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Revised crystal structure and luminescent
properties of gadolinium oxyfluoride Gd4O3F6
doped with Eu3+ ions†

Tomasz Grzyb,*a Rafal J. Wiglusz,*b Vitali Nagirnyi,c Aleksei Kotlovd and Stefan Lisa

The structure of gadolinium oxyfluoride nanoparticles was revised. Extensive studies including X-ray diffr-

action and Rietveld refinement as well as Fourier transform infrared spectroscopy and Raman spec-

troscopy confirmed the monoclinic P12/c1 crystal structure of Gd4O3F6. Morphological analysis using

transmission electron microscopy showed the nanocrystallinity of the materials prepared via the sol–gel

Pechini’s method. The luminescent properties of the prepared materials with different concentrations of

Eu3+ ions were characterized by emission spectroscopy. The phosphors obtained were investigated in the

vacuum ultraviolet range using synchrotron radiation. The Judd–Ofelt parameters (Ω2, Ω4) and emission

efficiencies η were calculated and are discussed in detail.

Introduction

The research in the area of rare earth oxyfluorides (REOF) is
thriving not only through the rich structural varieties observed
in the materials but also through their widely varying lumines-
cence properties that promise potential applications.1–15 The
structural properties of REOF were mostly investigated by
Zachariasen in the 1950s.16 It has been determined that as a
result of solid state reaction between rare earth fluorides and
their oxides at high temperatures, oxyfluorides are formed.
They crystallize in two different phases, tetragonal and
rhombohedral. Unlike rhombohedral oxyfluorides, the ones
with the tetragonal crystal structure suffer from instability and
form usually nonstoichiometric compounds. Their general
formula is REOnF3−2n, 0.7 < n < 1.16 A high similarity between
F− and O2− ionic radii is mainly responsible for the variations
in the tetragonal phase. These ions can substitute for each
other in the crystal structure. The crystallographic structure of
YOF and LaOF can be obtained as a result of a tetragonal or
rhombohedral deformation of the regular cubic elementary
crystal cell of CaF2. Further research has brought about a

better understanding of other lanthanide oxyfluoride systems,
giving detailed information about their crystallography.17–19

Besides tetragonal and rhombohedral forms also a cubic
form has been obtained as a result of the phase transition from
their rhombohedral form at high temperatures.20,21 The main
crystallographic space groups assigned to REOF are: tetragonal
P4/nmm and rhombohedral R3̄m. In the tetragonal structure,
RE3+ ions occupy sites with C4v symmetry, whereas in the rhom-
bohedral structure, the local symmetry of RE3+ is C3v.

2

The more accurate analysis of nonstoichiometric oxyfluo-
rides has shown higher than expected complexity of these
materials.22–24 The oxyfluorides of the composition RE(O,F)2+δ,
where 0.4 ≥ δ ≥ 0, crystallize in a tetragonal form; however, for
REnOn−1Fn+2, where 5 ≤ n ≤ 9, RE = Y, Sm–Lu, the orthorhom-
bic crystal structure is more stable and probable.

The crystallographic data for gadolinium oxyfluoride are
incomplete and this compound requires additional studies.
Up to now, the tetragonal structure has been assigned to
Gd4O3F6 only in one scientific article; however, there no data
have been given about its crystallographic space group.25 As
this compound, similar to other rare earth oxyfluorides, could
be used as a host for luminescent Ln3+ ions (where Ln3+ =
Eu3+, Yb3+/Er3+, etc.),9,11,13,15 there is a need to know its struc-
ture and determine the crystallographic properties.

Tetragonal oxyfluorides of the formula REOnF3−2n, 0.7 < n <
1, contain fluorine F− ions in the interstitial sites in a crystal
structure derived from that of fluorite CaF2.

16 Takashima et al.
proposed a different crystal structure for the binary rare earth
oxyfluorides, RE2

IRE2
IIO3F6, where REI = La, Nd, REII = Y, Eu,

Gd. In the presented studies, concerning mainly the ionic con-
ductivity of oxyfluorides, a monoclinic crystal system of the
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P2/c space group is reported.26–31 The assignment of a tetra-
gonal structure to binary rare earth oxyfluorides results in a
discrepancy in the positions of XRD reflections with the refer-
ence pattern. Also the shape of XRD peaks recorded, their
intensity and the ratio between them are in disagreement with
the theoretical pattern. Additionally, the presence of a weak
peak at 33.84° 2θ could not be attributed to any of crystallo-
graphic planes. A monoclinic structure could be considered as
a slightly distorted tetragonal lattice derived from the fluorite
structure. The refinement with the structural parameters of a
monoclinic crystal system allowed us to solve the structure of
the Gd4O3F6 material. The P2/c monoclinic crystal system was
assigned as the most probable for this compound. The pre-
sented results show that the positions of ions in the Gd4O3F6
crystallographic lattice are very similar to those in the tetra-
gonal structure. Hence, the Gd4O3F6 structure can be treated
as pseudo-tetragonal.

