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Abstract
The spectral properties of LaVO4, GdVO4 and LuVO4 crystals doped with Ce3+, Pr3+, Eu3+ or
Tb3+ have been investigated in order to determine the position of the energy levels relative to
the valence and conduction bands of the hosts along the trivalent and divalent lanthanide series.
Pr3+ and Tb3+ ground state levels are positioned based on the electron transfer energy from
those states to the conduction band, the so-called intervalence charge transfer (IVCT). This
approach is compared with an alternative model that is based on electron transfer from the
valence band to a lanthanide.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Many lanthanide (Ln = La, Ce, . . . , Lu) doped orthovanadates
of rare earth metals (REVO4:Ln3+; RE = rare earth) are well
known compounds for different applications such as laser host
crystals or phosphor materials. Their luminescence properties
depend strongly on the location of the 4f energy levels of
the Ln dopants relative to the valence band (VB) and the
conduction band (CB) of the host. Following up a previous
work on LaVO4:Ln3+ [1], we have recorded temperature-
dependent photoluminescence emission and excitation spectra
of GdVO4:Ln3+ and LuVO4:Ln3+ (Ln = Ce, Pr, Eu, Tb)
crystals. The objective of this study was to construct energy
level diagrams for the Ln doped orthovanadates of gadolinium
and lutetium explaining the dependence of the luminescence
properties on the Ln dopants for each host. Boutinaud
et al identified in GdVO4:Pr3+ and LuVO4:Pr3+ the ‘virtual
recharge’ mechanism or intervalence charge transfer (IVCT),
i.e. an electron transfer from Pr3+ to the VO3−

4 group [2]. The

6 Author to whom any correspondence should be addressed.

IVCT model of Boutinaud shows a linear correlation between
the IVCT energy and the optical electronegativity of the
transition metal cation divided by the shortest distance between
the Ln dopant and the cation (here V5+) to be reduced. The
proposed mechanism provides information on the 4f ground
state (GS) energy of the trivalent Ln dopant ions relative to
the VB and the CB and hence it is complementary to the
Dorenbos model. This latter model relies on the observation
that the energy difference between the Ln 4f ground state
(GS) energy and the top of the VB reveals independently from
the host a characteristic zig-zag shape when the number of
electrons in the 4f shell increases from 1 (Ce3+, La2+) to 14
(Lu3+, Yb2+) [3]. This means that knowledge of the absolute
4f GS energy location of only one Ln dopant ion, that is its
location relative to the CB and the VB of the host matrix,
suffices to predict the absolute 4f GS energy locations of all
the other possible Ln dopants. The CT energies as well as
the temperature quenching behavior of some of the excitation
and emission bands can provide indispensable information
about the 4f GS energies of the Ln dopant ions relative to the
electronic host states.
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Table 1. r = effective ionic radius [9]; SG = space group [18, 22]; PG = point group symmetry (Schoenflies); χP = electronegativity
(Pauling scale); 〈d(R–O)〉 (R = A, V) = average interatomic distance in polyhedra of the AVO4 structure [18, 22].

AVO4 r(A) (pm) χP(A) SG (Nr.) 〈d(A–O)〉 (pm) 〈d(V–O)〉 (pm) PG

LaVO4 121.6 1.1 P21/n (14) 259.7 170.9 C2h

GdVO4 105.3 1.2 I41/amd (141) 248.3 160.4 D2d

YVO4 101.9 1.22 I41/amd (141) 236.5 170.88 D2d

LuVO4 97.7 1.27 I41/amd (141) 233.1 170.67 D2d

2. Experimental details

2.1. Sample preparation

All crystals were prepared by the flux growth method using
Pb2V2O7 as the solvent. Pure Lu2O3, Gd2O3, V2O5, PbO and
Na2B4O7 were used as starting materials [4]. The composition
of the growth mixtures was (in molar per cent ratio):
Lu2O3 (or Gd2O3):V2O5:PbO:Na2B4O7 = 2.3:31.5:62.9:3.3.
The dopants were added as Eu2O3, CeO2, Tb4O7 or Pr6O11

