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ABSTRACT

Photoluminescence in vanadate compounds has traditionally been attributed to charge-transfer transitions within
isolated [VO4]3‘ centres, with excitation and emission described using molecular orbitals. In previous work, we
proposed an alternative mechanism: photoluminescence arises from conventional interband excitation, followed
by electron polaron-mediated formation of self-trapped excitons. In this study, we provide further evidence for
this model through spectroscopic measurements and ab initio calculations. Using density functional theory cal-
culations on a series of alkali vanadates (MVO5;, M = Li, Na, K, Rb, Cs), we show that photoexcited electrons
spontaneously localise on V>* ions, leading to self-trapped exciton formation via hole localisation on neighbour-
ing oxygen atoms. The calculated energies for band gaps and self-trapped excitons closely match experimental
values obtained from diffuse reflectance and luminescence spectroscopy. Importantly, temperature- and time-
resolved luminescence measurements reveal that quenching predominantly occurs before the formation of the
luminescent state, challenging earlier models that assumed quenching to occur from the final emitting state.
To explain this behaviour, we note that the width of the conduction band states is expected to govern the rate
of electron trapping, and we indeed find a correlation between calculated bandwidths and measured quantum
efficiencies. This suggests that non-radiative relaxation of free carriers at defects, prior to self-trapping, is the
dominant quenching mechanism. Consequently, the electron self-trapping rate, the self-trapped exciton forma-
tion rate, and the defect concentration are expected to critically determine the luminescent efficiency of vanadate
phosphors.

1. Introduction

In our previous work [2], we criticised this mechanism on the ba-
sis of multiple inconsistencies between what would be theoretically ex-

The photoluminescence of phosphors based on vanadium oxide, so-
called vanadates, is historically described as a charge-transfer transi-
tion, whereby the electronic states involved in the luminescent process
originate in molecular orbital theory [1]. In short, the V>* cations sur-
rounded by four O> anions within the crystal structures are treated
as isolated [VO4]3~ groups responsible for the absorption and emission
of ultraviolet and visible light, respectively. Excitation is viewed as a
charge-transfer transition, in which the electron density of the four oxy-
gen ligands is equivalently transferred to their central vanadium ion,
which effectively gains an electron and changes to the V*+ oxidation
state. The formed excited state then relaxes by a change in total elec-
tronic spin (singlet to triplet state). Emission can be thought of as the
reverse process of excitation with the addition of a change in total elec-
tronic spin (triplet to singlet state).
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pected and is observed. In short, on the basis of the aforementioned
mechanism, one would expect the excitation spectra to be narrow (rel-
ative to those of interband transitions), the energy of the emission to
be correlated to that of excitation, and emission from the triplet states,
as well as excitation to the singlet states, to be possible (although rela-
tively weak). In contrast, the excitation spectra of vanadates appear to
be complex and broad (emission after up to 10eV photoexcitation has
been demonstrated [3]), the energy of the emission is uncorrelated to
that of excitation, and both excitation to the triplet and emission from
the singlet states are never observed.

In light of these observations, as well as prior experimental and the-
oretical studies demonstrating the delayed formation of V4* after pho-
toexcitation [4], we propose an alternative mechanism underlying the
luminescent properties of vanadates. Specifically, we suggest that the
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excitation is more accurately described as a conventional interband tran-
sition, while the emission results from self-trapped excitons formed fol-
lowing initial electron polaron formation.

In this work, we present strong evidence supporting our proposed
mechanism and discuss its significance in understanding the origin of
quenching in vanadates. We selected the series of alkali metavanadates
(MVO3, M = Li, Na, K, Rb, Cs) for investigation, since there appears
to be a general trend in which the luminescence efficiency of vana-
date complexes containing alkali metals increases by several orders of
magnitude from Li to Cs [2], the origin of which is not yet understood.
Additionally, the extensive existing literature on these compounds pro-
vides valuable support for interpreting our experimental results. We first
present the measured time- and temperature-dependent luminescence
properties. We then demonstrate how DFT + U calculations on the same
compounds concerning their electronic structure provide novel insights
into these experimental results.

2. Methods
2.1. Alkali metavanadate synthesis

Alkali metavanadate (MVO3;, M = Li, Na, K, Rb, Cs) powders
were synthesized by conventional solid-state reaction. Alkali carbonates
(Li,CO3, 99.997 %, Merck; Na,COs, 99.95 %, Merck; K,CO3, 99.997 %,
Alfa Aesar; Rb,CO3, 99.8 %, Merck; Cs,CO3, 99.9 %, Merck) were mixed
in stoichiometric ratios with 500 mg of vanadium(V) oxide (V,05, 99.9
%, Merck) and ground with a granite mortar and pestle for approxi-
mately 20 min. The mixtures were heated in alumina crucibles in a tube
furnace (Nabertherm RHTH 120-600/18) at 450°C for 12 h. Grinding
and annealing were repeated twice to ensure complete reaction and to
obtain phase-pure MVOg, as confirmed by X-ray diffraction (see Figure
S1). The resulting white powders were stored in sealed containers under
ambient conditions.