Luminescence properties of lanthanide ions (Ln3+) are well
known and widely studied because of their narrow line-width
emission bands, large Stokes shifts, high quantum yields, long
lifetimes and photostability.32–37 The presence of (Gd,Eu)–F
and (Gd,Eu)–O bonds in the Eu3+-doped oxyfluorides can
increase absorption in the vacuum ultraviolet (VUV) range.
This property is useful for new, Hg-free sources of fluorescent
light.38,39 Quantum cutting phenomena which are prone to
occur in VUV absorbing phosphors is another advantage of
these materials, enabling the emission quantum yield higher
than 100%.40,41 Also white LEDs (light emitting diodes) may
be an area where luminescence of Ln3+ ions is important.42–44

The sol–gel method used for the synthesis of Gd4O3F6 and
relatively low temperature of calcination of the precursors pre-
pared in this way could be used for the production of
phosphors.

Experimental
Synthesis

Gadolinium oxyfluorides, Gd4O3F6 and Gd4O3F6:Eu
3+, were

synthesized by the modified Pechini’s method.45 The starting
materials were gadolinium and europium oxides, Gd2O3 and
Eu2O3 (Stanford Materials 99.99%, United States), nitric acid
HNO3 (POCh S.A., ultra-pure, Poland), ammonium fluoride
NH4F (POCh S.A., ACS grade 98+%, Poland), citric acid mono-
hydrate (CHEMPUR, p.a. grade, Poland), and ethylene glycol
(CHEMPUR, p.a. grade, Poland).

To synthesize pure matrix without dopant ions, Gd4O3F6,
the gadolinium oxide (0.9166 g) was dissolved in HNO3 and
evaporated several times in order to remove excess amount of
HNO3. The beaker containing the obtained Gd(NO3)3 was
filled up to 100 ml with distilled water and 24 g of citric acid
and then 4 ml of ethylene glycol were added. A large excess of
citric acid was used to prevent the precipitation of lanthanide
fluorides (24 g of citric acid and 4 ml of ethylene glycol per 1 g
of product). Upon intensive stirring, an aqueous solution of
0.35 g ammonium fluoride in 10 ml of water was slowly

dropped into the solution (with 25% excess because of the stoi-
chiometric amounts of Gd3+ ions). The solution was heated at
80 °C for 24 hours in order to evaporate the water and to
obtain a gel. The prepared precursor was annealed at
500–900 °C under the air atmosphere for 2 h. A similar pro-
cedure was used for the synthesis of Eu3+-doped samples,
based on the stoichiometric calculations which assumed repla-
cement of Gd3+ by Eu3+ ions in the structure of Gd4O3F6.

Characterization

Thermogravimetric analysis (TG) and differential thermal
gravimetry (DTG) were performed using a Haas DSC XP-10i
calorimeter. The X-ray diffraction (XRD) patterns were collected
in the 2θ range 10–80° with an X’Pert PRO X-ray diffractometer
(Cu, Kα1: 1.54060 Å) (PANalytical). The IR absorption spectrum
was recorded between 400 and 4000 cm−1 on a Fourier trans-
form infrared (FT-IR) spectrophotometer Bruker FT-IR IFS
66/s. The material was mixed with KBr and then pressed to
discs. Raman spectra were taken using a LabRam HR 800
Horiba Yvon Jobin system equipped with a 9 mW HeNe laser
emitting a 632.8 nm line. The Gd4O3F6 powders were investi-
gated by transmission electron microscopy (TEM) using a
Philips CM-20 SuperTwin microscope operating at 200 kV.
Specimens for TEM were prepared by dispersing a small
amount of the sample in methanol and putting a droplet of the
suspension on a copper microscope grid covered with perfo-
rated carbon. Diffractograms were used in crystallographic data
refinement with the help of the Rietveld method.46 The Maud
2.33 software was used to perform the Rietveld refinement of
cell parameters and the phase composition.47 The quality of
structural refinement was generally checked by R-values (Rw,
Rwnb, Rall, Rnb), and these numbers are easy to detect as they are
consistent with a monoclinic structure. However, other para-
meters with additional functions were applied to find a struc-
tural refinement with better quality and reliability.

