius was 2.3 Bohr. In the case of Hf being a member of the

vacancy surroundings, there is a slightly larger contribution of

Hf density, albeit still small.

In the DOS plots of Lu2O3 :Hf�;V�O (Fig. 1), the Hf bands

can be distinguished from the vacancy bands by the partial

DOS plots of the Hf 5d muffin-tin sphere electron density [the

filled part of the plots in panels (a) and (c)]. The first peak

above the Hf bands is the upper peak of the oxygen vacancy

V�O (Shyichuk & Zych, 2020), which sometimes overlaps with
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Figure 1
(a) and (c) DOS and (b) and (d) optical absorption (imaginary part of the dielectric function from TD-DFT) for Lu2O3 :Hf�;V�O . In panels (a) and (c)
the Fermi level is at zero or at the triangular markers. Trap depths are calculated from the DOS, assuming electron transfer to the conduction band or the
lower defect bands.



the conduction band. From the three-dimensional electron

density plots [not shown here, but discussed in the previous

work (Shyichuk et al., 2022)], the bands with a strong Hf

contribution correspond to Hf-localized states that exhibit

d-orbital shapes. The occupied band (below the Fermi level) at

about �0.5 eV is the filled oxygen vacancy trap. It is clear that

the Hf bands lie much closer to the conduction band than to

the vacancy band. This would make the corresponding (Hf-

localized) electron traps much more shallow than the oxygen

vacancy trap. The deepest Hf traps are about half the depth of

the V�O trap. While it might be unsafe to compare the trap

depths from these calculations directly with the experimental

glow curve values (Shyichuk & Zych, 2019), this conclusion

originates from the calculated data comparison, which is

legitimate.

As can be seen from the DOS plots in Figs. 1(a) and 1(c)

and from Table 2, the V�O trap depth is only slightly influenced

by the presence of Hf dopant at proximity. The exception

happens when Hf is part of the vacancy coordination

surroundings, resulting in a much deeper trap. In the selected

cases, structures with a Zr dopant were also analyzed and

compared with the respective Hf counterparts. The respective

values are emphasized in Table 2 in italic font. The trap depths

are very similar, especially for the larger Hf—VO distance. The

differences in the depths are non-zero though, and would be

detectable using thermoluminescence techniques. According

to Table 3, adding an interstitial oxygen to the system results in

a slight reduction in the trap depth for the two-electron trap

(systems with total charge �1).

In order to check the V�O trap optical depth, time-dependent

DFT (TD-DFT) calculations were performed. As the vacancy

band is the highest occupied band, it was assumed that the

TD-DFT excitations would mostly happen from there to the

higher (empty) bands. The vertical red lines in Figs. 1(b) and

1(d) visualize the optical trap depths estimated from the DOS

as band–band energy differences. There is a clear correspon-
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Table 2
Trap depth of the Lu2O3 :Hf�;V�O systems.

The minimal gap is the energy difference between the occupied oxygen
vacancy state and the next empty band above it. Entries in italics are
comparisons of Zr and Hf dopants.

Structure
Vacancy
site

R0(VO–Hf)
(Å)

Trap
depth (eV)

Minimal
gap (eV)

Lu2O3 :Hf�C3i
;V�O O51 2.215 2.13 1.01

Lu2O3 :Zr�C3i
;V�O O51 2.215 1.99 0.73

Lu2O3 :Hf�C3i
;V�O O71 4.050 1.74 0.77

Lu2O3 :Hf�C3i
;V�O O61 4.195 1.68 0.77

Lu2O3 :Hf�C3i
;V�O O64 4.195 1.68 0.77

Lu2O3 :Hf�C3i
;V�O O43 4.585 1.70 0.84

Lu2O3 :Hf�C3i
;V�O O52 6.723 1.60 0.63

Lu2O3 :Zr�C3i
;V�O O52 6.723 1.67 0.62

Lu2O3 :Hf�C2
;V�O O51 2.180 2.02 1.24

Lu2O3 :Zr�C2
;V�O O51 2.180 1.87 1.02

Lu2O3 :Hf�C2
;V�O O61 3.866 1.65 1.17

Lu2O3 :Hf�C2
;V�O O43 4.088 1.56 1.13

Lu2O3 :Hf�C2
;V�O O64 4.241 1.62 1.12

Lu2O3 :Hf�C2
;V�O O71 4.334 1.53 1.10

Lu2O3 :Hf�C2
;V�O O52 6.782 1.59 1.10

Lu2O3 :Zr�C2
;V�O O52 6.782 1.64 0.89

Lu2O3 :V�O O35 1.71 1.42

Table 3
Trap depth of the Lu2O3 :M�;V�O ;O00i systems.