with a Ln/Lu(Gd) = 1% nominal molar ratio. After careful
mixing, the starting mixtures were put in Pt crucibles and
heated to 1270 ◦C in a horizontal programmable furnace. They
were maintained at this temperature for 12 h (soaking time),
then cooled to 800 ◦C at a rate of 1.8 ◦C and finally to room
temperature at a rate of 15 ◦C. Transparent crystals in the form
of platelets having an average size of 0.5 × 2 × 2 mm3 were
separated from the flux by dissolving it in hot diluted HNO3.

GdVO4 and LuVO4 have the tetragonal zircon-type
structure of YVO4, with space group I 41/amd (Nr. 141).
The Ln3+ ions are eight-fold coordinated by oxygen forming
dodecahedral cages having D2d point symmetry, whereas the
V5+ ions are tetrahedrally coordinated by oxygen atoms [5–7].
The main differences between the two matrices are related
to the presence of two cations, Lu3+ and Gd3+, having
different ionic radii and electronegativities, as summarized in
table 1. Despite the similarities of the structural properties
and the same site symmetry, the luminescence properties of an
activator can significantly differ on passing from one member
of the LnVO4 family to another. The 5D4 → 7FJ luminescence
of Tb3+, for instance, can be observed in GdVO4 and LuVO4

but shows no emission at all in YVO4 [8]. The effective ionic
radii, r , of these rare earth elements with coordination number
8 increases as follows: r(Gd3+) > r(Y3+) > r(Lu3+) [9].
Hence, the absence of Tb3+ luminescence in YVO4 cannot be
explained simply by the size of Y3+ or by the symmetry of the
coordination polyhedra.

2.2. Measurement techniques

A 450 W xenon lamp (FL-1039) was used in combination
with a double-grating monochromator (Gemini-180, Horiba
J Y, USA) as an excitation source. The light emitted
from the crystals was detected by a single photon counting
module with a channel photomultiplier (CPM, model MP-
1993, PerkinElmer) after traversing a 100 mm focal length
monochromator (model MCG 910, Macam Photometrics Ltd).
Excitation spectra were corrected for background and lamp
spectrum (obtained with a calibrated SXUV-type Si-ultraviolet
photodiode from IRD) whereas the emission spectra where

Figure 1. Normalized excitation spectra at 15 K of GdVO4:1%Ce3+
(solid line) and LuVO4:1%Ce3+ (dashed line) monitoring the
emission at 447 nm.

corrected for the background and the transmission of the
Macam monochromator in combination with the CPM. Low
temperatures (down to 8 K) were achieved with a SHI-APD
helium compressor (model HC-4) connected to a two-stage
cryogenic refrigerator (model DE204); temperature control
was achieved with a temperature controller (model 331, Lake
Shore Cryotronics, Inc.).

3. Results

3.1. GdVO4:1%Ce3+ and LuVO4:1%Ce3+

The Ce3+ ion is known to be non-luminescent in vanadate
lattices. Figure 1 shows the excitation spectra of GdVO4:Ce3+
and LuVO4:Ce3+ at 15 K monitoring the host emission at
447 nm. This spectrum is consistent with that reported and
discussed by Ronde and Blasse for YVO4 [10]. Accordingly,
we assign the band at 250 nm to the 1A1 → 1T2(t1 → e)
(symmetry allowed) and the band at 310–320 nm to the 1A1 →
1T1(t1 → e) (symmetry forbidden) absorption transition of
the VO3−

4 ion. In figure 2 the 15 K emission spectra of
GdVO4:Ce3+ and LuVO4:Ce3+ are presented. They show the
typical VO3−

4 group emission band with maxima at 436 nm
(GdVO4:Ce3+) and 444 nm (LuVO4:Ce3+) which is assigned
to the 3T1 → 1A1 transition [11, 12]. The weak features in the
long wavelength tail of the emission band can presumably be
ascribed to unwanted impurities [13].
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Figure 2. Emission spectra of GdVO4:1%Ce3+ (curve 1) and
LuVO4:1%Ce3+ (curve 2); the spectra were recorded at 15 K under
312 nm excitation.