The luminescence characteristics of the synthesized
samples were studied with a Hitachi F-7000 fluorescence spec-
trophotometer at room and liquid nitrogen temperatures (300
and 77 K) with a 150 W xenon lamp as an excitation source.
Excitation and emission spectra were corrected for the instru-
mental response. The luminescence decay curves of the pre-
pared samples were measured on a Photon Technology Int.
QuantaMasterTM 40 spectrophotometer equipped with an
Opotek Inc. Opolette 355LD UVDM tunable laser with a rep-
etition rate of 20 Hz as an excitation source and a Hamamatsu
R928 photomultiplier as a detector. The curve fit for the decay
data was performed with the Origin 9.0 software. The fit with
the time traces was at least R2 = 0.998 and the errors were not
larger than τerr < 0.01 ms.

The synchrotron radiation study of powder samples was
performed at the SUPERLUMI station of HASYLAB, Hamburg,
Germany. The setup has been described in detail elsewhere.48

Luminescence spectra with resolution 1 nm were recorded
with a SpectraPro308i (Acton) spectrograph equipped with a
CCD camera. The second arm of the spectrograph equipped
with a Hamamatsu photomultiplier R6358P was used for
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measuring the excitation spectra of different emission lines. In
the latter case, the slits of the spectrograph were set to a spec-
tral interval of 10 nm. The excitation spectra were corrected for
the spectral distribution of the incident light.

Results and discussion
Structure and morphology

Gadolinium oxyfluoride, Gd4O3F6, is a relatively less studied
material as can be concluded, for example, from the lack of
accurate crystallographic data for this compound. It has
attracted undeservedly little attention of researchers and only
one example of its use as a matrix for up-converting Yb3+,
Tm3+ and Er3+ ions could be found.11 This material could be a
good potential host for luminescent lanthanide ions like Eu3+

and Tb3+. Relatively low phonon energies of Gd4O3F6 cause
lower efficiency of the phonon relaxation from the 5D1 excited
state of Eu3+ ions to the 5D0 state. A large energy gap
(∼12 000 cm−1) between the first excited state, 5D0, and the
highest ground state of Eu3+ ions, 7FJ, makes phonon relax-
ation between them very improbable.49

The synthesized Gd4O3F6 sample was analysed precisely by
the Rietveld refinement in the isotropic approach in order to
obtain the structural information about this compound.

Table 1 shows the experimental and calculated results of
the Rietveld analysis of gadolinium oxyfluoride. These results
confirmed that the synthesized compound was monophasic.
The crystal structure of Gd4O3F6 was determined to be mono-
clinic with the space group P12/c1.

The Rietveld analysis could be applied to any of the com-
pounds prepared within the compositional domain and occur-
ring in a stable, single phase. However, our aim was to find a
structural model suitable for all the chemical compositions
within the stable structural domain with pure phases.

The structure of the new Gd4O3F6 compound was refined
from powder XRD data in a tetralanthanide trioxyfluoride
structure model.29 The instrumental parameters used to
describe the Rietveld profile were as follows: zero-point in 2θ,
background parameters, three peak-shape parameters, U, V
and W, in the formula H2 = U tan2 θ + V tan θ + W to describe a
pseudo-Voigt peak with full width at half maximum, H, which
increases with θi. The structure parameters used were: a scale
factor, the lattice constant, the positional coordinate and the
occupancy factors (Table 1) of all atoms and the isotropic
temperature factors.

Fig. 1 shows typical observed, calculated, and difference
profiles for the synthesized Gd4O3F6. In all cases, the agree-
ment between the observed and calculated Rietveld profiles is
excellent and the final R factors are satisfactory. This model
fits the observed intensity provided that the structural para-
meters from Table 1 are taken.

In this structure, the cation sites, Gd1 and Gd2, are co-
ordinated by oxygen and fluorine ions with CN = 9, while the
occupancy of the 2f site by F− and O2− is 0.4 and 0.5, respect-
ively (Fig. 2). In the Gd4O3F6 structure, the ionic arrangement

was supposed to be highly ordered with two kinds of ion clus-
ters, GdO0.5F·O0.5 and GdF2·O0.5.