System Oi position Cell charge Trap depth (eV)

Lu2O3 :Zr�‘C3i
; ;V�O;O00i Bound to Zr/Hf 0 2.17

Lu2O3 :Hf�‘C3i
; ;V�O;O00i 0 2.17

Lu2O3 :Hf�‘C3i
; ;V�O ;O00i �1 1.45

Lu2O3 :Hf�‘C3i
; ;V 0O;O00i �2 1.50

Lu2O3 :Zr�C3i
;V�O;O00i Distant 0 2.22

Lu2O3 :Hf�C3i
;V�O;O00i 0 2.20

Lu2O3 :Hf�C3i
;V�O ;O00i �1 1.68

Lu2O3 :Hf�C3i
;V�O ;O00i �2 1.58

Lu2O3 :Zr�‘C2
; ;V�O;O00i Bound to Zr/Hf 0 2.13

Lu2O3 :Hf�‘C2
; ;V�O;O00i 0 2.14

Lu2O3 :Hf�‘C2
; ;V�O ;O00i �1 1.57

Lu2O3 :Hf�‘C2
; ;V 0O;O00i �2 1.53

Lu2O3 :Zr�C2
;V�O;O00i Distant 0 2.19

Lu2O3 :Hf�C2
;V�O;O00i 0 2.19

Lu2O3 :Hf�C2
;V�O ;O00i �1 1.55

Lu2O3 :Hf�C2
;V 0O;O00i �2 1.61

Figure 2
Radial probabilities to find the trapped electron at a certain distance (Å)
from the vacancy barycenter, for the systems with (lower part) and
without (upper part) the interstitial oxygen. The V�O plots are from �-
point wavefunction plots, while the V�O plots are from magnetization
densities.



dence between the DOS peaks and the TD-DFT peak posi-

tions, meaning that the (optical) trap depth estimation from

the DOS [as described by Shyichuk & Zych (2020)] corre-

sponds well to the TD-DFT optical absorption peaks.

For each sample, the most intense TD-TDF transition

energy is marked in Figs. 1(b) and 1(d). The same mark is

placed on the corresponding DOS plots, at the position

defined as the oxygen vacancy band position plus the transi-

tion energy. In such a way the transition character can be

estimated from the DOS, using its energy and assuming the

oxygen vacancy band as the initial state. Some of the intense

peaks thus correspond to V�O ! Hf�. The most prominent

observations here are the differences in the TD-DFT

absorption character of the samples. The intensities of the

V�O ! Hf� transitions (which can be identified as such via

comparison of the respective transition energies with the

energy differences from the DOS) are slightly different among

the samples. There is no clear correlation between the

V�O�Hf� distance and the TD-DFT absorption character.

However, as seen from these calculations, the presence of Hf

in proximity to a filled oxygen vacancy trap in Lu2O3 might

influence its optical depth (optically stimulated electron

release energy/wavelength) in some cases.

3.3. Trapped electron localization

Localization of the trapped electrons was analyzed using

three-dimensional plots of the respective densities. For the

spin-unpolarized systems with two trapped electrons, this was

the �-point wavefunction plot for the Kohn–Sham (KS)

eigenvalue corresponding to the trapped electron band. For

the spin-polarized systems, this was the total magnetization

density. While wavefunction plots in Elk (https://elk.source-

forge.io) are limited to a particular k-point, magnetization

plots characterize the system as a whole. Moreover, for

systems with unpaired electrons, a spatial magnetization plot is

a natural way of finding the localization of the unpaired

electron density. In Elk , the wavefunction plot is always a

single electron density. It can thus be directly compared with

the magnetization density of a single unpaired electron. In

Fig. 2, such a comparison is made in terms of radial probability

plots, which are the integral probabilities of finding the elec-

tron in a spherical shell approximately 0.1 Å thick. The values

for such plots were calculated as an integral density in the

voxels situated R (Å) from the vacancy barycenter, where R

was rounded to one decimal place and the periodic boundary

was taken into account. The barycenter was taken to lie on the

averaged coordinate of the four cations surrounding the

vacancy.