2.2. Experimental techniques

Bragg-Brentano X-ray diffraction (Malvern Panalytical X ’Pert3
MRD) measurements were performed on all samples at room temper-
ature using Cu Ko radiation at 1 = 1.5406;\, scanning from 5° to
50° (26) over a period of 50 minutes. Temperature and excitation
wavelength-dependent emission spectra were measured using a cus-
tom setup equipped with a Xenon arc lamp (Newport 66921), a dou-
ble monochromator (Gemini 180), a photodiode (Opto Diode UVG100)
and an electrometer (Keithley 6517A) to correct for the wavelength-
dependence of the lamp intensity (as well as its fluctuations over time),
a helium cryostat (Janis CCS-100/204) with a heater controlled using
a temperature controller (Lakeshore 331), and a spectrometer (Ocean
View QE-Pro). For the temperature-dependent time-resolved measure-
ments, the same cryostat and temperature controller were used, with the
addition of a laser (EKSPLA NT230) at 350 nm with a pulse-length of ca.
10ns and a pulse-frequency of 25Hz, a double monochromator (Acton
SP2300) and a photomultiplier tube (Philips XP2020Q) that was con-
nected to a digitiser (CAEN DT5724F). For emission spectra and decay
measurements, a 385 nm (Newport 10CGA) long-pass filter was placed
between the sample and the detector, while a 430 nm (Semrock FF01)
long-pass filter was used for measuring excitation spectra. All emission
spectra were corrected for the wavelength-dependent transmission of
the applied long-pass filter, and for the wavelength-dependence of the
spectrometer.

2.3. First-principles calculations

All calculations were performed with the Vienna Ab Initio Sim-
ulation Package (VASP) [5-9]. The generalised gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was used
[10]. The strong on-site Coulomb interactions of localised electrons are

Journal of Luminescence 295 (2026) 121910

often poorly described by GGA [11-14]. Therefore, an on-site Coulomb
interaction of 3.25¢V, an effective Hubbard U parameter described by
Dudarev et al. [15], was added to the 3d electrons of vanadium. This
is the U value calculated for vanadium in the Materials Project, which
was obtained by fitting the U-dependent calculated binary formation
enthalpies of vanadium oxides with different oxidation states to exper-
imental values, described in the work of Wang et al. [16]. Note that
earlier research has shown that use of the PBE functional as well as the
application of a U parameter (3 eV) lead to a significant improvement
in the calculated band gap and lattice parameters for various vanadium
oxides [17]. Projector augmented wave (PAW) potentials were used in
the form: Li (1s22s'), Na (2s22p®3s'), K (3s23p®4s!), Rb (4s24p°®5s!), Cs
(5s%5p®6s!), V (3s23p©4s23d?), O (2s22p*). The initial atomic configura-
tions of LiVO3 and NaVO; (space group C2/c) and KVO3;, RbVO;, and
CsVOj3 (space group Pbcm) were obtained from the Materials Project
[18]. Energy cut-offs for plane waves of 520eV were used. When the
energy difference between two calculations was less than 1 x 10™%¢eV,
the electronic configuration was considered converged. When all in-

teratomic Hellmann-Feynman forces were below 1 x 1072eV ;\_1, the
atomic configuration was considered to be converged. All calculations
were performed with spin polarisation. For geometry relaxation of the
unit cells, the cell size and shape were allowed to vary. For calculations
concerning polarons, 1 X 1x 2 and 2 x 2 x 1 supercells, constructed us-
ing relaxed unit cells, were used for crystals with, respectively, the space
group C2/c and Pbcm, and the size and shape of the cells were fixed.
I'-centred k-point grids with a comparable uniform sampling density
were used: 4 x4 x 8 and 8 x 8 x4 for unit cells with, respectively, the
space group C2/c and Pbem, and 4 x 4 x 4 for supercells. For calcula-
tions involving electron polarons, an additional electron was added to
the supercell with a uniform compensating positive background charge.
To achieve a stable polaron solution, one often needs to gently break the
symmetry of the pristine lattice. Therefore, for geometry relaxation cal-
culations concerning electron polarons, the symmetry of the supercell
lattice was broken by locally distorting one vanadium site by elongat-
ing the V-O bonds to its four neighbouring oxygen atoms by 0.1 A. For
the calculation of the self-trapped exciton triplet state, similar to ear-
lier works [19,20], the ASelf-Consistent Field (ASCF) method was em-
ployed. This approach enables the description of specific excited-state
configurations within the framework of ground-state density functional
theory (DFT) by enforcing a constrained occupation of the Kohn-Sham
states. In practice, the electronic configuration corresponding to the STE
was obtained by constraining the spin state to a triplet configuration (AS
= 1), implemented by restricting the total magnetic moment to 2. Ge-
ometry relaxation was performed using the previously optimized elec-
tron polaron structure as the starting configuration. The ASCF procedure
allows variational optimization of the total energy under the imposed
occupation constraints, yielding a self-consistent excited-state solution
that reflects the localized nature of the STE. In accordance with the
Franck-Condon principle, the vertical emission energy was determined
as the total energy difference between the constrained triplet state and
the singlet ground state at identical atomic coordinates.

