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Abstract--The FT-IR absorption, FT-Raman scattering, X-ray powder diffraction (XPD), and thermo- 
gravimetry were used to explore the non-stoichiometry in LaOF. The TGA-DTA analyses between 30 and 
1500°C showed that the LaO~ _xFl+ 2x phases yielded the stoichiometric LaOF as an intermediate product. The 
temperature of formation of the LaOF and La203 increased with increasing excess of fluoride. 

The room temperature XPD data in 6.5 ~< 20 ~< 121 ° range were analyzed by the Rietveld profile refinement 
method and subsequently by the bond valence calculations. All LaO~_~F~ +2x phases possess the tetragonal 
PbFCl-type structure (space group : P4/nmm ; Z = 2) while the stoichiometric LaOF has the hexagonal SmSI- 
type structure (space group: R~m; Z = 6). The unit cell parameters a and c as well as the global instability 
index (GII) values increased with increasing excess fluoride. The GII  value for each LaO~_xF~ +2~ exceeded 
the limit (ca 0.2) for a possible breakdown of the tetragonal structure indicating the inherent instability of 
these phases. 

The room temperature FTIR and FT-Raman spectra between 100 and 500 cm -~ and 50 and 1000 cm -~, 
respectively, were investigated using the factor group analysis to get more information of the local structure in 
LaOF. All four IR modes (2Azu+ 2Eu) for the both forms and five of the six Raman modes (3A~g+ 3Eg and 
A~g+ 2B~g + 3Eg) for the hexagonal and the tetragonal form, respectively, were observed. The Raman spectra 
of the tetragonal LaOC1 and all LaOI_,FI  + 2x were found remarkably similar. © 1997 Elsevier Science Ltd 

Keywords: lanthanum oxyfluoride ; non-stoichiometry ; X-ray powder diffraction; Rietveld refinement; bond 
valence ; Raman scattering ; thermoanalysis. 

A careful analysis of many inorganic solids reveals 
that the stoichiometric ratios frequently assume non- 
integral values. In addition, the compounds usually 
exhibit a more or less wide range of composition. 
The ionic compounds tend more often to show non- 
stoichiometry than the covalent ones since the intro- 
duction of ions in excess requires less energy than 
breaking bonds [1]. However, the non-stoichiometric 
compounds are frequently of potential use to industry 
because their electronic, magnetic, optical, and mech- 
anical properties can be modified by changing the 
composition of the compound. 

* Author to whom correspondence should be addressed. 

The X-ray and neutron diffraction are the most 
frequently used methods to study the crystal structure 
but these methods usually yield only the average struc- 
ture which omits the precise structural information 
[2]. It is hence rather difficult to determine the exact 
structure of the non-stoichiometric compounds. A 
technique sensitive to the local structure is needed. 
The plausible candidates include the spectroscopic 
methods, e.g. the IR absorption and Raman scattering 
techniques. The luminescence spectroscopy may, how- 
ever, be the most sensitive technique to probe the local 
structure involving the study of the emission spectra 
of an impurity voluntarily introduced to the lattice 
[3]. The use of this technique is limited by the choice 
of the suitable luminescent probe for each compound 
to be studied. 
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Various structures have been reported for the ionic 
rare earth oxyfluorides (LnOF) in the literature. The 
stoichiometric Ln oxyfluorides belong to the hex- 
agonal crystal system [4]. At high temperatures, the 
existence of a cubic phase has been indicated [5] as 
well as of a monoclinic phase for the heavier Ln oxy- 
fluorides [6]. However, the Ln oxyfluorides are also 
known to exhibit non-stoichiometry with the for- 
mation of phases with excess fluoride, LnO~_xF~ +2,, 
[7]. Some of the phases in this system have been 
assigned to different crystal systems, e.g. compositions 
LaO065F~ 70 and SmO070F~ 60 with the tetragonal [8] 
and orthorhombic [9] structures, respectively. 