From Fig. 2, it is clear that no matter the system, the plots

look essentially the same as the plot corresponding to an

isolated oxygen vacancy in lutetium oxide (Shyichuk & Zych,

2020). Most of the density is located less than 2 Å from the

barycenter. The minor peaks correspond to the positions of

the surrounding ions: the four cations (at about 2.5 Å), the

first layer of oxygens (at about 3 Å) and the second shell of
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Figure 3
Wavefunction plots corresponding to the trapped electron KS eigenvalues at the �-point. The isosurface level is 0.006. Lu atoms are turquoise, O atoms
red and Hf golden. Hf is either part of the immediate surround of the vacancy (a), (b), or located in the second coordination sphere (c), (d).



metal cations (at about 4 Å). The same is true for either one or

two electrons situated on the vacancy site. The changes in trap

depths observed in Table 1 must thus (probably) originate

from electrostatic interaction between the trapped electron

density and the Hf4+ cation, and do not originate from the

changes in the trapped electron density shape.

Noteworthy examples are the systems where Hf4+ is one of

the four cations surrounding the vacancy site. The corre-

sponding trap depths are 2.0–2.1 eV, while in the other cases

the depths are 1.6–1.7 eV. The changes in distance between the

Hf site and the vacancy site have a rather minor effect on the

trap depth. However, placing the Hf dopant in the vicinity of

the vacancy results in a significant increase in the trap depth

(Table 2). The radial distribution of the densities remains the

same, despite the fact that the densities are spatially shifted

towards Hf [Figs. 3(a) and 3(b)]. Without Hf in the direct

surroundings of the vacancy, the density is spread rather

equally between the four Lu atoms [Figs. 3(c) and 3(d)]. Note

that the Lu4 surroundings correspond to a spatially smaller

blob than the Lu3Hf surroundings (Fig. 3). In other words, in

the Lu4 neighborhood the electrons trapped at the vacancy are

less delocalized and have more interstitial character, while in

the Lu3Hf neighborhood the atomic (localized) contribution

from Hf is larger (note the smaller blobs at Hf on the side

opposite from the vacancy). It can be concluded that the

participation of Hf orbitals in delocalization of the trapped

electron density results in the increased trap depth.

The isosurface plots shown in Figs. 3, 5 and 6 are visuali-

zations of Elk 3D plots. In Elk, the integral over the cell can be

approximated by summing the values of the 3D output file,

dividing by the total number of points in the file and multi-

plying by the unit-cell volume. Thus, the integral is approxi-

mated by multiplication of the sum by the voxel volume of the

3D plot. The sum is about 170 with a 109�109�109 data grid.

The units of the isosurface are thus the unitary electron

localization probability (dimensionless) divided by the voxel

volume, or the reciprocal voxel volume. The values could have

been reintegrated to unity, but were kept ‘as is’ for improved

reproducibility.

3.4. Systems with Oi

While the Hf,VO systems have provided some valuable

insights, the formation of those particular defects is ques-

tionable. With two trapped electrons, the net uncompensated

charge on the former two-species defect is +1, which should

promote formation of an interstitial oxygen rather than an

oxygen vacancy. If the trap is empty, the uncompensated

charge is +3 – again positive and thus promoting the inclusion

of additional anions. In the reducing atmosphere commonly

used in the synthesis of Lu2O3-based thermoluminescent

materials (Kulesza et al., 2016), Hf dopant in a +3 oxidation

state can form, with the following Frenkel pair formation:

Lu2O3 :Hf� ! Lu2O3 :Hf�;V��O ;O00i ! Lu2O3 :Hf�;V�O;O00i ;

with a redox sub-reaction of Hf� þ V��O ! Hf� þ V�O, where

the electron from Hf is transferred to the empty vacancy site.

A few Hf-doped systems with an interstitial oxygen anion and

an oxygen vacancy (i.e. with a Frenkel pair) were thus

considered.