3. Results & discussion
3.1. Experimental study

3.1.1. Absorption & excitation

In order to obtain information on the wavelength-dependence of the
absorption of the alkali vanadates, diffuse reflectance measurements
were performed. To quantify the absorption, on the basis of Kubelka—
Munk theory [21], the measured reflectance was converted into the
remission function. The absorption across the series of compositions,
shown in Fig. 1, is strikingly similar. All vanadates have an absorption
onset at ca. 3.1 eV with similar features at higher energy, namely peaks
in absorption at ca. 3.5eV and 4.3 eV and an increase in absorption from
5.0eV to higher energy. These features in the absorption appear to be
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Fig. 1. The normalised remission function, representing the absorption
strength, as a function of energy for all alkali metavanadates. The data were cal-
culated using the Kubelka-Munk equation applied to diffuse reflectance spectra
measured at room temperature.
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Fig. 2. The normalised external quantum yield as a function of energy, i.e. the
excitation spectra, for the alkali metavanadates KVO;, RbVO;, and CsVOs, at
room temperature. No luminescence was measured for LiVO; and NaVOs. Emis-
sion intensities were calculated by integrating over the entire emission spectra.

an inherent property shared across this series of vanadates, given that
such features were not observed in oxides with similar absorption on-
sets, excluding the possibility of an apparent structure caused by an
instrumental response (see Figure S2).

The excitation spectra for KVO3;, RbVO3, and CsVO; (of which the
corresponding emission will be discussed later), shown in Fig. 2, fur-
ther support this claim as they share similar features. For LiVO3 and
NaVO; no luminescence was observed, even when cooled to 10K, so
that no excitation spectra could be measured. As the absorption spectra
are similar to the excitation spectra, we can conclude that the internal
quantum efficiency appears to be roughly constant for this energy range.

3.1.2. Temperature-dependent Emission
At room temperature, the photoluminescence of KVO; was (weakly)
observable by eye, while that of RbVO; and CsVO5; appeared bright.
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Fig. 3. The normalised emission spectra of all alkali metavanadates. The spectra
of KVO3, RbVO,, and CsVO; were measured at room temperature, the spectra
of LiVO; and NaVO; were obtained from Berdnikov and Zelikin and were mea-
sured at 77K [25].
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Fig. 4. Normalised photoluminescence intensity as a function of temperature
of KVO3;, RbVO3, and CsVO,, measured between 10K and 500K. The emission
intensities were obtained by integrating over the entire emission spectra. The
gray data points represent the calculated temperature-dependent intensities of
the high-energy emission band of KVO; based on Gaussian deconvolution.

Their luminescence at room temperature is shown in Fig. 3. The photo-
luminescence reported by Berdnikov and Zelikin for LiVO; and NaVO4
measured at 77K (since no luminescence was reported at room tem-
perature) was added to this figure for comparison across the series.
From LiVO; to CsVO; the emission spectrum shifts towards lower wave-
lengths. In line with earlier reports [22], the measured luminescence in-
tensity increases in the series from LiVO3 to CsVOs. It should be noted
that many earlier studies mentioned that they were also unable to mea-
sure the photoluminescence of LiVO; and NaVO5; [22-24]. It appears
that the synthetic method used by Berdnikov and Zelikin [25], which dif-
fers from the conventional solid-state method by using a solution-based
method, is crucial to obtain photoluminescence in LiVO3 and NaVOs;.
Based on this observation, we infer that, in comparison to the other
vanadates, these compounds are either much more susceptible to the
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Fig. 5. Normalised emission spectrum of KVO; as a function of temperature
measured between 10K (blue) and 500K (red). The excitation wavelength was
350 nm.
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Fig. 6. Mean excited-state lifetime as a function of temperature between 10K
and 500K of KVO3, RbVO,, and CsVOj, calculated using Equation 1. Gray data
points represent the temperature-dependent lifetime of the slow decay compo-
nent in KVOj3, extracted from integration over the tail region of the decay curve.
The excitation and emission wavelengths were 350 nm and 550 nm, respectively.

creation of defects during synthesis and/or suffer more drastically in
their quantum efficiency from defects.

