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a b s t r a c t

The efficient 4f65d/4f7 (d-f) luminescence from Eu2þ is well-known for host lattices where Eu2þ is
substituted on a divalent (e.g. Ca2þ, Sr2þ) or monovalent (e.g. Naþ, Kþ) cation site. Only recently some
studies appeared concerning d-f emission from Eu2þ on a trivalent cation site. The stable Eu2þ emission
was observed in X-ray irradiated LuPO4:Eu

3þ crystals where Eu2þ is produced through trapping of
conduction band electrons generated by X-ray absorption. Here, we demonstrated that Eu2þ can also be
chemically stabilized in YPO4 and LuPO4 through co-doping with a tetravalent charge compensator: Hf4þ.
In orthophosphate crystals doubly doped with Eu and Hf, the characteristic Eu2þ emission is observed at
low temperatures without the need for X-ray irradiation. The excitation and emission spectra show
strong and narrow zero-phonon lines and a rich vibronic structure. In the excitation spectra a multitude
of zero-phonon transitions to individual crystal field components of 7FJ multiplets in the 4f6(7FJ)5d
excited state was observed for Eu2þ in both LuPO4 and YPO4. Analysis of the spectra is consistent with a
slightly larger crystal field splitting for Eu2þ on the smaller Lu3þ site (compared to Y3þ). The observation
of many 4f6(7FJ)5d electronic origins make these systems to be model compounds for testing the validity
of theoretical models for energy level calculations of 4f65d states of Eu2þ.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Eu2þ emission in different inorganic hosts has attracted enor-
mous attention driven by its attractive application-properties [1e4].
The characteristics of Eu2þ luminescence are strongly dependent on
the nature of ligands, Eu2þ-ligand distances and the ion local sym-
metry [5e13]. Consequently, a wide range of emission colors (from
UV to infrared) may be obtained introducing Eu2þ into different
hosts. Even within orthophosphate matrices the Eu2þ emission
wavelength can vary quite significantly. For example, in NaMgPO4
and KSrPO4, Eu2þ ions show blue emission [14e17] while it is green
in NaCaPO4 and KCaPO4 [18,19].

For years it was generally accepted that Eu2þ cannot generate
(E. Zych).
ineering, University of West
luminescence when substituted for 3þ metal site [20] while its
emissionwas usually easily observedwhen it substituted into 2þ or
1þ cation site. In fact, in many cases, such an aliovalent substitution
is also hampered by the ionic radii difference as Eu2þ (1.25 Å for
coordination number CN ¼ 8 [21]) is typically significantly larger
than triply ionized ions constituting the host materials. It is only
recently that some reports appeared on Eu2þ luminescence in
Y3Al5O12 (YAG) host [22e24]. In some of those cases, stabilization
of Eu2þ could be improved when the doping was executed using
EuF2 or EuS in the reacting mixture of oxides.

Here, we report on Eu2þ luminescence in orthophosphates YPO4
and LuPO4where Eu2þ is situated on a Y3þ or Lu3þ site. According to
recent studies of Dorenbos [25,26], the 8S7/2 ground state of Eu2þ is
located at ~3.5e3.6 eV below the bottom of conduction band of
LuPO4 or YPO4. The lowest 4f65d1 excited state of this ion is then
about 0.5 eV and 0.4 eV below the bottom of YPO4 and LuPO4
conduction band, respectively. In principle, this is sufficient for the
appearance of Eu2þ luminescence at lower temperatures. Indeed,
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we recently showed that, in the LuPO4:Eu3þ storage phosphor, a
fraction of the dopant can be converted to Eu2þ upon the impact of
X-rays and these ions remain stable for long time at room tem-
perature (RT) and show the characteristic 4f65d/4f7 emission
from Eu2þ between 20 K and RT [27]. In the excitation spectra of the
LuPO4:Eu2þ, at liquid helium temperature, an exceptionally rich
fine structure with a large number of narrow lines were observed
and analyzed in depth [27].