3.2. GdVO4:0.6%Pr3+ and LuVO4:0.2%Pr3+

The optical properties of Pr3+ in gadolinium and lutetium
orthovanadates were investigated at room temperature in a
previous study [2]. The 15 and 200 K excitation spectra of
GdVO4:Pr3+ and LuVO4:Pr3+ monitoring the 3P0 → 3H6

(625 nm) emission are shown in figure 3. In GdVO4:Pr3+
(figure 3(a)) three UV bands can be noticed: at 250 nm,
310–320 nm and 383 nm, respectively. The two former
are due to transitions within the VO3−

4 complex as found in
AVO4:Ce3+ (A = Gd, Lu). The latter band at 383 nm is
ascribed to the IVCT. This position differs by some 20 nm
from a value previously reported at room temperature for a
crystal doped with a smaller amount of Pr3+ [2]. It is not
the purpose of the present work to study a possible Pr3+
concentration effect on the IVCT position, but it has to be
noticed than in [2] the IVCT band appeared only as a shoulder
in the excitation spectrum and was less accurately positioned
than in the present investigation. At lower energies the
3H4 → 3I6,

3PJ excitation group (439–497 nm) can be seen.
LuVO4:Pr3+ (figure 3(b)) shows beside the VO3−

4 group and
3H4 → 3PJ multiplet transitions a broad band between 360–
440 nm which is composed of at least two different bands
with different temperature behaviors. Boutinaud et al have
identified the IVCT in LuVO4:Pr3+ at about 396 nm [2]. This
is in agreement with the low excitation band at 200 K. At 15 K
though the IVCT band is overlapped by a broad band (hereafter
referred to as the U transition) peaking at 418 nm.

Figure 4 shows the emission spectra of GdVO4:Pr3+ and
LuVO4:Pr3+ under 3H4 → 3P1 (480 nm) excitation at 15 and
at 200 K. The four prominent groups of emission are due
to 3P0 → 3H5 (544 nm), 3P0 → 3H6 (625–644 nm), and
3P0 → 3F2 (667 nm) transitions, similar to the ones identified
in YNbO4:Pr3+ [14, 15]. In the 200 K spectra an additional
red band is present, assigned to the 1D2 → 3H4 (615 nm)
transition. In the adopted experimental conditions, in fact, the
1D2 level can be populated by multi-phonon relaxation from

a)

b)

Figure 3. Excitation spectra of (a) GdVO4:0.6%Pr3+ and
(b) LuVO4:0.2%Pr3+; in all spectra the 625 nm emission was
monitored.

the 3P0 level or by radiationless relaxation through the IVCT
state, thermally populated from 3P0. At 15 K, both processes
are inefficient and the emission arises from the 3P0 level only.
As the temperature increases, the 1D2 population progressively
increases as well as the intensity of the corresponding red
emission. It has to be noted that the low temperature spectrum
of Pr3+ in LuVO4 overlaps a weak broadband with maximum at
around 600 nm, probably associated with the weak U excitation
band. The insets of figures 4(a) and (b) show the temperature
quenching behavior of the 3P0 → 3H6 (625 nm) emission
under 3H4 → 3P1 (483 nm) excitation.