29 The linkage of these clus-
ters was estimated to be somewhat disordered. The disorder in
the anion arrangement was caused by the disorder in the
cation arrangement. Consequently, the occupancy of 2e sites

Table 1 Atomic and crystal cell parameters for monoclinic Gd4O3F6:
cell dimensions (a, b and c), angles (β) and volume (V); atom site coordi-
nates (x, y and z), isotropic atomic displacement parameter (Biso) and the
goodness of fits between experimental and theoretical diffraction
pattern values (Rw, Rwnb, Rall and Rnb)

Sample Gd4O3F6
Space group Monoclinic P12/c1 (13)
Formula units per cell Z = 1
Calculated cell parameters a = 3.9498(8) Å

b = 11.2280(6) Å
c = 5.5420(9) Å
β = 134.56(3)°
V = 175.12(517) Å3

Rw 3.29%
Rwnb 2.06%
Rall 2.26%
Rnb 2.72%

Selected contacts

Gd–Gd 3.9498(8) Å
Gd–O 2.1445(1) Å
Gd–O/F 2.1469(4) Å
Gd–F 2.2718(3) Å
Gd–O–Gd 133.813(10)°
Gd–F–Gd 120.760(9)°

Atom Wyckoff positions x y z Biso [Å
2]

Gd1 2e 0 0.115(x) 0.25 0.135(5)
Gd2 2e 0 0.615(x) 0.25 0.141(6)
O1 2f 0.5 0.960(x) 0.75 1.021(4)
O2 2e 0 0.836(x) 0.25 1.023(2)
O3 2e 0 0.306(x) 0.25 1.024(1)
F1 2f 0.5 0.960(x) 0.75 1.025(5)
F2 2f 0.5 0.285(x) 0.75 1.021(4)
F3 2f 0.5 0.462(x) 0.75 1.022(3)
F4 2f 0.5 0.789(x) 0.75 1.021(1)

Fig. 1 The Rietveld profile fit of X-ray diffraction data of Gd4O3F6
annealed at 500 °C for 2 h.
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by oxygen ions remained at 0.5, whereas 2f sites layered at the
y = 0 plane were occupied partially by fluoride ions. Because
the occupancy of 2f sites by fluorine ions and oxygen ions is
less than 1.0, then oxygen and fluorine ion conductivity could
be considered in this material.28,50

The stoichiometric composition of rare earth oxyfluorides
is strongly affected by the amount of fluorine ions in the
sample. It is greatly important to maintain the required com-
position of the initial precursor for the synthesis of an appro-
priate material phase. The Pechini’s method enables a full
control of the F− amount because the initial concentration can
be easily changed with the quantity of NH4F in the gel. In this
way it is possible to obtain a rhombohedral as well as a
pseudo-tetragonal form of gadolinium oxyfluoride.

Thermo-gravimetric analysis of powders purified from the
reaction mixture was performed in air in order to identify the
processes occurring during the thermal treatment (see Fig. 3).
The mass loss up to 550 °C was attributed to the decompo-
sition of organic components. The Gd4O3F6 product is formed
above 550 °C. The intense peak around 500 °C visible in the
DTA curve is an effect of the exoenergetic decomposition of
the organic resin and simultaneous crystallization of the
Gd4O3F6 product. Temperature increase has a very small effect
on the sample above 600 °C, considering the lack of any larger

peaks at these temperatures. Finally, only about 4% of the gel
precursor is transferred into the powder product.

The phase composition of the samples prepared at temp-
eratures from the range 500–900 °C was calculated with the
help of Rietveld refinement. Above 500 °C, a phase transition
to the rhombohedral GdOF form was observed. At tempera-
tures higher than 600 °C oxyfluorides decomposed into Gd2O3

oxide. From Fig. 3, the optimal temperature for annealing the
precursor gel can be found. Heating the gel at 500 °C allows
the formation of the product, and at the same time it is temp-
erature sufficient for the decomposition of organic contami-
nants. The product obtained at 500 °C was used in further
structural analysis including IR and Raman spectroscopy.

In order to investigate the morphology and structure of the
final products, TEM and SAED characterization was carried
out for the Gd4O3F6 sample heat treated at 500 °C (Fig. 4).

Fig. 2 The structure of the monoclinic Gd4O3F6 phase with (a) unit cell
and (b and c) the coordination environment of Gd3+ ions.

Fig. 3 DTG/TG analysis of the Gd4O3F6 gel precursor.

Fig. 4 TEM and SAED images of Gd4O3F6 prepared at 500 °C.
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TEM images showed the nanocrystalline structure of powders,
whereas the average nanocrystal size taken from TEM was 26 ±
8 nm. The synthesis conditions and character of the used sol–
gel method result in formation of agglomerates. However, the
agglomeration of individual crystallites is relatively weak and
there are no sintered and melted forms visible in the TEM
image. Selected area diffraction (SEAD) shows the polycrystal-
line properties of the powders prepared.