Very recently, Laguta at al. have published results of EPR studies
on sintered ceramics and single crystals of YPO4 and LuPO4 singly
(Eu) or doubly (Eu,Hf) activated [28]. That work was mostly driven
by the quest for the excited carriers trapping sites in thesematerials
when exposed to X-rays. In the end of the present paper, we shall
shortly refer to these results, as the comparison of EPR and PL data
of basically the same materials allows also to obtain interesting
insight.

These observations posed the question about the possibility of
synthesizing LuPO4 and its structural analogue YPO4 activated with
Eu2þ by means of a chemical approach rather than exposure to
ionizing radiation. In the present study, we demonstrate that
chemically stable Eu2þ ions can be directly incorporated into YPO4

and LuPO4 single crystals through charge compensation with Hf4þ,
resulting in the characteristic Eu2þ photoluminescence at RT and
below.

2. Materials and methods

2.1. Crystals growth

LuPO4:Eu,Hf and YPO4:Eu,Hf single crystals were grown by a
Pb2P2O7-flux method under the ambient pressure and atmosphere
according to procedure reported in literature [29e33]. The starting
materials were: lutetium oxide, Lu2O3 (99.9%, Alfa Aesar) or yttrium
oxide, Y2O3 (99.99%, Alfa Aesar), europium oxide, Eu2O3 (99.99%,
Strem Chemicals), and hafnium oxide, HfO2 (98%, Aldrich) e all sup-
plied by the Stanford Materials, USA. These reagents were combined
in stoichiometric ratios to produce (Lu0.999 Eu0.0005Hf0.0005)PO4 and
(Y0.999 Eu0.0005Hf0.0005)PO4. The source of phosphate groups was the
flux itself. It consisted of lead oxide (PbO, >99.9%, Aldrich) and dia-
mmonium hydrogen phosphate, ((NH4)2HPO4, >99.0, Fluka), which,
at higher temperatures, react to give the actual Pb2P2O7flux. To create
the flux, 25.00 g of PbO and 14.79 g of (NH4)2HPO4 were used. A
mixture of all chemicalswas placed in a Pt crucible, transferred into a
cold muffle furnace and heated to 1300 �C. The crystals growth took
place in the course of the slow cooling of furnace from 1300 �C to
950 �C. The crystals were recovered by dissolving the flux in warm
dilute HNO3. Each batch produced a number of crystals of various
sizes (~1e3x2-5x0.5mm)and the largest of themwere chosen for the
spectroscopic experiments (see Fig. S1).

2.2. Methods

The single crystalline form of the investigated crystals was
verified using KUMA KM4 diffractometer. It used graphite-
monochromated Mo-Ka radiation and the measurements were
performed at room temperature. The chemical composition of the
investigated crystals was verified using an EDAX energy-dispersive
X-ray spectroscopy (EDX) attachment of a Hitachi Se3400 N
scanning electron microscope. For comparison, also a singly-doped
LuPO4:Eu crystal was analyzed. The measurements of photo-
luminescence (PL) and excitation (PLE) spectra and luminescence
decay curves in the range of 20e300 K were performed using an
FLS980–sm Fluorescence Spectrometer from Edinburgh In-
struments Ltd. The samples were mounted on a Lake Shore Cryo-
tronics closed-cycle helium cryostat holder using a Silver Adhesive
503 supplied by ElectronMicroscopy Sciences. A 450W continuous
Xe arc lamp was used as the excitation source to measure PL and
PLE spectra and an EPLED-360 nm ps pulsed (~950 ps pulse width)
light emitting diode - for recording luminescence decays. The
TMS302-X single grating excitation and emission monochromators
of 30 cm focal lengths were utilized in the excitation and emission
channels. In PL and PLE spectra, the emitted light was recorded by
means of a Hamamatsu R928P high-gain photomultiplier and the
luminescence decay traces were taken with a F-G05 photo-
multiplier featuring a Hamamatsu H5773-04 detector. The emis-
sion spectra were corrected for the spectral response of the
emission detection system and excitation spectra were corrected
for the variation in incident light intensity. The IR spectra of
LuPO4:Eu powders (crystals ground in an agate mortar) suspended
in nujol were recorded with an IFS 66/s Bruker spectrometer in the
range of 50e4000 cm�1 at RT.