3.3. GdVO4:1%Eu3+ and LuVO4:1%Eu3+

Figure 5 shows the excitation spectra of GdVO4:Eu3+ and
LuVO4:Eu3+ monitoring the 5D0 → 7F2 (622 nm) emission
at two different temperatures. Beside the 7F0 → 5DJ

multiplet transitions of Eu3+ two bands at 250 and at about
320 nm can be seen. These two bands are present in all
excitation spectra presented in this work and have the same
temperature behavior. As such, we assigned them to a
VO3−

4 group transition. Liu et al, in contrast, ascribed the
250 nm band in GdVO4:Eu3+ to the Eu3+ CT [16]. In the

3
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a)

b)

Figure 4. Emission spectra of (a) GdVO4:0.6%Pr3+, Exc = 480 nm
and (b) LuVO4:0.2%Pr3+, Exc = 483 nm.

low temperature spectrum of LuVO4:Eu3+ the U excitation
band appears at around 394 nm. In both compounds the
luminescence intensity increases with increasing temperature
(see inset of figure 5(a)). The temperature behavior of
the intensity of the main excitation band around 320 nm is
consistent with the character of the involved 1A1 → 1T1

transition: forbidden in Td symmetry, it takes allowance from
the static and dynamic (then thermally activated) distortions
from the perfect tetrahedral geometry through the mixing of
the low symmetry components of the 1T1 and 1T2 states [10].

In figure 6 the emission spectra of GdVO4:Eu3+ and
LuVO4:Eu3+ are presented showing the typical5D0 → 7FJ

multiplet emission peaks of Eu3+ [16]. In addition, both
spectra present some barely observable features below 578 nm
that can be ascribed to transitions from the 5D1 level [17].
These are much more intense in the spectrum of LuVO4:Eu3+
in which they overlap a broad band between about 500 and
700 nm which could relate to the low energy U excitation band
at about 394 nm.

3.4. GdVO4:1%Tb3+ and LuVO4:1%Tb3+

In figure 7 the 15 K excitation spectra of GdVO4:Tb3+ and
LuVO4:Tb3+ are shown, monitoring the 5D4 → 7F5 (548 nm)
emission. They present the 250 and 320 nm bands of the VO3−

4
group, whereas the 376 nm band in GdVO4:Tb3+ is assigned

a)

b)

Figure 5. Excitation spectra of (a) GdVO4:1%Eu3+ and
(b) LuVO4:1%Eu3+; in all spectra the emission at 622 nm was
monitored.

Figure 6. Emission spectra of GdVO4:1%Eu3+ (solid curve) and
LuVO4:1%Eu3+ (dashed curve) at 15 K under 395 nm excitation.

to the IVCT band of Tb3+. The inset in figure 7 shows the
temperature quenching behavior of this band.

Figure 8 presents the 15 K emission spectra of
GdVO4:Tb3+ and LuVO4:Tb3+ during 370 nm excitation. The
spectra show only 5D4 → 7FJ multiplet emission lines. No

4
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Figure 7. 15 K excitation spectra of GdVO4:1%Tb3+ (solid line) and
LuVO4:1%Tb3+ (dashed line) monitoring the emission at 548 nm.
The inset shows the temperature behavior of the GdVO4:Tb3+
excitation band intensity at 376 nm.

Figure 8. Emission spectra of GdVO4:1%Tb3+ (solid line) and
LuVO4:1%Tb3+ (dashed line) recorded at 15 K under 370 nm
excitation. The inset shows the temperature behavior of the peak
intensity at 546 nm in GdVO4:Tb3+ (upper curve, •) and
LuVO4:Tb3+ (lower curve, ◦) under 468 nm excitation; note that the
intensity is displayed on a logarithmic scale.

emission from the Tb3+:5D3 level can be seen. The inset
of figure 8 shows the temperature quenching behavior of the
5D4 → 7F5 (547 nm) emission under 7F6 → 5D4 (468 nm)
excitation both for GdVO4:Tb3+ and LuVO4:Tb3+.