Since the information concerning other than struc- 
tural properties of the Ln oxyfluorides are sometimes 
as confused (and confusing) [10] as the structural 
information available, we have in the present inves- 
tigation carried out the far-FTIR absorption, FT- 
Raman scattering, X-ray powder diffraction (XPD), 
and simultaneous TGA-DTA studies of the LaOF 
system. The experimental data were analyzed by the 
factor group analysis (IR and Raman), and the Riet- 
veld profile refinement (XPD) methods [l l]. The 
structural data were subsequently treated according 
to the bond valence method [12] in order to find out 
the relative stabilities of the different lanthanum oxy- 
fluoride phases. 

EXPERIMENTAL 

Sample preparation 

According to the literature data, the Ln oxy- 
fluorides can be prepared by using several different 
techniques such as the hydrolysis of LnF3 at 500- 
900°C [7], heating of the Ln203-LnF3 mixture at 900- 
1200°C [13], heating of the Ln203-NH4F mixture [14], 
and, in general, by thermal decomposition of fluorine 
containing compounds as Ln fluorocarbonates [15]. 

In the present study, the lanthanum oxyfluorides 
were prepared by the solid state reaction between the 
high-purity (99.99%) La203 and ammonium fluoride 
at 1050'C for 1.5 h in static ambient atmosphere. The 
initial NH4F/La203 ratios were selected between 2.00 
and 2.75 but the final composition of the samples was 
verified later by thermal analysis. The LaO~_~FI+2, 
phases were doped with a small amount (1 mol%) of 
Eu 3+ for the eventual luminescence measurements. 

Thermal analysis 

The fluoride content and thermal decomposition of 
the LaO~_~Ft+2x phases were studied by using the 
simultaneous TGA-DTA technique with a SDT 2960 
(TA-Instruments) apparatus. The ca 10 mg samples 
were heated in A1203 crucibles from 30 to 1500°C with 
a heating rate of 5 ° min J in air with a flow rate of 
100 cm 3 min ~. Anhydrous A1203 was used as the 
DTA reference material. 

The straightforward calculations based on the TGA 
curves indicated that the x value in LaO~_xF~+2,. 
changes from 0 to 0.3, which is far below the initial 
values aimed at with the NH4F/La203 ratios used in 
the preparation of these phases. 

Optical measurements 

The FTIR absorption investigations were carried 
out at room temperature between 100 and 500 cm -~ 
with a Mattson Galaxy series FTIR 4060 spec- 
trometer. Standard polyethylene technique was used 
for the sample preparation. 

The room temperature FT-Raman scattering spec- 
tra were measured with a Bruker FRA 106 FT-Raman 
accessory between 50 and 1000 cm -I. The Y A G : N d  
laser was used at the wavelength of 1064 nm. The 
resolution of both the FTIR and FT-Raman set-up 
was 4 cm-t. 

X-ray powder diffraction measurements 

The X-ray powder diffraction patterns of the lan- 
thanum oxyfluoride samples were measured with a 
Enraf-Nonius PDS120 X-ray powder diffractometer 
(Cu-K,, radiation, 2 = 1.5406 A) equipped with INEL 
CPS120 position sensitive detector. The measure- 
ments were carried out at room temperature between 
6.5 and 121.6 ° in 20. Silicon powder (NBS standard 
640b) was used as an external standard. The angular 
resolution of the apparatus was better than 0.018 ° . 

RESULTS AND DISCUSSION 

Thermal stabi6ty 

The aim of the thermogravimetric measurements 
was two-fold : first, they were carried out to investigate 
the precise composition of the non-stoichiometric 
LaOj ,F~ +2x phases. These results have already been 
described above. Secondly, the thermal stability of the 
LaO~ ~F~ +2x phases and, especially the intermediate 
products were of interest since it has been proposed 
that a cubic LaOF phase--corresponding to the ideal 
fluorite structure--may be obtained at high tem- 
peratures [5]. 

The experimental results (Fig. 1) reveal indeed that 
a stoichiometric LaOF phase is obtained irrespective 
of the composition of the initial LaO1 xF~+ z,- phase. 
The temperature of appearance of the LaOF phase 
increases with increasing excess fluoride from 875 up 
to 995°C. The end product, La203, is formed at 1425°C 
for the non-stoichiometric phases and at a con- 
siderably lower temperature, 1370°C, for the stoi- 
chiometric LaOF phase. 