3. Results and discussion

Figure S1 presents a photograph of the investigated crystals. The
crystallographic analysis confirmed their monocrystallinity and
tetragonal structure, space group I41/amd. For LuPO4:Eu,Hf the
following unit cell parameters were found: a ¼ 6.690(19),
b ¼ 6.71(2), c ¼ 5.86(7) Å, V ¼ 263.3 Å3 and for YPO4:Eu,Hf these
were a ¼ 6.823(6), b ¼ 6.823(6), c ¼ 6.064(18) Å, V ¼ 282.3(8) Å3.
These results are in very good agreement with the literature data
[34].

The EDX analysis (see Fig. S2) proved that the concentration of
Eu and Hf in the YPO4:Eu,Hf crystal was close to the nominal
0.05 mol%. Repeating measurements produced results ranging the
0.05e0.06 mol%. The EDX results for LuPO4:Eu,Hf presented Hf
content much higher than Eu concentration (0.4e0.6 mol% vs.
0.008e0.011 mol%). This difference in the content of Eu and Hf in
the two crystals becomes understandable upon the comparison of
ionic radii of themetal ions. Hf4þ, whose radius is 0.83 Å (CN¼ 8), is
by 15% smaller than Lu3þ (0.977 Å) but by 18.5% smaller than Y3þ

(1.019 Å). Thus, incorporation of Hf is supposed to be easier into
LuPO4 than to YPO4, exactly as found by EDX analysis. The situation
is different when substitution of Lu and Y by Eu is considered. Eu3þ

(1.066 Å) is larger than Lu3þ by 9% and only by 4.6% larger than Y3þ.
Eu2þ (1.25 Å) is much larger than Lu3þ (28%) and compared to Y3þ

the difference is 22.7%, still very significant but definitely less
profound. Hence, incorporation of Eu, whether Eu3þ or Eu2þ is
supposed to be less efficient in LuPO4 than in YPO4. And it is exactly
what the measurements show. The singly-doped LuPO4:0.05mol%
Eu crystal showed ~0.06 mol% of Eu concentration and no Hf was
detected. This concentration is close to the nominal content and
much higher than in LuPO4:Eu,Hf. This is reasonable bearing in
mind that in the presence of Hf mainly Eu2þ enters the host while
incorporation of Eu3þ is hindered. Hence, the EDX analysis
confirmed that Hf was indeed incorporated into both crystals.
Recently, we reported the observation of Eu2þ emission in
LuPO4:Eu3þ. The reduction of Eu3þ was accomplished in an X-ray
irradiated, polycrystalline pellet of LuPO4:Eu [27]. Since the sta-
bility of Eu2þ in the LuPO4 ceramic host has been proved, together
with its ability to generate blue emission due to the 5d14f6/4f7

transition, it is interesting to investigate if Eu2þ can be chemically
stabilized in the LuPO4 or YPO4 lattices by means of co-doping with
Hf4þ. It was anticipated that, in the presence of Hf4þ, a charge-
neutral substitution process expressed by Eqs. (1) and (2) might
be accomplished as follows:

2LuXLu ¼ Eu’Lu þ Hf�Lu (1)

2YX
Y ¼ Eu’Y þ Hf�Y (2)
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Here and throughout this paper, we use the Kr€ogereVink nota-
tion of defects recommended by IUPAC [35]. In Fig. 1, the emission
spectra of LuPO4:Eu,Hf (Fig. 1a) and YPO4:Eu,Hf (Fig. 1b) recorded
upon 350 nm excitation in the temperatures range of 20e300 K are
presented. At 250e300 K, both crystals show a very similar emission
bands peaking around ~430 nm with FWHM of ~19e21 nm
(~1000 cm�1). This luminescence is assigned to the 4f65d1/8S7/2
transition of Eu2þ. The energy of the luminescence agrees with
predictions of Dorenbos model and is in line with the data reported
for the Eu2þ emission in the X-ray irradiated LuPO4 [36]. Note that
the samples contain also some Eu3þ which upon properly chosen
excitation produces its characteristic orange-red luminescence, see
Fig. S3. The simultaneous presence of emitting Eu2þ and Eu3þ ions in
phosphors was reported previously for a few hosts [37e39]. Yet, in
the cited papers the lattices offered both 2þ and 3þmetals sites, and
this is an important difference compared to our orthophosphates.