The number of expected IR and Raman peaks can be found
from the described crystal structure of Gd4O3F6. According to
the factor group analysis, for the monoclinic Gd4O3F6, 6 IR
and 6 Raman peaks should be observed in the measured
spectra. There are 16 atoms in the unit cell and therefore 3N =
48 degrees of freedom which are divided into 12 modes (IR
active modes are labelled as IR and Raman modes as R):

Γopt ¼ 2AgðRÞ þ 2AuðIRÞ þ 4BgðRÞ þ 4BuðIRÞ ð1Þ

The FT-IR spectrum of the Gd4O3F6 sample is shown in
Fig. 5. It demonstrates characteristic intense bands in the
range of 3000–3750 cm−1 connected with the O–H stretching
vibrations. The peaks near 1530 cm−1 and 1380 cm−1 can be
assigned to the C–O absorption. These two bands could be
connected with traces of organic impurities present in the
sample or with absorption by CO2 and H2O adsorbed at the
powder surface. The C–O and O–H groups with high energy
vibrations may be present in the samples because the charac-
ter of a sol–gel process involves the decomposition processes
of organic compounds forming a gel. The absorption peak at
527 cm−1 is ascribed to the vibration of the Gd–O bond. The
Gd4O3F6 compound shows also absorption in the range below
400 cm−1 (shown as inset in Fig. 5). The absorption in this
range is observed as a broad peak with the minimum of trans-
mittance at 367 cm−1. The broad shape of this absorption
band can be attributed to the disordered arrangement of the
ions in the crystal lattice of the Gd4O3F6 compound. There is
also similarity in absorption bands in this range between the
monoclinic and tetragonal or cubic REOF.51

The FT-IR spectra of the rhombohedral REOF are much
more complex, demonstrating at least two absorption bands in
this region.52 In the IR spectrum shown in the inset, the struc-
ture of absorption bands is complex due to the nanocrystalline
character of the sample and a large number of IR peaks.

The Raman spectra of the Gd4O3F6 oxyfluoride are shown
in Fig. 6. Six peaks at about 127, 218, 340, 360, 415 and
460 cm−1 can be observed. The lower energy peaks are con-
nected with the movement of heavy Gd–Gd pairs (127 and
218 cm−1).53 The vibrations of the Gd–O group are visible as a
peak at 460 cm−1.52

Fig. 7 shows the XRD patterns of the nanosized Gd4O3F6:
Eu3+ crystals. The positions of all peaks are in good agreement
with those in the pattern calculated for monoclinic Gd4O3F6
with the P2/c space group. The single-phase product with the
absence of any additional peaks from extraneous admixtures
was obtained in the whole range of Eu3+ doping
concentrations.

The structure of gadolinium offers two equivalent cationic
sites Gd(I) and Gd(II) for possible substitution with RE3+ ions.

Fig. 5 IR spectra of Gd4O3F6 nanomaterial.

Fig. 6 Raman spectrum of Gd4O3F6 nanocrystals.

Fig. 7 XRD patterns of Gd4O3F6:Eu
3+ nanophosphors prepared by the

sol–gel method and annealed at 500 °C for 2 h.
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No preferential site substitution depending on the concen-
tration of the dopant and annealing temperature has been
observed. Besides, in comparison with the cell parameters for
0.5% mol Eu3+ ions doped Gd4O3F6 (a = 3.9421(7) Å, b =
11.2169(6) Å, c = 5.5564(9) Å and β = 134.97(4), V = 173.81(731))
the cell volume decreases insignificantly with the substitution
of Gd3+ ions (ionic radius 1.107 Å in ninefold coordination)
with the dopants (the ionic radius of Eu3+ is 1.12 Å).54

Luminescent properties

Fig. 8–10 illustrate the luminescent properties of Gd4O3F6:Eu
3+

materials. Excitation spectra (Fig. 8a) in the range of
200–500 nm indicate the possibility of efficient excitation
dopant emission in the O2−→Eu3+ charge transfer band (CT)
with maximum at 250 nm. The presence of this band is a
result of O2− ions in the structure.55 The energy of O2−→Eu3+

CT could be estimated using the following equation given by
Jørgensen:56

ECT ¼ ½χðLÞ � χðMÞ�ð3� 104Þ ð2Þ
where ECT denotes the position of the CT band (in cm−1), χ(L)
and χ(M) are the optical electronegativities of the anion and
the central metal cation, respectively. For χ(O) = 3.2 and χ(Eu)

= 1.75,57 the calculated CT position should be 43 500 cm−1

(around 230 nm). The measured positions of CT bands in the
excitation spectra of obtained samples were at around 250 nm.
The red shift of the CT band resulted from the difference
between bulk materials, for which eqn (2) was derived, and
nano-sized phosphors.58–61

The remaining narrow excitation bands with maxima above
270 nm are related to the f–f transitions of Gd3+ and Eu3+ ions.
Their narrow character is a consequence of the shielding pro-
perties of the higher energetic 5d and 6s electron sublevels
present in Ln3+ ions. These properties influence the impact of
the surrounding local environment and therefore f–f electronic
transitions are relatively insensitive to the changes in ligands.
These transitions are Laporte forbidden and due to that their
intensities are low unlike that of the CT band, allowed by selec-
tion rules. The transition bands in the spectral range of
270–315 nm are connected with excitation of Gd3+ ions and
confirm the energy transfer (ET) between Gd3+ and Eu3+

ions.40 The other peaks proved the direct excitation of Eu3+

ions. From the excitation spectra, Eu3+ ions at lower concen-
trations can be effectively excited not only in CT but also in ET
bands. However, with increasing Eu3+ concentration, the ratio
between CT and ET changes in favour of the former.