In those cases where Hf was not part of the surroundings of

the vacancy site, its role in electron trapping needed to be

clarified. For that, a few structures were selected where the

Hf—VO distance was about 4.2 Å, meaning that Hf was a

member of the second-nearest shell of the cations with respect

to the vacancy site. An optional interstitial oxygen was added

either to the Hf coordination surroundings or distant from

both Hf and VO (5–6 Å from Hf in particular). In these

structures, the presence of Oi and its position were the vari-

ables. The number of trapped electrons was changed as well.

In the charge-neutral Lu2O3 :Hf�;V�O;O00i system with a semi-

occupied oxygen vacancy trap, the vacancy eigenstate is singly

occupied. In the overpopulated Lu2O3 :Hf0;V�O ;O00i /

ðLu2O3 :Hf�;V�O ;O00i Þ
0 systems, the vacancy site is doubly

occupied and the additional electron has to occupy the higher

levels. Those can be either localized Hf 5d states or the

delocalized bands (Shyichuk et al., 2022). The corresponding

DOS plots are shown in Fig. 4.

3.4.1. Systems with Oi: DOS plots. All of the DOS plots in

Fig. 4 share similar features: an Hf-free peak below the Fermi

level (corresponding to the vacancy), bands of Hf character

(that can be distinguished by the respective partial DOS of the

muffin-tin fraction of Hf 5d atomic electron density) and some

interstitial oxygen bands immediately above the valence band.

The attribution of the latter was discussed in our previous

work on the matter (Shyichuk et al., 2022).

Figs. 4(b), 4(f), 4(j) and 4(n) contain two sets of DOS plots,

both corresponding to Lu2O3 :Hf�;V�O ;O00i . Those labeled LS

are low-spin, as expected for a doubly occupied single-

eigenvalue electron trap. Those labeled FHS correspond to

the forced high-spin (FHS, triplet) states, where magnetization

(corresponding to two unpaired electrons per cell) was

enforced. One of the trapped electrons may remain in the

vacancy KS state/band, while the other one is forbidden to do

so by Pauli exclusion as both electrons have their spins ‘up’.

The second electron must thus occupy the lowest unoccupied

KS state/band, which may or may not have (at least some) Hf

character. The purpose of the FHS calculation was to check

whether the excited electron would occupy Hf states (localize

at Hf). Among the tested cases, the only one where that

happens is Lu2O3 :HfC3i
;V�O;O00i (FHS) with the Oi distant

from Hf [Fig. 4(f)]. For the rest of the structures, where Oi is

part of the dopant surroundings, or the dopant is on the C2

site, the excited electron occupies the second (higher-energy,

band-like) state (Shyichuk & Zych, 2020) related to the

vacancy. In Figs. 4(b), 4(j) and 4(n), the Hf-related bands in

the FHS plots lie right above the respective Fermi level

(shown with a triangular marker, not at zero). The FHS peaks

right below the Fermi level for these three plots are Hf-free.

Other than the FHS calculation, no set of starting para-

meters and geometries was found to result in a trapped elec-

tron localization at Hf with either an empty or a semi-filled

vacancy band. The electrons would (eventually) always end up

in the vacancy trap and not in the Hf trap – at least when both
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defects fit within a single unit cell. Such a result is not

surprising: the vacancy bands are lower in energy than the Hf

bands, and accordingly the former get populated. It was

concluded that Hf cannot act as an independent electron trap

in proximity to the oxygen vacancy trap.

3.4.2. Systems with an Oi: TD-DFT. Another aspect of the

study was the role of the Hf bands in excitation of the trapped

electron density. From Fig. 1 it was clear that, in some cases, a

sharp, intense peak in the TD-DFT optical absorption

prediction corresponded to a transition from the vacancy band
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Figure 4
(a)–(c), (e)–(g), (i)–(k) and (m)–(o) DOS and (d), (h), (l) and (p) simulated optical absorption (imaginary part of the dielectric function from TD-DFT)
for Lu2O3 :Hf�;VO;O00i . In the DOS plots, the Fermi level is at zero or at the triangular markers. Trap depths are calculated from the DOS, assuming
electron transfer to the conduction band or the lower defect bands.



to an Hf-character band, while for some other systems a sharp

peak was not observed. The question was: what would the

corresponding excited-state electron density look like? The

structures corresponding to the Fig. 4 plots shared the VO

location and differed in the Hf site, while the Hf—VO distance

differed only slightly between the structures. With such a

setup, the differences in the absorption (and in the excited-

state) properties can be mostly attributed to the change in Hf

site symmetry, and not to the change in the Hf—VO distance.