The intensity of the photoluminescence of KVO3, RbVO3, and CsVO4
was measured between 10K and 500K and is shown in Fig. 4. For KVOs,
the emission intensity initially decreases with increasing temperature,
rises again from about 200K, reaches a maximum near room temper-
ature, and then decreases monotonically at higher temperatures. Inter-
estingly, for KVO3, the emission spectrum changes significantly with
temperature; see Fig. 5. This stands in contrast to the emission spectra
measured for RbVO5; and CsVO5, which only experience a small blueshift
as the temperature increases (see Figure S3). At 10K, the emission spec-
trum of KVO3 shows a broad band centred at approximately 1.7¢eV,
composed of a vibronic progression, while at 300K it appears as a sin-
gle broad band centred at about 2.2eV. As the temperature increases
from ca. 150K to 250K, the lower-energy band decreases in intensity
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Fig. 7. Luminescence intensity as a function of delay time of KVO; measured

between 10K (blue) and 300K (red). The excitation and emission wavelengths
were respectively 350 nm and 550 nm.
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Fig. 8. Calculated DOS as a function of energy, with respect to the valence
band edge, calculated for all alkali metavanadates. For fair comparison, the DOS
of NaVO; and LiVO; were scaled by a factor 0.5, as their unit cells contain
twice the amount of atoms (due to their lower symmetry) compared to the other
vanadates.

while the higher-energy band increases in intensity. The temperature-
dependent intensity of these individual bands is also shown in Fig. 4.
One earlier study on KVOg also reported the presence of a lower energy
band at a low temperature [24], while two other studies did not mea-
sure a similar temperature dependence of the high-energy band [22,25].
Given these conflicting reports on the presence of the lower-energy emis-
sion band, it cannot be an intrinsic property of KVO3; and we instead
attribute its origin to the presence of a phase contamination or defects,
which are commonly, but not necessarily, created in the synthesis of
KVOj;. Because the excitation spectra of the low- and high-energy bands
appeared identical, we believe that defect-related luminescence is more
likely. In contrast to the emission of RbVO3; and CsVOs;, the intrinsic
emission of KVO3 appears to be thermally activated, while the onset of
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Fig. 9. Calculated normalised partial DOS as a function of energy, with respect
to the valence band edge, calculated for Cs, V, and O in CsVO;.
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Fig. 10. Calculated fractional contribution of the alkali metal to the total DOS
as a function of energy, with respect to the valence band edge, for all alkali
metavanadates.

their thermal quenching occurs around the same temperature, roughly
at room temperature.

3.1.3. Time-resolved emission

The time-resolved emission of KVO3;, RbVO3, and CsVO; following
a laser pulse was measured between 10K and 500 K. Fig. 6 shows the
temperature-dependent average excited-state lifetime of the emission of
KVO3, RbVOg, and CsVO; calculated based on Eq. (1):

(r):/ Ip (1) Ip (0)dt (€D)]
0

where I () denotes the average measured intensity of photolumi-
nescence at time t after a laser pulse at t=0 [26]. The temperature-
dependent decays of RbVO5 and CsVO5 are considerably simpler than
that of KVOs3, so we will first discuss these to facilitate the interpretation
of the behaviour of KVO;.

Both RbVO; and CsVO5; show mono-exponential decay at all tem-
peratures (see Figure S4 and S5), of which the concomitant excited-
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state lifetime decreases strongly with increasing temperature. Consider-
ing that the intensity of the luminescence does not change for RbVO5
and CsVO3; up to ca. 300K, the orders-of-magnitude decrease in their
lifetime in this range, respectively, from 570 us to 21 us and 1350 us
to 15 pus, indicates a strongly temperature-dependent radiative decay
rate. Above this temperature, RbVO5; and CsVO; start to quench (see
Fig. 4), further reducing their excited-state lifetime, predominantly by
an increase in their non-radiative decay rate. A possible explanation for
the strong temperature dependence of their radiative decay rates is that
there are multiple excited states with different radiative decay rates that
are thermally coupled. This could also explain the slight blueshift ob-
served in their luminescence with increasing temperature. A thermally
coupled excited-state model is indeed able to describe the temperature
dependence of the excited-state lifetime of RbVO3 and CsVO; very well
up to ca. 300K, above which thermal quenching causes deviation (see
Figure S5).