Fig. 8 Luminescence excitation (a) and emission (b) spectra of Gd4O3F6:Eu
3+ samples; (c) integrated luminescence intensity as a function of Eu3+

ions concentration (dots represent integrated area under emission bands; the dotted line is nonlinear fit), (d) comparison of luminescence spectra of
LaOF:Eu3+ and Gd4O3F6:Eu

3+ samples measured under the same conditions.
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The emission spectra obtained under excitation by 250 nm
UV light are presented in Fig. 8b. All emission bands are due
to the transitions from the 5D0 excited level to the 7FJ com-
ponents of the ground state. The most intense emission line
observed at 612 nm is connected with one of the components
of 5D0→

7F2 transition. The sensitivity of transitions within the
f-electron shell of RE3+ ions to crystal field is relatively low.
However, some of the f–f transitions are prone to changes
depending on the symmetry of the local environment. In the
Eu3+ ion, the 5D0→

7F2 transition is sensitive to the Eu3+ local
symmetry and becomes partially allowed when Eu3+ ions
occupy sites of low symmetry (without an inversion symmetry).
Its hypersensitivity is often used to track the structural
changes in the Eu3+ host and surrounding coordination.62 In
the Gd4O3F6 host material, the Eu3+ ions are located in low
symmetry sites, replacing Gd1 or Gd2 ions (both C2v) that
causes a relatively high intensity of the 5D0→

7F2 transition
band.

The highest integral luminescence intensity was measured
for the 10%-doped sample. The value between 5 and 10% is
typical of Eu3+ doped materials, whereas for higher doping the
concentration quenching of the 5D0 excited state occurs.49 This
process can be attributed to the resonance energy transfer
between neighbouring Eu3+ ions or by the transfer to the
crystal defects and impurities. The energy resulting from the
difference between 5D0 and

7FJ manifolds can be cooperatively
transferred between three or four nearest Eu3+ ions.63 The
mechanism of interaction between Eu3+ ions depends on the
critical distance between them.64 The energy transfer between
Eu3+ ions may occur via one of the following mechanisms:
exchange interaction, radiation reabsorption and multipole–
multipole interactions. The critical distance between the
donor and the acceptor can be calculated using the equation
proposed by Blasse.65 In the Gd4O3F6 host material, critical
distance between Eu3+ ions was calculated to be 9.42 Å. For the
distances greater than 5 Å, multipole–multipole interactions
are dominant and are the major cause of concentration
quenching.

The interactions between Eu3+ ions, observed in the oxy-
fluoride host previously,13 also affect the observed decays,
which is discussed below. Phonon relaxation from the 5D0

excited state to the 7F6 level is impossible in most cases due to
a large energy gap between these states. This is particularly
true for Gd4O3F6 due the low phonon energy in this matrix,
which is confirmed by Raman spectroscopy (see Fig. 6).

A comparison of the luminescence properties of tetragonal
LaOF:Eu3+ and monoclinic Gd4O3F6:Eu

3+, prepared in the
same way, shows their similarity but also important differ-
ences (see Fig. 8d). In the first instance, the shapes and widths
of emission bands show that the number of different Eu3+

sites is higher in Gd4O3F6:Eu
3+. The 5D0→

7F0 transition band
is forbidden by the selection rules of f–f transitions, but it
could be observed when Eu3+ ions occupy sites with Cs, Cn, or
Cnv symmetry through the J–J0 mixing effect which is really
achieved in both structures.66 In the LaOF:Eu3+ material, the
intensity of the 5D0→

7F0 line is higher which emphasizes
the difference between these two materials. Also the shape of
the 5D0→

7F0 line in the luminescence spectra of Gd4O3F6:Eu
3+

suggests that it is composed of at least two single peaks con-
nected with two different sites of Eu3+ in the proposed crystal
structure. The remaining emission lines in the luminescence
spectrum of the Gd4O3F6:Eu

3+ material are broadened and
more complex due to the stronger splitting of degenerate 7FJ
states in C2v symmetry than in C4v in LaOF:Eu3+,67 as the split-
ting is generally thinner in a site with lower symmetry.