Figs. 4(d), 4(h), 4(l) and 4(p) exhibit the simulated optical

absorption profiles (the imaginary part of the dielectric func-

tion) for the four Lu2O3 :Hf�;VO;O00i samples. The vertical

bars in these plots correspond to the trap depths calculated

from the DOS. It is clear that the depths correspond well to

the lower-energy part of the optical absorption peaks; the

depths are thus estimates of the optical trap depths. The

Lu2O3 :Hf�;V�O;O00i systems are characterized by deeper traps

(and higher energy absorption bands) than the

Lu2O3 :Hf�;V�O ;O00i systems, while the band-gap edge

absorption starts at about 5 eV for both. Only the

Lu2O3 :HfC3i
;VO;O00i system is characterized by sharp spikes

in the absorption [Fig. 4(h)]. The position of these spikes

corresponds perfectly to the energy of a V
�=�
O ! Hf� transi-

tion [as defined from the DOS, Figs. 4(e) and 4(f)]. In this very

system, the FHS calculation results in a one-electron popu-

lation of the shallow Hf trap. Apparently, the absorption
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Figure 5
(a), (b), (e)–(h) Magnetization plots and (c) and (d) isosurface plots of the wavefunction corresponding to the trapped-electron KS eigenvalues at the
�-point for Lu2O3 :HfC3i

;VO;O00i with different numbers of additional/trapped electrons. The isosurface level is 0.0015. Lu atoms are turquoise, O atoms
red, Hf golden.



spikes must result from V
�=�
O ! Hf� electron transfer. In the

rest of the Lu2O3 :Hf�;VO;O00i systems, the FHS state does not

include Hf and the spikes are not present.

3.4.3. Systems with an Oi: electron localization. In order to

analyze the character of trapped electron localization in the

Lu2O3 :Hf�;VO;O00i systems, the spatial distribution of the

corresponding magnetization was analyzed (Figs. 5 and 6). For

the closed-shell Lu2O3 :Hf�;V�O ;O00i systems, wavefunction

plots (electron densities corresponding to the vacancy KS

eigenvalues) were calculated [Figs. 5(c), 5(d), 6(c) and 6(d)].

In subplots (a)–(d) of both figures, the blobs of electron/

magnetization densities look very similar: the magnetization

density of one trapped electron and the electron density of

two trapped electrons look spatially the same, which is

expected as they correspond to the same band (KS eigen-

value). In the Elk software, both kinds of densities are

computed as single-electron and are thus directly comparable.

The magnetization densities of the two-trapped-electrons

FHS state [Figs. 5(e), 5(f), 6(e) and 6(f)] look distinctly

different: they occupy a much larger volume and spread out to

numerous atoms. The Hf orbitals are occupied as well,

although only partially: most of the magnetization is localized

in the interstitial space and in the vacancy cavity. The parti-

cipation of Hf is clearly higher when its coordination number
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Figure 6
(a), (b), (e)–(h) Magnetization plots and (c) and (d) isosurface plots of the wavefunction corresponding to the trapped-electron KS eigenvalues at the
�-point for Lu2O3 :HfC2

;VO;O00i with different numbers of additional/trapped electrons. The isosurface level is 0.0015. Lu atoms are turquoise, O atoms
red, Hf golden.



is 6: the presence of an Oi at Hf reduces its ability to accept

electrons. This is in line with the findings in our previous work

(Shyichuk & Zych, 2019; Shyichuk et al., 2022), where it was

shown that Oi in the coordination environment disables

electron trapping by Hf or Ta.

Finally, in the systems with three trapped electrons, the

magnetization clearly avoids the location of the two-electron

blob and tends to delocalize in the nearby interstitial cavities

(voids), as well as at the nearby Lu atoms. The only case where

that magnetization is localized at Hf is the

Lu2O3 :Hf0C3i
;V�O ;O00i case. This finding is in line with previous

work (Shyichuk et al., 2022) where only C3i Hf dopants

exhibited any electron trapping. The conclusion is also in line

with the previous sections of the current paper: the same

character of Hf participation was derived from the DOS plots.