4. Discussion and conclusion

The excitation band at 320 nm (3.87 eV) in both GdVO4 and
LuVO4 is taken as the first allowed VO3−

4 transition which
defines the band gap energy. For the sake of convenience this
band gap energy will be regarded in the following as the energy
between the top of the VB and the bottom of the CB. Figure 9
illustrates the Ln3+ → V5+ IVCT transition both within

IVCT
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5D 3

6

4

4

3

2

1

0

-1
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Figure 9. Energy level diagram (left side) and configurational
coordinate diagram (right side) of GdVO4:Tb3+; arrows indicate the
IVCT transition as used for energy level location.

the energy level diagram and the configurational coordinate
diagram for GdVO4:Tb3+. According to this depiction the
bottom of the CB as defined by us is somewhat higher in energy
than the IVCT state relaxed to the equilibrium configuration in
the configurational coordinate diagram (see figure 9).

4.1. Ln2+ 4f GS energy location

The location of the Ln2+ GS energies is usually found with the
help of the Eu3+ CT band. This band is due to the transfer of
an electron from an oxygen ligand to Eu3+, thus forming Eu2+
in its ground state 4f7 level. In oxide compounds it is usually
observed as a distinct broad excitation band with, depending on
the type of compound, a maximum that may vary between 240
and 300 nm. From the energy ECT(Eu3+) of the Eu3+ CT band
the CT energies of all other ions doped in the same compound
can be derived via

ECT(Ln3+) ∼= ECT(Eu3+) + �ECT(Ln3+). (1)

The host independent constants �ECT(Ln3+) are compiled
in [3]. The Ln3+ CT energy gives information on the
location of the 4f GS of the divalent ion relative to the
top of the VB. In our measurements though we could not
identify an O2−–Eu3+ CT in GdVO4:Eu3+ and LuVO4:Eu3+.
Therefore, we have to assume that the 4f GS of Eu2+ is
energetically located above the bottom of the CB for both types
of compound.

4.2. Ln3+ 4f GS energy location

The method for locating the divalent lanthanide ground state
energies is based on CT energy to the trivalent lanthanides. An
analogous method is not applicable for locating the trivalent
ground state energies because the Ln4+ valence is usually
not stable in compounds. Another method was proposed by
Dorenbos. The energy differences between the lowest 4f
and lowest 5d states of both the divalent and the trivalent

5
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Figure 10. Energy level scheme illustrating the temperature
quenching of Tb3+:5D4 luminescence. The steady state condition for
this first order reaction is fulfilled when
dn/dt = G − (�Tb + �q · exp(−E/kBT )) · n = 0.

lanthanides are well known. Therefore, once the 4f ground
state locations are known those for the lowest 5d states can
also be located. It turns out that the absolute location of the
lowest 5d state of divalent lanthanide ions relative to the host
bands gradually changes when moving through the lanthanide
series, but they never deviate more than 0.5 eV from each
other. By assuming a similar constant energy for the lowest 5d
states for the trivalent lanthanides, and by utilizing the known
variation in 4f–5d energy differences with changing type of
trivalent lanthanide ion, the 4f ground state energies of the
trivalent lanthanides relative to the valence band can be found.
An equation similar to equation (1) but with parameter values
for the trivalent lanthanides was proposed. The proposed
parameter values in [3] suggest that the Tb3+ ground state
should be found 0.73 eV above the Pr3+ ground state. This
would also imply that the IVCT band from Tb3+ to the CB
should be at an energy 0.73 eV lower than that for Pr3+.
However, recently Boutinaud et al found about the same energy
for the Pr3+ and the Tb3+ IVCT transitions in LaVO4, YNbO4

and CaNb2O6 [15]. The 0.06 eV difference between the
maxima of the IVCT bands in GdVO4:Pr3+ and GdVO4:Tb3+
observed in this work confirms the findings of Boutinaud
et al. Beside the IVCT energy, supporting evidence can be
derived from the luminescence quenching of the Pr3+:3P0 and
Tb3+:5D4 emission in order to place the 4f energy levels of
Pr3+ and Tb3+ relative to the bottom of the CB. In the case
of GdVO4:Tb3+ an excitation at 370 nm shows 5D4 → 7FJ