Emission spectra of the Gd4O3F6:Eu
3+ 2% sample under

excitation with different wavelengths selected from the
UV-VUV range are presented in Fig. 9. The excitation spectrum
measured for the 612 nm line in the UV-VUV range is pre-
sented in the inset as well. It clearly indicates that the emis-
sion of Eu3+ centres in the obtained material can be efficiently
excited in the VUV range. The intensity of the Eu3+ emission is
high under excitation in the fundamental absorption region
below 100 nm (host–Eu3+ energy transfer), while wide and

Fig. 9 Emission spectra of the Gd4O3F6:2%Eu3+ sample measured at
T = 7 K with the use of different excitation wavelengths and the exci-
tation spectrum of the 612 nm emission measured for the Gd4O3F6:2%
Eu3+ sample in the VUV and UV range.

Fig. 10 Luminescence decays of Gd4O3F6:Eu
3+ samples.
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intense bands observed in the excitation spectra between 150
and 200 nm can be associated with F−→Eu3+ and O2−→Gd3+

CT. The spectral range in which the F−→Eu3+ CT band can be
observed can be determined from eqn (2). For χ(F) = 3.9 and
χ(Eu) = 1.75, the calculated CT position should be at
64 500 cm−1 (around 155 nm).68 A similar position of the CT
band (around 150 nm) was experimentally obtained by Ptacek
et al. in the spectra of NaGdF4 nanocrystals doped with Eu3+

ions.69 The calculated, in the same way, position of O2−→Gd3+

CT should be around 145 nm (with the χ(Gd) = 0.91) and the
F−→Gd3+ CT peak should be observed at around 89 700 cm−1

(111 nm).70 The energy of CT between O2− and Gd3+ ions can
be different depending on the host material. It was observed
that O2−→Gd3+ CT has higher energy when occurred in fluo-
rides and the maximum of the CT band can be found at
123 nm and 131 nm in YF3 and LaF3 matrices, respectively.71

In materials containing O2− ions, such as borates, aluminates
and silicates, the maximum of the CT band can be found at
lower energies than that predicted theoretically
(155–184 nm).71,72 The energies of CT are generally dependent
on the surrounding environment and can be different in
various host materials. In our system, the F− →Eu3+ CT band is
red-shifted with respect to the theoretical position. However,
only the band with a maximum at 176 nm can be assigned to
F− →Eu3+ CT because the expected intensity is higher than
that of O2−→Gd3+ CT. In the emission of Eu3+ ions excited by
the O2−→Gd3+ CT, the radiative relaxation of Eu3+ ions is pre-
ceded by the Gd3+→Eu3+ energy transfer that decreases the
efficiency of the whole process. The remaining excitation
bands in the range from 200 to 330 nm are connected with
O2−→Eu3+ CT and Gd3+→Eu3+ energy transfer similarly to
those shown in Fig. 8a and discussed above.

The highest intensity of the Eu3+ emission recorded upon
excitation below 200 nm was recorded at 176 nm. The pro-
perties of efficient excitation below 200 nm make this com-
pound a suitable phosphor for vacuum ultraviolet
applications, such as plasma display panels and Hg-free fluo-
rescent lamps.33,73

Luminescence decay curves recorded for Gd4O3F6:Eu
3+

materials at room temperature are presented in Fig. 10. The
decays are relatively fast for the Eu3+-doped materials; however,
this is an advantage concerning their potential applications as
red emitting phosphors. Average luminescence lifetimes were
calculated by applying the following equation:74

τ ¼
Ð1
0 tIðtÞdt
Ð1
0 IðtÞdt �

Ðmax
0 tIðtÞdt
Ðmax
0 IðtÞdt ð3Þ

where I(t ) represents the luminescence intensity at time t cor-
rected for the background and the integrals are evaluated in
the range 0 < t < tmax, where tmax ≫ τ.

The longest luminescence lifetime was calculated for the
1%-doped sample. Higher concentrations of Eu3+ ions caused
a decrease in lifetime, which resulted from the above-men-
tioned concentration quenching. All depicted curves show a
short rise in their intensities after the laser pulse, especially

visible for the samples with low Eu3+ concentration. This
phenomenon is caused by interactions between Eu3+ ions,
fully described elsewhere.13 In short, Eu3+ ions can exchange
their energies after excitation in several ways. Energy transfer
from the 5DJ ( J > 0) manifold to another Eu3+ ion in the 7FJ
ground state can occur, which affects the relaxation dynamics,
or one of the excited Eu3+ ions transfers its entire energy to
another excited Eu3+ ion in its 5D0 state, doubling its energy
and therefore pumping the emitting, 5D0 state after non-
radiative relaxation from higher excited states.