Comparing the TD-DFT plots [Fig. 4(h)] with the electron

localization data from Figs. 5 and 6, it can be concluded

(again) that the absorption spikes correspond to V�O ! Hf�

electron transfer, and this is also reflected in the correspon-

dence between the spike transition energy and the respective

energy difference in the DOS plots. The spike only occurs in

cases where the electrons can localize at Hf,

Lu2O3 :Hf0C3i
;V�O;O00i in particular. In the other samples,

localization is prevented by either the dopant being on the C2

site, or the Oi being in the direct neighborhood of the dopant.

The relatively large transition intensity originates from its

spatial character: the distance between the donor and the

acceptor of the electron transfer is considerably larger than

the size of an atom and the transition dipole must thus be

large. The narrow band of the acceptor (Hf d orbital) is the

factor explaining the small width of the spike.

3.5. Selected Zr counterparts

In Fig. 7, the DOS plots of the Zr-doped structures are

overlapped with the respective DOS plots of Hf-doped

structures. The latter were slightly shifted (by about 0.1 eV)

for the best match. Despite the overall similarity, each of the

sample pairs exhibits subtly different DOS plots. The biggest

differences are in the bands of predominantly Zr and Hf

character (as indicated by the respective dopant muffin-tin 5d

contributions to the DOS plots, color-shaded in Fig. 7). The

bands, however, are not occupied and consequently their

impact on the electron trapping and de-trapping dynamics is

questionable.

If the dopant metal is a part of the vacancy surroundings

[Figs. 7(a) and 7(b)], the position of the respective vacancy

band depends on the dopant: the Hf-doped samples exhibit

slightly deeper vacancy-based electron traps. At the same

time, the conduction-band edge does not depend on the

dopant. Some contribution of the dopant 5d muffin-tin states

to the vacancy band is visible. In the rest of the samples

[Figs. 7(c)–7(h)], the vacancy bands exhibit almost no depen-

dence on the dopant, and so does the conduction-band edge.

Finally, in Fig. 7(i) DOS plots of Lu2O3 :M0C3i
(M = Zr, Hf) are

shown. The two metal-based electron traps are both shallow

and yet not identical (0.92 eV for Zr and 0.85 eV for Hf). Thus,

if the electron trapping in Lu2O3:Hf and Lu2O3:Zr did happen

in the form of locally formed M3+, the corresponding glow

curves would exhibit differences of about 10% in the trap

depths. If a vacancy with dopant in its neighborhood acted as

an electron trap, the differences in the glow curves should yet

again correspond to something like a 5–10% difference in the

trap depths. Finally, if vacancies with no dopant in their

surroundings acted as electron traps, the differences in the

glow curves would have been negligible. The latter conclusion

is in line with experimental results indicating identical glow

curves for Hf- and Zr-doped Lu2O3-based thermoluminescent

ceramics (Sójka et al., 2019).

A related phenomenon has recently been reported: metal-

to-metal charge transfer (MMCT) barriers for Hf-to-Pr and

Zr-to-Pr MMCTs in Lu2O3 [obtained using post-Hartree–Fock

ab initio correlated calculations (Shyichuk & Krośnicki, 2023)]

exhibited similar trends and similar yet different values. In

other words, two different kinds of calculations on the same

system (the referenced work and this work) indicate that Zr

and Hf should exhibit non-identical trap parameters.
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Figure 7
Comparison of DOS plots of selected Lu2O3 :M�, Lu2O3 :M�;V�O and
Lu2O3 :M�;V�O ;O00i systems. M = Zr, Hf or Hf-in-Zr-geometry. The Fermi
level is at zero. PDOS is partial (muffin-tin atomic) DOS.



Consequently, it is likely that Lu2O3 :Hf�=Zr�;V�O;O00i
composite defects (a +4 metal dopant on the Lu site, a Frenkel

pair, or an electron trapped on the vacancy site, so that

another electron can be trapped and the summed charge is

zero) are the main electron traps in Lu2O3:Hf/Zr. All three

constituent impurities are probably not located in mutual

proximity and thus behave as independent impurities, as

reflected in the similarities between the glow curves of the Hf-

and Zr-doped samples (Sójka et al., 2019). The +4 dopant

provides charge compensation for the electron present on the

vacancy. The dopants must somehow promote the formation

of Frenkel pairs, which is reflected in the fact that co-dopants

are required to achieve efficient thermoluminescence in

Lu2O3:Tb and Lu2O3:Pr.