As the temperature decreases, a characteristic fine structure
appears. At 20 K, a well-resolved vibronic structure of the Eu2þ

emission is observed with a sharp zero-phonon line (ZPL) at
425.80 nm (LuPO4) or 424.40 nm (YPO4). As it is clear in Fig. 1, the
intensities of the vibronic lines relative to the ZPL are higher in
LuPO4 than in YPO4. Consequently, it is inferred that in
LuPO4:Eu2þ,Hf4þ (Fig. 1a) the electron-phonon coupling is larger
than in YPO4:Eu2þ,Hf4þ (Fig.1b) [40e43]. To obtain evidence for the
role of charge compensation by Hf4þ to stabilize Eu2þ, also the
measurements were performed on a singly doped LuPO4:Eu single
crystal. Under the identical measuring conditions, no sign of Eu2þ

emission was found (see Fig. S4 of the supporting information),
clearly showing that charge compensation by Hf4þ is responsible
for the presence of Eu2þ in LuPO4:Eu crystals and that chemical
stabilization by co-doping with Hf4þ is an alternative to X-ray
irradiation to realize Eu2þ-doped LuPO4.

An analysis of the electron-phonon coupling and assignment of
the vibronic lines similar to that presented in Ref. [27] for the X-ray
irradiated LuPO4:Eu is performed. Combining the emission spectra
(in energy scale) at 20 K with the relative IR spectra (300 K) allow
the various vibronic lines assignment to coupling with specific host
phonons labelled in order of increasing energy from n1 to n9. These
data are presented in Fig. 2a (LuPO4:Eu,Hf), and Fig. 2b
(YPO4:Eu,Hf). For both hosts, a vibronic progression due to coupling
with the same vibrational modes is observed. The analysis is diffi-
cult as coupling with different modes is found in these composi-
tions. The strongest coupling is observed with the Ln-O modes (n1-
n7 ¼ 50e700 cm1), while coupling to the orthophosphate-related
phonons (n9a-n9c ¼ 800-1200 cm�1) was significantly lower [44].
Weaker coupling with vibrational modes localized on the phos-
phate groups can be expected as the distance to the Eu2þ ion is
Fig. 1. The emission spectra obtained upon the 350 nm excitation of Lu
larger. The results are summarized in Table 1. These data agree with
the previous results for Eu2þ emission in the X-ray irradiated
LuPO4:Eu polycrystalline ceramic material [27]. A comparison of
the results for the two materials shows the presence of a blue shift
of the ZPL line in YPO4:Eu2þ,Hf4þ of about 1.4 nm (78 cm�1) in
reference to the ZPL in LuPO4:Eu2þ,Hf4þ. This is explained by the
presence of a stronger crystal field in the latter as Lu3þ is smaller
than Y3þ (ionic radii 0.977 Å for Lu3þ and 1.019 Å for Y3þ, for CN¼ 8)
[21]. The shorter Eu2þ-O2- distances for Eu2þ on the site of smaller
Lu3þ ionwill result in a larger crystal field splitting which shifts the
lowest energy 4f65d1 state to lower energies.

The excitation spectra of Eu2þ luminescence at 150 and 20 K in
LuPO4 and YPO4 crystals are presented in Fig. 3a and b, respectively.
At the higher temperature two broad bands in the 240e320 nm and
330e430 nm spectral regions were observed in both compositions.
These excitation bands are induced by 4f7/4f65d1 transitions of
Eu2þ, as previously shown [27]. The lower-energy band in both
orthophosphates showa very rich fine structure at 20 K. In linewith
our analysis in Ref. [27], these intense narrow excitation lines at
20 K are related to the transitions from the 8S7/2 ground level of
Eu2þ to the Eu3þ-like 7F0-6 core levels of the 4f6(7F0-6)5d1 excited
configuration of Eu2þ ions. At this point, we may note that the
spectroscopic characteristics of the Eu2þ chemically stabilized in
the two orthophosphates by Hf4þ are very similar to those reported
for Eu2þ states generated in LuPO4:Eu upon the X-rays impact [27].