The decay of KVO; (see Fig. 7) is multi-exponential at all tempera-
tures and appears to consist of two mono-exponential components; one
with a comparatively short lifetime (below 0.1 us at 10K), and one with
a comparatively long lifetime (ca. 600 us at 10K) of which the lifetime
decreases strongly with increasing temperature. The amplitude of the
long-lifetime component relative to that of the short-lifetime component
is comparatively low at 10K, but increases with increasing temperature,
most significantly from ca. 150K, so that the short-lifetime component
is essentially zero above 250 K. We interpret the complex temperature
dependence of KVO; as follows. The previously attributed defect-related
emission at low temperatures has a short decay time, whereas intrinsic
KVOj; luminescence has a relatively long decay time. This interpretation
is supported by the fact that at room temperature, the lifetime of vana-
dates is expected to be on the order of several microseconds [2], which
often significantly increases at lower temperatures [27], as we have also
observed for RbVO; and CsVO;. At low temperatures, even though the
luminescence was measured at 550 nm, mainly the defect-related lumi-
nescence is measured because of its comparatively high intensity and
broad character. As the temperature increases, the intensity of intrin-
sic KVO3; luminescence increases, thereby increasing the relative com-
ponent of the long-lifetime decay between 150K and 250K, the same
range in which the relative intensity between the bands changes.

3.2. Computational study

In order to obtain deeper insights into the origin of the experimen-
tally obtained results, we have performed spin-polarised DFT + U calcu-
lations on the same alkali vanadates. Our results support a mechanism
in which luminescence in vanadates originates from (1) interband exci-
tation generating free charge carriers, (2) barrierless localisation of elec-
trons on individual vanadium ions (electron polaron formation), and (3)
subsequent hole localisation induced by these electron polarons, leading
to self-trapped exciton formation.

3.2.1. Band Structure & band gap

Fig. 8 shows the calculated density of states (DOS) of the alkali vana-
dates. According to these calculations, all band gaps have a size of ca.
3eV. These band gaps are in good agreement with the onset of absorp-
tion shown in Fig. 1 and with the onset of the excitation spectrum shown
in Fig. 2. Fig. 9 illustrates, using CsVO5 as an example, that the valence
and conduction bands in alkali metavanadates are predominantly char-
acterised by contributions from respectively the oxygen and vanadium
atoms. In contrast, the alkali metals have a negligible contribution to
the DOS of the valence and conduction band, illustrated in Fig. 10 for
all alkali metavanadates.

Fig. 11A and Fig. 11B respectively show the concomitant electronic
band structures along high symmetry points in the Brillouin zone of the
alkali vanadates with space group C2/c (LiVO5; and NaVOs3) and of the
alkali vanadates with space group Pbcm (KVO3, RbVO3, and CsVO3).
Interestingly, all calculated band gaps are indirect, while their direct
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Fig. 11. Calculated energy, with respect to the valence band edge, as a function of wave vector along a high symmetry path. Figure A shows those calculated for
LiVO5 and NaVO; (respectively purple and dark blue), Figure B shows those calculated for KVO;, RbVO;, and CsVO; (respectively blue, green, and yellow). The
highest (lowest) band of those forming the valence (conduction) band are highlighted in bold. Relative reciprocal lengths were calculated between high symmetry

points of LiVO5; and KVOs,.

Fig. 12. Schematic representation of a supercell of CsVO; with an isosurface plot of the calculated electron density difference between the free electron and the
ground state (A) and the electron polaron and the ground state (B). Positive and negative electron density differences are respectively coloured red and blue. Isosurface
level values of 5 x 10~ e/ag and 5x 1073 ¢/ ag were used for Figure A and B respectively. Cs, V, and O atoms are respectively coloured yellow, purple and gray and
shown with their ionic radii. Only the V-O bonds are shown in black. Figure was made using VESTA [50].

band gap is less than 100 meV larger. In such a case, their strength of
absorption would not be limited by their indirect nature, while it would
strongly prevent radiative recombination of free excitons. In agreement,
we could find only one publication reporting the observation of free-
exciton emission in a few vanadates [25]. A second notable trend is the
narrowing of the electronic bands from the smaller to the larger cation
within the same space group, along with a decrease in dispersion.

3.2.2. Electron polaron formation

We investigated the possibility of formation of electron polarons by
adding an additional electron to the supercells, which occupies the low-
est band in the conduction band. The additional electron in the con-
duction band is expected to be representative of an electron that is pho-
toexcited (after hot carrier relaxation), apart from its missing interaction
with an electron hole. We will discuss the involvement of the hole in the
subsequent section.