To emphasize the differences between Zr and Hf in Lu2O3,

a special set of calculations was performed: Hf dopant was

placed instead of Zr in the optimized geometries of the Zr-

doped samples. In other words, the calculations corresponded

to an Hf dopant placed in the geometries corresponding to a

Zr dopant. The respective DOS plots are shown as the orange

dotted lines in Fig. 7. Interestingly, these plots correspond to

neither Zr-doped nor Hf-doped sample DOS. The largest

differences were in the empty bands of the predominantly

dopant 5d character. The DOS plots of the Hf-in-Zr-geometry

samples were more similar to the DOS of the Hf-doped

samples than to those of the Zr-doped samples , at least in the

part of the empty 5d bands. On the other hand, the vacancy

band positions in the Hf-in-Zr-geometry samples were very

similar to the respective positions in the Zr-doped sample

DOS. The latter is true even for samples where the dopant is

part of the vacancy environment [Figs. 7(a) and 7(b)]. In other

words, the properties of electrons localized at M dopants are

more affected by the dopant atomic properties, while vacancy-

trapped electrons are mostly affected by the surrounding

geometry. This conclusion is in line with the low participation

of the atomic states in the vacancy band, and the fact that the

respective electrons are mostly interstitial (Figs. 5 and 6). This

is another argument against the electron-trapping mechanism

in Lu2O3:Hf/Zr being the localized formation of the +3

dopant.

4. Conclusions

This work has analyzed the effects of a nearby Hf or Zr dopant

on an oxygen vacancy electron trap in cubic Lu2O3. The only

noticeable change in the oxygen vacancy trap depth occurs if

the dopant is a part of the vacancy surroundings, i.e. if the

vacancy site is surrounded by three Lu atoms and one M atom,

M = Zr or Hf. The dopant atoms located further away exhibit

minor effects on the oxygen vacancy trap depth, making it

similar to the isolated vacancy trap depth or about 0.1 eV

smaller.

Systems containing Zr or Hf dopant, an oxygen vacancy and

an interstitial oxygen were analyzed as well. From a charge

compensation point of view, a Frenkel pair accompanying the

dopant is a reasonable option, as it corresponds to a lower

total charge on the cell. In particular, the

Lu2O3 :Hf�=Zr�;V�O;O00i system (M4+, single electron trapped

at the vacancy) is characterized by zero net charge and is

capable of trapping another electron.

Introducing additional electrons to the latter system indi-

cates that two electrons can be trapped at the vacancy site,

while the third electron does not necessarily get trapped at Hf

or Zr. Such trapping is possible, but it requires the dopant to

be located on the C3i site. If the Oi is bound to the dopant then

the trapping properties of the dopant are disabled. The trap

depth corresponding to the dopant in such a system is low,

similar to that of the isolated Hf dopant (Shyichuk et al., 2022).

The oxygen vacancy electron traps are roughly twice as deep

as the Zr/Hf-localized electron traps. The latter cannot

provide permanent energy storage and are more likely to

result in afterglow as the respective electron traps are rather

shallow.

In this study, the distance between Hf� and V�O centers in a

c-Lu2O3 material was rather small, resulting in a strong

preference of the trapped electron towards the vacancy site. If

the distance was large, the two defects could potentially

exhibit independent trapping and detrapping properties –

afterglow and long-term energy storage, respectively.

However, as the oxygen vacancy bands are lower in energy

than the Zr/Hf 5d bands, the latter are unlikely to trap elec-

trons if the empty or semi-occupied oxygen vacancy bands are

present. The Zr/Hf localized traps would thus be the last to be

occupied and the first to be emptied, in line with the presence

of fading shallow traps in storage phosphors based on

c-Lu2O3.

Optical stimulation of the trapped electrons was analyzed

using time-dependent DFT. The trapped electron density can

be excited to a localized state, while electron transfer to the

dopant is also possible. The character of the preferred excited

states is affected by the dopant site symmetry (preceding the

introduction of other defects that might reduce it), the

distance between the dopant and the vacancy, and the distance

between the dopant and the interstitial oxygen. Thus, even if

the Zr/Hf dopant was inactive as a trap, its presence might

affect the dynamics of trap depopulation and the observed

optical trap depth.
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