In Fig. 4, the 20 K photoluminescence of Eu3þ in YPO4 (blue line)
is shown to compare energies of the 4f6(7FJ) levels of Eu3þ with
those observed in the 4f6(7FJ)5d excitation spectrum of Eu2þ in the
(Eu,Hf) co-doped crystal (black line). Due to selection rules [45] and
low instrumental response beyond 800 nm, the luminescence of
Eu3þ could be recorded only for the 5D0/

7F1-4 transitions. The
overall correlation of both spectra is evident, which supports the
assignment of the Eu2þ excitation lines to the transitions to the 7FJ
core levels of the 4f6(7F0-6)5d1 excited configuration. Nevertheless,
the splitting of the components of different 7FJ levels in the case of
the 8S7/2 / 4f6(7FJ)5d1 excitation (black letters in Fig. 4) is larger
than that for the 7FJ levels observed in the luminescence of Eu3þ in
the host (blue line). This difference may be taken as a direct mea-
sure of the effect of interaction/coupling of the 4f6 and 5d1 con-
figurations in the 4f6(7FJ)5d1 excited state of Eu2þ [27].

A similar deviation between the 4fn splitting and the splitting
for the same 4fn configuration in a4fn5d1 excited state was previ-
ously observed in the 4fn/4fn-15d1 excitation spectra of trivalent
lanthanides, also in LuPO4 and YPO4 [46]. The observation of many
well-resolved zero-phonon lines for 4f7/4f6(7FJ)5d1 transitions on
Eu2þ in LuPO4 and YPO4 allows the construction of an accurate
energy level diagram for Eu2þ in both host lattices Based on these
PO4:Eu,Hf (a) and YPO4:Eu,Hf (b) in 20e250 K temperature range.



Fig. 2. The low temperature (20 K) PL spectra upon 350 nm excitation of LuPO4:Eu,Hf (a) and YPO4:Eu,Hf (b) combined with RT IR spectra for the analysis of the vibronic lines.

Table 1
Positions of the ZPL and vibronic lines observed in the emission spectrum of Eu2þ in LuPO4:Eu,Hf and YPO4:Eu,Hf at 20 K. The vibronic lines are labelled 1, 2, 3, 4, 5, 6, 7, 9
according to increasing energy of vibration n.

Emission

LuPO4 YPO4

Transition l (nm) E (cm�1) Energy difference (with respect to ZPL) (cm�1) l (nm) E (cm�1) Energy difference (with respect to ZPL) (cm�1)

4f6(7F0)5d1/8S7/2 425.80 23486.55 0 424.40 23562.70 0
n1 427.90 23370.90 115.60 427.10 23414.85 147.85
n2 429.70 23272.80 213.70 428.80 23321.35 241.35
n3 431.55 23171.90 314.65 430.35 23236.55 326.15
n5 433.60 23061.70 424.85 e e e

n6 435.30 22971.50 515.05 434.00 23041.85 520.85
n7 437.80 22840.30 646.25 436.40 22916.00 646.70
n9a 441.35 22656.75 829.80 439.60 22747.70 815.00
n9b 444.80 22480.75 1005.80 443.10 22567.15 995.55
n9c 447.90 22325.10 1161.45 446.15 22414.10 1148.60