Relaxation of both the electronic and ionic structures following the
addition of an electron to the ground-state configuration results in mini-
mal structural changes. The added electron remains delocalised over all
vanadium atoms (see Fig. 12A), and the V-O bond lengths increase only
slightly, by less than 0.01 A. However, if we perturb the system before
relaxation by increasing the V-O bond lengths around a single vanadium
atom by a small amount (0.1 A), we find that the relaxed electronic and
ionic structures are significantly different; the additional electron has
essentially become localised on the vanadium atom of the perturbed
tetrahedron (see Fig. 12B), while its V-O bond lengths have changed
significantly. In CsVO; for example, compared to the ground-state struc-
ture, the two V-O bonds part of the vanadate chain have expanded by
ca. 0.12 A while the other two V-O bonds have expanded by ca. 0.05A.
A slight perturbation breaking the local symmetry of the system led to a
lower-energy state, in which the initially delocalised free electron trans-
formed into a localised electron polaron. It should be noted that the
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Fig. 13. Calculated lattice strain, polaron formation, and electronic relaxation
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function of the configurational coordinate for all alkali metavanadates indicated
in colour. The configurational coordinates with values 0 and 1 refer to relaxed
geometries of the unit cell with an additional electron obtained respectively
without and with a perturbation of the initial geometry.

requirement of such a perturbation to identify the lower energy con-
figuration does not imply the presence of an activation barrier in the
process of electron polaron formation, as it is known that DFT calcula-
tions can fail to find the lowest-energy configuration [28].

Therefore, to obtain information on the activation energy required
for polaron formation, we used a method based on the Mott-Stoneham
picture [29], as described in detail by Yuan et al. [30]. In this approach,
the separate contributions of lattice strain and electronic relaxation en-
ergy to the total energy are calculated as a function of the configura-
tional coordinate along the relaxation path, see Eq. (2):

E,(Q) = E;,(Q) + E, (Q) 2)

whereby E,,, E,,, and E, are respectively the total energy, the lat-
tice strain energy, and the electronic relaxation energy of the electron
polaron, and Q is the configurational coordinate. Points within the con-
figurational pathway between the initial and final configuration were
calculated by adding a fraction of the calculated displacement vectors
to the initial configuration.

Fig. 13 shows the calculated total energies of the alkali metavana-
dates as a function of the amplitude of the normalised displacement vec-
tors. For all compounds, the energy is lower when the additional elec-
tron forms a localised electron polaron (amplitude = 1, corresponding
to the final configuration) compared to when it remains delocalised (am-
plitude = 0, the initial configuration). The total energy of the polaronic
state increases monotonically from LiVO3; to CsVO3, mirroring the trend
observed in the emission band energies. We initially expected the lat-
tice strain energy to decrease along the series from LiVO3; to CsVO3, due
to the increasing polarizability of the alkali metal cations. This trend is
indeed observed, but the effect is relatively minor. In contrast, the elec-
tronic relaxation changes significantly, being the main contributor to
stabilising the polaron. Our calculations suggest that the total energy of
the polaron is primarily determined by electronic relaxation, rather than
lattice strain. Despite their minimal direct involvement in the electronic
structure, the alkali cations still significantly influence the energetics of
polaron formation through their impact on the host lattice environment.

The straightforward approach of using linear interpolation between
the initial and final configurations may overestimate the activation bar-
riers accompanying polaron formation, as it does not account for al-
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ternative (non-linear) pathways in the configurational space that could
contain lower activation barriers. To obtain a more accurate estimate
of the energy barrier, the nudged elastic band (NEB) method is typi-
cally used [31]. However, in our case, the results show that linear in-
terpolation is sufficient, as no activation barrier for polaron formation
was found in any of the compounds. The absence of an activation bar-
rier suggests that any small deviation from the pristine configuration,
which would be readily induced by vibrations, could cause self-trapping
of (photoexcited) free electrons in these vanadates. Based on these re-
sults, it is therefore surprising that the luminescence of KVOj is ther-
mally activated, and those of LiVO3 and NaVO; are absent.

To understand the origin of the absence of an activation barrier in
the formation of electron polarons in these compounds, we investigated
the orbital projected band DOS. Because we have found that the results
among the alkali metavanadates are qualitatively very similar, we will
discuss the results in detail only for CsVO5;. We found that as the electron
becomes trapped, an electronic state originating from the conduction
band edge progressively lowers its energy, see Fig. 14A. We find that
the band describing the state of the electron polaron is characterised
mostly by the 3d,; and 3d,._, orbitals of the vanadium atom that is
part of the distorted tetrahedron, the same orbitals that describe the
conduction band edge.

Calculations of the DOS along the same configurational coordinates
concomitant with electron polaron formation, but without the addition
of an additional electron, show only a marginal increase in the electronic
energy of the bands constituting the valence band edge, see Fig. 14B.
This thereby indicates that the increase in the electronic energy of these
bands, depicted in Fig. 14A, is driven by the localisation of the addi-
tional electron, rather than the accompanying local deformation of the
lattice. This gives a strong indication that electron polaron formation in
vanadates is a requirement for, and thereby occurs prior to, localisation
of the free hole (we will discuss the co-localisation of the hole in more
depth in the next section).