multiplet emission but no emission from 5D3 which is rather
uncommon for low Tb doped compounds. This indicates that
the Tb3+:5D3 energy level is located energetically above the
IVCT state in the configurational coordinate diagram which
thus provides a non-radiative relaxation route for the 5D3

electron (see figure 9). In LuVO4:Tb3+ the same excitation
also gave rise only to 5D4 → 7FJ multiplet emission of
Tb3+. This shows that also in LuVO4:Tb3+ the 5D3 level
must energetically be located above the IVCT state or the
bottom of the CB. In order to derive the activation energies for
the temperature quenching of the luminescence we assumed
a simple model depicted in figure 10 using the example of

Table 2. Rounded thermal quenching parameters �0/�Ln and E for
emission spectra of GdVO4:Tb3+ and LuVO4:Tb3+. The emission
spectra were recorded under Tb3+:7F6 → 5D4 and Pr3+:3H4 → 3P1

excitation, respectively.

Sample Emission band
�0/�Ln

(×103)
E
(meV)

LaVO4:Pr3+ 3P0 → 3F2 (659 nm) 8 41
LaVO4:Tb3+ 5D4 → 7F5 (546 nm) 57 19

GdVO4:Pr3+ 3P0 →3 H6 (625 nm) 0.7 121
GdVO4:Tb3+ 5D4 → 7F5 (546 nm) 17 114

LuVO4:Pr3+ 3P0 → 3H6 (625 nm) 0.06 43
LuVO4:Tb3+ 5D4 → 7F5 (547 nm) 0.3 37

Tb3+. Within that model the temperature-dependent emission
intensity is proportional to the steady state population, n, of the
5D4 level:

I (T ) ∝ �Ln · n(T ) = G

1 + (�0/�Ln) exp (−E/kBT )
, (2)

where G is the excitation rate to 5D4, �0 · exp(−E/kBT ) is
the rate constant for temperature-dependent and radiationless
relaxation via the IVCT state, �Ln is the rate constant
for radiative transitions from the Ln3+ emitting level, E
is the activation energy for temperature quenching of the
5D4 luminescence and kB is the Boltzmann constant. From
equation (2) it follows that I (T → 0) ≡ I0 ∝ G is
the luminescence intensity at low temperatures. The fitting
parameters �0/�Ln and E for temperature quenching behavior
of the Pr3+:3P0 and Tb3+:5D4 emission in AVO4 (A = La, Gd,
Lu) are shown in table 2. For LaVO4 the parameters were
derived from fitting data presented in [1]. From table 2 we
see that the activation energy for temperature quenching of
the Pr3+:3P0 emission is about the same in LaVO4:Pr3+ and
LuVO4:Pr3+ and very close to the activation energies of the
Tb3+:5D4 emission in both compounds. Apparently, the 3P0

and 5D4 levels are approximately at the same position in the
band gap. As the Pr3+:3H4–3P0 and the Tb3+:7F6–5D4 energy
differences just happen to be almost equally large, the Pr3+
and Tb3+ ground states should also be at the same position in
the band gap. This is in agreement with the similarity of the
Pr3+ and Tb3+ IVCT energies which has been identified by us
in the excitation spectra. In the case of GdVO4 the activation
energies for temperature quenching of the Pr3+ and the Tb3+
emission are more than twice as large as the corresponding
energies in LaVO4 and LuVO4 and also the PL intensities
of LuVO4:Ln3+ are about two times weaker than those of
GdVO4:Ln3+ (Ln = Pr, Tb; see figures 4 and 8). All spectra
were recorded under similar conditions. This suggests that the
Pr3+:3P0 as well as the Tb3+:5D4 energy level is energetically
located even closer to the CB in LaVO4 and LuVO4 than in
GdVO4.