The emission spectra and luminescence decay curves
measured at 300 K were used for the calculation of the Judd–
Ofelt spectroscopic parameters by the method described
earlier.75–77 According to the Judd–Ofelt theory, intensity para-
meters contain contributions from the forced electric dipole
and dynamic coupling mechanisms and provide information
about the surrounding environment of Eu3+ ions.76–79 The cal-
culated Ω2 and Ω4 parameters are sensitive to the character of
Eu3+ local environment. The changes in the Ω2 parameter
bring information on the covalency of the Eu3+ ion environ-
ment. Its value is high for all samples studied, which confirms
highly polarized surrounding of Eu3+ ions. This parameter is
also connected with the average site symmetry and is high for
the sites with low symmetry. The value of Ω2 slightly increases
with the growing amount of Eu3+ ions in the matrix. This
could be a result of distortions appearing at the Eu3+ site. The
value of Ω4 parameter could be gained by lowering the cova-
lence of the chemical bond between the Eu3+ ion and O2−

ligand ions.80 The electron density decreasing on ligands
results in an increase in Ω4.

The calculated luminescence quantum efficiencies were
high for the samples with Eu3+ concentration up to 5%, which
confirms the effectiveness of the prepared materials as phos-
phors and good properties of Gd4O3F6 as a host material. The
decreased efficiency in the 10%-doped sample was a result of
the earlier mentioned cross-relaxation between Eu3+ ions.
According to Fig. 8c, the highest quantum efficiency should be
expected for the 10%-doped sample, for which the most
intense luminescence was observed. However, the method
used for the calculations, includes also nonradiative processes,
being inversely proportional to the luminescence lifetimes.
Hence, from the calculated total decay rates (see Table 2) we
can estimate that the absorption of light is the highest for the
10%-doped sample; however, there are some quenching pro-

Table 2 Judd–Ofelt parameters and luminescence quantum yields cal-
culated for the obtained oxyfluorides: radiative, nonradiative and total
deactivation rates (Arad, Anrad and Atot), Judd–Ofelt intensity parameters
(Ω2 and Ω4) and quantum yields (η)

Eu
(%)

Arad
(s−1)

Anrad
(s−1)

Atot
(s−1)

Ω2
(10−20 cm2)

Ω4
(10−20 cm2)

η
(%)

0.5 553 56 609 43.7 17.8 91
1 496 84 580 41.0 11.1 85
2 524 77 600 42.8 13.5 87
5 573 5 577 45.2 19.2 99
10 582 222 804 48.2 14.8 72
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cesses (like concentration quenching) which are reflected
in high nonradiative rates and therefore low quantum
efficiency.

Conclusions

Gadolinium oxyfluoride Gd4O3F6 with a new monoclinic
crystal structure was successfully prepared by a modified
Pechini’s method. The prepared materials crystallized as the
monoclinic phase in the P12/c1 (13) space group. In this
crystal structure two types of clusters GdO0.5F·O0.5 and
GdF2·O0.5 are located. Thermo-gravimetric analysis (TGA) was
used to observe the transformation from an amorphous poly-
meric precursor to a crystalline powder, which provided infor-
mation about optimal annealing conditions. X-ray diffraction
(XRD) analysis, IR spectroscopy and Raman spectrum con-
firmed the monoclinic structure of the nanopowders obtained
at 500 °C. Crystal structure parameters were determined with
the help of the Rietveld analysis and compared with the refer-
ence data. The transmission electron microscopy and EDX
spectrum proved the formation of gadolinium oxyfluoride with
the average grain size of 30 nm.

The nanophosphors were effectively excited by the radiation
from the vacuum ultraviolet range with the wavelength of λex =
176 nm and by the UV light, with the wavelength of λex =
250 nm. For the efficient excitation by VUV light, the F−→Eu3+

and O2−→Gd3+ CT processes are suggested to be responsible.
The excitation band related to the O2−→Eu3+ CT allows the
excitation in the UV range. The materials doped with Eu3+ ions
showed intense red luminescence. The recorded emission
spectra were used for calculation of the Judd–Ofelt intensity
parameters indicating highly polarized local environment and
low symmetry of sites occupied by Eu3+ ions. The most
effective dopant concentration was estimated to be 10%.
Although the decay times of the emission of Eu3+ ions were
relatively short, ranging from 1.42 to 2.42 ms, the calculated
luminescence quantum yields were high which makes the pre-
pared materials interesting phosphors sensitive to the VUV
and UV excitation.
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