Fig. 15 shows the contribution of the vanadium atom at the centre
of the distortion to the total DOS as a function of the configurational co-
ordinate. The data reveal that the additional electron becomes increas-
ingly localised on the vanadium atom as relaxation proceeds. Interest-
ingly, even in the fully relaxed configuration, a significant fraction of
the electron density remains delocalised over the neighbouring oxygen
atoms (0.26) and other vanadium atoms (0.10).

3.2.3. Self-trapped exciton formation

As we have discussed before, the electron polaron formation is ac-
companied by a significant increase in the energy of four bands at the
VBE. These four bands are mainly associated with the electron density of
the four oxygen atoms of the distorted vanadate group, i.e. surrounding
the electron polaron. As a consequence of the presence of these raised
bands, we hypothesise that the photoexcited delocalised free hole can
relax, similar to the photoexcited electron, by localising on these oxygen
atoms. Together with the electron polaron, the hole polaron would then
form a so-called self-trapped exciton. In agreement, the sequential for-
mation of electron polarons and STEs has been experimentally observed
in BiVO, using transient absorption spectroscopy [4].

For all alkali metavanadates we have calculated the energy of the
lowest triplet state, starting from their geometries of the relaxed elec-
tron polarons. During relaxation of the STE, the two V-O bonds in the
vanadate group that are not part of the chain become further elongated,
with the hole density primarily localised on the corresponding two oxy-
gen atoms, see Fig. 16A. This is especially evident when comparing
the electron density of the STE with that of the electron polaron, see
Fig. 16B, which reveals that the key difference lies in the localisation of
the hole on these two oxygen atoms.

The excited-state energies were calculated as the difference between
the energies of the relaxed triplet states (the excited states) and the re-
laxed singlet states (the ground state) with the same configurational co-
ordinates, as electronic relaxation occurs on a much smaller timescale
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Fig. 14. Calculated spin decomposed DOS of CsVO, as a function of the configurational coordinate, indicated in colour, with (A) and without (B) the addition of an
electron to the supercell, using the same atomic configurations. The configurational coordinates with values 0 and 1 refer to relaxed geometries of the unit cell with
an additional electron obtained respectively without and with a perturbation of the initial geometry.
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Fig. 15. Calculated contribution of the vanadium atom on which the electron
becomes localised with respect to the total DOS, as a function of the configura-
tional coordinate, indicated in colour.

than lattice relaxation (the Franck-Condon principle). Like the energy of
the electron polaron, the calculated energy of the STE, the vertical emis-
sion energy, increases from LiVO; to CsVO3, 1.89, 1.90, 1.93, 2.02, and
2.05 eV, following the experimentally observed trend in luminescence.
The geometric means of the emission spectra were calculated to be 2.08,
2.19, 2.26, 2.33, and 2.34 eV, respectively. Despite the shortcomings of
DFT regarding many-body interactions, the calculated energies of the
STEs are in rough agreement with the peak emission energies, differing
by only a few hundred meV.

Although the lowest-energy geometry of the fully relaxed STE dif-
fers significantly from the initial geometry of the electron polaron, the
hole density is already fully localised in this initial configuration. Con-
sequently, it was not possible to determine whether STE formation in-
volves an activation barrier using the same approach applied for the
electron polaron. This parameter could, however, play a crucial role: a

nonzero activation barrier for STE formation that decreases from LiVO4
to CsVOj3 can account for the temperature-dependent luminescence dis-
cussed earlier. A high activation barrier would prevent the system from
reaching the luminescent excited state before nonradiative decay at any
temperature, as observed for LiVO; and NaVO;; a moderate barrier
would allow luminescence only at elevated temperatures, as in KVOs;
and a low barrier would enable luminescence even at cryogenic temper-
atures, as observed for RbVO5; and CsVOs;.

Identification of activation barriers associated with carrier self-
trapping is commonly achieved using ultrafast transient absorption spec-
troscopy, which provides the temporal resolution necessary to follow
lattice relaxation dynamics. Such measurements have shown that self-
trapping can occur over a remarkably broad range of timescales, from
several hundred picoseconds [32] to several picoseconds [33,34], down
to the sub-picosecond regime [35,36]. A rapid onset generally indicates
a barrierless or near-barrierless process, whereas delayed formation is
consistent with the presence of an activation barrier that must be ther-
mally overcome.

Notably, reports of self-trapped exciton luminescence are frequently
associated with Cs-containing halides, including Cs,AgInClg[37,38],
CsCu,lI; and Cs3Cu,l5[34], and Cs,ZrClg [36]. This apparent prevalence
may partly reflect a research bias, as Cs-based compounds often crys-
tallise in perovskite or perovskite-related structures that are extensively
investigated for their optoelectronic properties, whereas materials con-
taining smaller alkali cations more commonly adopt alternative struc-
ture types.[39]

It is worth noting that a reversed sequence of carrier localisation,
where the hole localises prior to the electron, has been reported in many
reports on self-trapped exciton formation in systems such as metal ox-
ides [40], and alkali and alkaline-earth halides [41]. In contrast, we find
no evidence supporting this mechanism in our calculations. When a hole
was introduced by removing an electron from the system, no localisa-
tion of the hole density was observed upon structural relaxation. This
remained the case both for relaxation starting from the pristine lattice
and for relaxation starting from the lattice distortion associated with the
electron polaron.