The �0/�Ln ratio of Tb3+ is always larger than that of
Pr3+. We attribute this to the fact that the lifetime of the
Tb3+:5D4 level is much longer than the lifetime of the Pr3+:3P0

level in low doped compounds [19]. It can be seen that the
Tb3+:5D4 and the Pr3+:3P0 levels, when placed by means of
the activation energies given in table 2, are about 0.5 eV closer

6
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Figure 11. Energy level diagrams of LaVO4:Ln3+ (a),
GdVO4:Ln3+ (b) and LuVO4:Ln3+ (c). For Pr3+ and Tb3+ the 4f
energy levels are also displayed. n = number of electrons in 4f shell
of Ln3+; U − EB = U excitation band as specified in text (it does not
hold for all GdVO4:Ln3+ and LuVO4:Ln3+ materials).

to the bottom of the CB than when placed with the help of the
IVCT energies. This difference can be understood in view of
figure 9. We have chosen to use the IVCT transition energies

as a foundation in order to place the Pr3+ and Tb3+ levels
energetically in the energy gap. On this basis we can now
predict the relative location of the 4f GS energies of all the
other possible Ln3+ dopants in these orthovanadates by using
the empirical model of Dorenbos. To account for the similar
IVCT energies of Pr3+ and Tb3+ we have tilted the zig-zag
curve of the trivalent Ln ions presented in earlier publications
linearly with the difference in the ionic radii of Ln3+ and
Ce3+ [20, 21]. The complete energy level diagrams are shown
in figure 11. The energy level diagram of LaVO4:Ln3+ which
was presented in [1] differs from the one shown in figure 11
in two ways: (i) in [1] we assigned the band at 364 nm in the
LaVO4:Eu3+ excitation spectra to the Eu3+ CT. After a new
analysis we would rather assign the shoulder in the excitation
spectrum of LaVO4:Eu3+ at about 315 nm to the Eu3+ CT. The
revised position is taken into account in figure 11. (ii) Also
the curve of the trivalent Ln ions has been rearranged in the
diagram of LaVO4. The activation energies shown in table 2
imply that also in the case of LaVO4 the 4f ground states of
Pr3+ and Tb3+ are located at similar energies. We have no clear
evidence about the Tb3+ → V5+ IVCT energy in LaVO4:Tb3+
but a weak excitation band can be seen in the excitation spectra
of LaVO4:Pr3+ at about 340 nm [1] or 347 nm [2]. The first
value has been taken as a reference in figure 11.

Based on excitation spectra, we concluded that the lowest
VO3−

4 transition is about 0.5 eV higher in energy in LaVO4

than in GdVO4 and LuVO4. Even though LaVO4 (space
group P21/n, [22]) has a different crystal structure than
GdVO4 and LuVO4 (space group I 41/amd , [23, 24]), in
all cases the vanadium ions are coordinated by four oxygen
atoms with similar interatomic distances between V5+ and
O2− [5, 6, 22]. Blasse and Bril [11] reported on the dependence
of the maximum of the vanadate emission band on the choice of
A in compounds with formula AVO4: the smaller the effective
ionic radius of A with a certain coordination number, the
more the maximum of the vanadate emission band is shifted
to longer wavelengths. This can also be seen in the emission
spectra of LaVO4 [1], GdVO4:Ce3+ and LuVO4:Ce3+ (see
section 3.1). None of the PL spectra shows 5d–4f emission
or 4f–5d excitation. This indicates that in the three energy
level diagrams presented in figure 11 the 5d states of the
Ln dopant ions are located inside the CB. The diagrams of
GdVO4 and LuVO4 also explain why no Tb3+:5D3 emission
could be observed in these orthovanadates as this state is
energetically located inside the CB. The ground state energies
of the divalent ions are all energetically located inside the CB
as well, except for LaVO4:Eu3+, from which it follows that
the orthovanadates, AVO4, cannot contain Ln dopant ions with
oxidation state (II). For the same reason these Ln dopant ions
cannot even serve as metastable electron-traps. On the other
hand the ground state energies of Ce3+, Pr3+ and Tb3+ are
energetically located above the VB and could therefore serve
as stable hole-traps.
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