Fig. 3. The excitation spectra of Eu2þ ions in LuPO4:Eu,Hf (a) and YPO4:Eu,Hf (b) at 20, 150 and 300 K for wavelengths indicated in the panels.
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accurate observations, YPO4:Eu2þ and LuPO4:Eu2þ can serve as a
model system for comparison with and testing of the validity of
(new) theoretical models. These experimental data would be of
particular significance to verify the results of calculation of the
4f65d1 energy levels taking into account e.g. crystal field splitting,
relativistic effects, and spin-orbit coupling in addition to Coulomb
interactions [46e50]. For the commonly observed broad band
4f45d absorption and emission spectra without fine structure, it is
easy to obtain a reasonable agreement and, at the same time, it is,
therefore, difficult to determine how accurate or correct the model
is. The observation of so many well-resolved electronic origins
(ZPLs), however, provides a rigorous test for theoretical models.
Only if the theoretical calculations reproduce the positions of all
these lines with high accuracy, it is evident that the model correctly
takes into account the various interactions and effects that give rise
to the complex energy level structure of the 4f65d1 configuration.

In the Supplementary Material, a detailed analysis of the elec-
tronic ZPL lines and related vibronic components is presented
separately for each 7FJ (J¼ 0, 1, 2, 3, 4, 5 or 6) group of the excitation
transitions in both hosts. In Figs. S5eS11, the spectra are presented
for YPO4:Eu,Hf. Analogous figures for LuPO4:Eu,Hf are not pre-
sented as they appeared indistinguishable from those presented in
Refs. [27] for the X-ray irradiated LuPO4:Eu. For both compositions,
LuPO4:Eu,Hf and YPO4:Eu,Hf, the results of the analysis are



Fig. 4. The low temperature (20 K) PLE spectrum of Eu2þ emission of YPO4:Eu,Hf crystal with overlaid the 20 K PL emission of Eu3þ in the same material upon the 395 nm excitation
(blue line). The a, b, c, d, e depict the zero-phonon excitation lines related to the Stark levels of the 7F0-6 core configuration of the 4f6(7F0-6)5d1 excited state. Assignment of ZPLs
marked with question marks are uncertain. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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summarized in Table S1 which presents the positions of the zero-
phonon lines and corresponding vibronic lines assigned to the
8S7/2 / 4f6(7FJ)5d1 transitions.

It is noteworthy that the position of the corresponding zero-
phonon lines in the emission and excitation spectra at 20 K are
always at slightly shorter wavelengths (higher energy) in
YPO4:Eu,Hf than those in LuPO4:Eu,Hf. As discussed above for the
ZPL in the emission spectrum, this can be explained by slightly
larger crystal field in LuPO4 induced by the shorter LueO distances
in LuPO4 (2.262(10) and 2.344(10) Å) compared to the YeO dis-
tances in YPO4 (2.300(3) Å and 2.373(3) Å) [34]. This difference is
expected to shift the lowest (emitting) 5d level of the 4f6(7FJ)5d1

excited state to lower energies resulting in a lower energy position
of all 4f6(7FJ)5d1 lines for the lowest energy 5d state.

In both the emission and excitation spectra at 20 K the zero-
phonon line is the strongest and, thus, the Stokes shift of the
emission would be 0 cm�1 (excitation and emission maxima
coincide). The Stokes shift can also be estimated from the relative
intensity of the vibronic lines giving a value for the Huang-Rhys
parameter, S [41,43,51,52]. Following this method for LuPO4:Eu,Hf,
a Huang-Rhys parameter S ¼ 1.86 was found, which is larger than
what we reported for X-ray irradiated LuPO4:Eu2þ where S ¼ 1.42
[27]. This could be caused by some re-absorption of the ZPL emis-
sion in the single crystal used here which lowers the relative ZPL
intensity. As the positions of the ZPLs and vibronic lines in
LuPO4:Eu,Hf and the irradiated ceramic LuPO4:Eu are exactly the
same, the Eu2þ canters are equivalent and this indicates that the
charge compensation of Eu2þ by Hf4þ is distant and no locally
charge compensated Eu2þ-Hf4þ centers are formed. For this situa-
tion, the Huang-Rhys parameters are expected to be the same for
the two LuPO4:Eu2þ samples.