Nevertheless, we cannot fully exclude the possibility of hole trap-
ping. Hole-polaron calculations are, similar to electron polaron calcu-
lations, subject to the well-known bias of density functional theory to-
ward delocalised solutions due to self-interaction errors, and stabilising
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Fig. 16. Schematic representation of a supercell of CsVO5 with an isosurface plot of the calculated electron density difference between the triplet state and the
singlet state (A) and the triplet state and the electron polaron (B). Positive and negative electron density differences are respectively coloured red and blue. For both
figures, an isosurface level value of 5 x 1073 e/ag was used. Cs, V, and O atoms are respectively coloured yellow, purple and gray and shown with their ionic radii.

Only the V-O bonds are shown in black. Figure was made using VESTA [50].

localised states may require corrective approaches such as the applica-
tion of a Hubbard U potential [42]. While self-interaction errors affect
both O 2p and V 3d states, the tendency toward artificial delocalisation
is generally more pronounced for the latter due to their more localized
nature, resulting in a larger self-interaction error [43].

4. Conclusions

We have performed a combined experimental and computational
study on a series of alkali metavanadates (MVO3;, M = Li, Na, K, Rb,
Cs) to gain insight into the general mechanism of photoluminescence of
vanadates, as well as the origin of its quenching. The measured excita-
tion and diffuse reflectance spectra show that absorption in these com-
pounds occurs over a broad energy range from ca. 3¢V, which stands
in contrast to the often reported narrow excitation bands interpreted to
originate from localised charge-transfer transitions within the vanadate
group ([VO4]3‘). The presence of such broad absorption bands, as well
as the close agreement between (DFT + U) calculated band gaps and on-
set of their absorption/excitation spectra, indicate that photolumines-
cence in vanadates is initiated by conventional interband transitions.
We have further shown that barrierless relaxation of the photoexcited
electron is possible through the formation of electron polarons localised
on a single vanadium atom, and that their formation energy is mainly
dictated by the degree of electronic relaxation rather than lattice strain.
Electron polaron formation is accompanied by an increase in energy of
several states originating from the valence band edge, characterised by
2p orbitals of the oxygen atoms surrounding the electron polaron. Cal-
culations on the lowest energy triplet state show that the free hole can
localise on these oxygen atoms, forming a self-trapped exciton (STE),
further lowering the energy of the excited system. The calculated ener-
gies of these STEs follow the same trend as the energy of the observed
emission bands and are, with a few hundred meV mismatch, in semi-
quantitative agreement. The triplet character of the STEs was based on
the experimentally observed long decay rate, on the order of 1 millisec-
ond at 10K. However, the measured temperature dependence of the
luminescence intensities and excited-state lifetimes show that the ra-
diative decay rates of these STEs are strongly temperature dependent,
decreasing by several orders of magnitude from cryogenic temperatures
to room temperature, suggesting the presence of multiple excited-state
configurations with closely matched energies but strongly differing re-
combination rates. One possibility would be the presence of a higher
energy singlet STE, which would explain both the experimentally ob-

served blueshift in the luminescence band and the increase in radiative
decay with increasing temperature.

While the origin of the stark contrast in luminescent efficiency
among vanadate phosphors remains uncertain, our findings suggest a
previously overlooked quenching pathway. Quenching has traditionally
been assumed to occur from the luminescent excited state, yet our re-
sults indicate that it predominantly takes place before self-trapped exci-
ton formation. Since the width of the conduction band states is expected
to influence the rate of electron trapping, and given the observed corre-
lation between calculated bandwidths and measured quantum efficien-
cies, we propose that non-radiative relaxation of free charge carriers at
defects is the dominant quenching mechanism. Consequently, the elec-
tron self-trapping rate, the self-trapped exciton formation rate, and the
defect concentration emerge as critical factors in determining the over-
all luminescent efficiency.

Further experimental work should utilise characterisation tech-
niques which offer a high temporal resolution to probe the behaviour
of free electrons and electron polarons in vanadates, such as transient
absorption spectroscopy (TAS) [44,45], time-resolved microwave con-
ductivity (TRMC) [46,47], and time-resolved angle-resolved photoemis-
sion spectroscopy (TR-ARPES) [48]. Further theoretical work should fo-
cus on determining the key factors influencing the rate of self-trapping
of charge carriers in vanadates, for example through the use of time-
dependent density functional theory (TDDFT) [49].
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