In the case of YPO4:Eu,Hf single crystal, the relative intensity of
the vibronic lines is slightly lower and corresponds to a Huang-Rhys
parameter S ¼ 1.33. Based on the relative intensities, the Huang-
Rhys factor for the Eu2þ centers in the orthophosphates is ~1.4
and, with an average phonon energy of ~500 cm�1, this corresponds
to a Stokes shift of ~1000 cm�1 (depending onwhether the Stokes is
defined as (2S-1)hu or 2S$hu) [41,43,52]. For these small Huang-
Rhys parameters, in the weak-coupling regime, it is difficult to
define and calculate the Stokes shift. The narrow bandwidth of the
emission band at 250 K of ~1000 cm�1 is consistent with the esti-
mated small Stokes shift and Huang-Rhys parameter.

For a small Stokes shift, thermal quenching is expected at high
temperatures if the quenching mechanism is thermally activated
cross-over to the ground in the configurational coordinate diagram.
The previously reported thermal quenching for LuPO4:Eu2þ
indicates that another quenching mechanism is actual [27]. Indeed,
usually when Eu2þ replaces a trivalent ion, its excited 4f65d1state is
seldom located below the bottom of the host conduction band,
which is a necessary condition to preclude photo-ionization. In
LuPO4 and YPO4, not only the Eu2þ is stabilized in the host, but its
lowest 4f65d excited state is situated below the conduction band
and this makes the observation of 4f65d/4f7 luminescence
possible up to about 300 K before being completely quenched via
thermally activated photoionization from the 4f65d state to the
conduction band [27]. Below, a detailed analysis of the thermal
quenching of the Eu2þ 4f65d/4f7 luminescence in both
LuPO4:Eu,Hf and YPO4:Eu,Hf is presented.

In Fig. 5a and b, the decay curves of the Eu2þ emission in
LuPO4:Eu,Hf and YPO4:Eu,Hf in the temperature range of 20e300 K
are presented. In bothmaterials, the decay traces are almost single-
exponential below 200 K. Nevertheless, for a good fit, two decay
components are required to correctly reproduce the experimental
curves.

The average decay times, <t>, calculated using Eq. (3) [53e55],
are plotted as a function of temperature in Fig. 6.

< t> ¼

ð∞
0
tIðtÞdt

ð∞
0
IðtÞdt

¼ B1t21 þ B2t22
B1t1 þ B2t2

; [3]

where B1, B2 and t1, t2 are the pre-exponential factors and decay
times, respectively, as determined by fitting the measured decay
curves shown in Fig. 5. Below ~200 K, the average decay time is
constant and t ~210 ns in LuPO4:Eu2þ,Hf4þ and t ~225 ns in
YPO4:Eu2þ,Hf4þ. The slightly longer decay of Eu2þ in YPO4 may be
assigned to its lower refractive index n ~1.72 [56], compared to that
of LuPO4 (~n1.8e2.0 [57]), which directly affects the decay time ac-
cording to the Eq. (4) [58e61]:

t � 1
f ðEDÞ

l20�
1
3

�
n2 þ 2

��2
n

; [4]

where f(ED) is the oscillator strength of the electric dipole transi-
tion and l indicates the wavelength of the emitted light. For the
same oscillator strength, a faster decay is expected in a host with a
higher refractive index. The decay times are shorter than those
commonly observed for Eu2þ emission around 430 nm which are
~700e1000 ns [62]. The constant value of the decay time below
200 K suggests that this is the radiative decay time. It is not clear



Fig. 5. Decay curves of Eu2þ emission of LuPO4:Eu,Hf (a) and YPO4:Eu,Hf (b) in the 20e300 K temperature range. Excitation and emission wavelengths are indicated in the Figures.

Fig. 6. The temperature dependence of the Eu2þ decay times (points) of LuPO4:Eu,Hf
(black line) and YPO4:Eu,Hf (blue) with a single barrier model fit (lines). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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why the radiative decay time is so much shorter than the
commonly observed decay times.

Above 200 K, a continuous shortening of decay times occurs for
both crystals and, just above 300 K, the emissions practically dis-
appeared. In Fig. 6, the temperature dependence of the average
decay times are presented for the Eu2þ emission in both crystals
together with the fitting curves obtained with use of Eq. (5) [63,64]:

p¼1
t
¼ 1

tr
þ 1
tnr

expð� Ea = kTÞ; [5]

where p is the transition rate, t is its decay time at temperature T, 1/
tr is the probability of radiative transition in the absence of thermal
quenching, 1/tnr is the probability of non-radiative decay, k is the
Boltzmann constant and DEa is the activation energy of thermal
quenching. For LuPO4:Eu,Hf, the fitting gives DEa ¼ 0.25 ± 0.01 eV,
while, for YPO4:Eu,Hf, a value of DEa ¼ 0.28 ± 0.02 eV was obtained.
The value determined for the LuPO4:Eu,Hf single crystal is identical
to that found in the X-ray irradiated LuPO4:Eu [27]. These energies
are in very good agreement with predictions made by Dorenbos of
0.3e0.4 eV (see above) using hismodel of Vacuum Referred Binding
Energies (VRBE) [25,26]. It is thus clear that the mechanism of the
thermal quenching is thermally activated ionization of the excited
Eu2þ as the temperature increases above ~200 K.

Finally, we wish to comment on the just discussed data proving
the presence of Eu2þ in the Eu,Hf doubly doped YPO4 and LuPO4
crystals in relation to the recently published results of EPR spec-
troscopy of the samematerials [28]. It may be surprising, at first, that
EPR spectra did not evidence any clearly resolved signal related to
Eu2þ in the YPO4:Eu,Hf and LuPO4:Eu,Hf single crystals. Eu2þ could
be seen by EPR spectroscopy in these materials only after their
irradiation with X-rays. Even then, however, the signal from this
center presented quite low intensity. In general, EPR spectroscopy is
considered as a sensitive tool allowing to detect paramagnetic cen-
ters even at low concentrations. Yet, it was already mentioned in the
published paper [28] that the EPR signal of Eu2þ in the orthophos-
phates was not easy for detection because of the forbidden character
of the involved transitions of this ion. Additionally, many impurities
present in the crystals due to their growth from flux produced their
EPR spectra obscuring the low-intensity lines of the Eu2þ activator.
Thus, in the case of the two Eu,Hf doubly-doped single crystals, the
EPR and PL data are not in any contradiction. All one may claim is
that the concentration of Eu2þ in the doubly doped single crystals is
not very high. It might be interesting to find out if the growth of the
Eu,Hf doubly doped single crystals in an inert or reducing atmo-
sphere of, for example, nitrogen or nitrogen-hydrogen, could in-
crease the Eu2þ concentration.

4. Conclusions

In this study, we have shown that Eu ions may be stabilized in
their divalent state when doped into LuPO4 and YPO4 single crys-
talline hosts and remain stable for basically an infinite time. The key
factor to accomplish Eu2þ substitution into Lu3þ or Y3þ sites in
these orthophosphates is co-doping with Hf4þ to provide charge
compensation according to the 2 LuXLu/YX

Y ¼ Eu’Lu þ Hf�Lu scheme.
The Eu2þ dopant in these hosts shows blue d-f luminescence with a
FWHM of only ~20 nm at 250 K. At 20 K, the 4f65d/4f7 emission
consisted of a set of narrow lines. The highest energy, most intense
and narrowest Eu2þ emission line is located at 425.80 nm (in
LuPO4) and 424.40 nm (in YPO4) and is assigned to the zero-phonon
line (ZPL). Weaker narrow lines at longer wavelengths result from
vibronic transitions in which different lattice phonons were
involved. At 20 K, the excitation spectrum of this emission was
composed of a large number of narrow lines split into seven groups.
The narrowest lines resulted from the 8S7/2/ 4f6(7FJ)5d1 electronic
transitions to different 7FJ (J ¼ 0e6) and revealed the Eu3þ-like 7FJ
splitting in the 4f6(7FJ)5d1 excited configuration of Eu2þ. Analysis of
the low temperature PLE spectra allowed assignment of all the
experimentally observed ZPLs of the 8S7/2 / 4f6(7FJ)5d1 transition
to the various 4f6(7F0-6) core states of the 4f6(7FJ)5d1 excited
configuration.
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