In the present study, no rhombohedral to cubic 
phase transformation could be observed at around 
494°C reported earlier [16]. This may be due to the 
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Fig. I. Thermal decomposition of the non-stoichiometric 
tetragonal LaO0.70F L 6o phase. 

limited sensitivity of the apparatus because of a very 
weak DTA signal caused by the phase transformation. 
It has also been pointed out that no transition to the 
cubic phase occurs if the starting phase was a non- 
stoichiometric tetragonal NdOF [5]. 

Structure refinement 

The XPD data were analyzed with the Rietveld 
profile refinement method [11] by using the DBWS- 
9006PC program [17]. The Rietveld method is based 
on minimizing the residual S v equal to the sum of the 
square of the difference between the observed and 
calculated intensity for every data point in the diffrac- 
tion pattern. The Rietveld analyses were performed 
with the data between 20 and 120 + in 20 (Fig. 2). 

The unit cell, atomic position, isotropic tempera- 
ture, Gaussian profile form and background par- 
anaeters were all refined but not always 
simultaneously. The parameter refinement scheme has 
been described in detail elsewhere [18]. The Gaussian 
profile function was corrected for asymmetry for all 
reflections with 20 less than 100 °. The refinement for 
the stoichiometric LaOF was carried out according to 
the hexagonal crystal system while both the tetragonal 
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Fig. 2. The observed (scatter), calculated (solid line) and 
difference (lower) X-ray powder diffraction patterns for 
LaO070F] 6o at room temperature (2 = 1.5406 A.). The insert 
depicts the (022) reflection area indicating no splitting and 
thus no decrease in crystal symmetry from tetragonal to 

orthorhombic. 
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and orthorhombic systems were used for the non- 
stoichiometric LaO, _~F~ +2x (0.05 ~< x ~< 0.3) phases. 

The treatment of the non-stoichiometry in 
LaO~_~F,+2~ was based on the assumption that the 
F ions share the 02 site in the tetragonal form of 
LaOF ; space group : P4/nmm ; no. 129 (Z = 2). This 
is rather difficult to prove experimentally since the X- 
ray scattering factors for the F and O 5- ions are very 
similar and, in practice, the two ions are indis- 
tinguishable. The interstitial positions occupied by the 
excess F -  ions were not considered since there was not 
found any spectroscopic evidence as to the existence of 
these site (cf. below). 

The least-squares calculations were carried out until 
a constant R~p value was obtained in the refinement 
between the entire observed and calculated powder 
diffraction pattern. The Rwp values used as a figure of 
merit of the refinement varied between 5.5 and 9.2% 
(Table 1) and are satisfactory for such a complicated 
non-stoichiometric system. One of the most probable 
reasons for the deviations is the significant overlap of 
the Bragg reflections in the spectra. Some discrepancy 
may be also due to the preferred orientation effect 
since the structures, especially of the tetragonal phase. 
consist of layers which results in the macroscopic tex- 
ture of the samples. No further attempts to correct for 
the preferred orientation were carried out since most 
of the models used at the moment to account for this 
effect cannot be considered sufficient. Moreover, the 
experimental and calculated intensities of reflections 
at low 20 values showed no pronounced deviations. 
The lowest Rwp value was obtained for the stoi- 
chiometric LaOF phase. The Rwp values for the tetra- 
gonal and orthorhombic refinements were practically 
the same, but the latter ones were never lower than 
the former. 

The unit cell parameters a=4.0534(6) and 
c=20.1961(5) /~ (space group: R3m; Z = 6 )  
obtained for the hexagonal LaOF are more accurate 
than, but not significantly different from, the literature 
values (a = 4.051 and c = 20.121 A [7]). The cell par- 
ameters for the tetragonal LaO, xF]+2.+ phases (Fig. 
3) grow slightly as the parameter x increases. The 
refinement according to the orthorhombic system 
gave quite similar results to the tetragonal one. The a 
and b parameters differed only slightly, at the most a 
few hundreds of A, and the Rwp values were almost 
identical. It was thus concluded that it was not poss- 
ible to observe the lowering in symmetry from tetra- 
gonal to orthorhombic by the X-ray powder 
diffraction. Moreover, from the reflection profiles (q/~ 
the insert of Fig. 2), there was no evidence found for 
a real decrease in the crystal symmetry, and thus the 
results for the orthorhombic system are not presented 
here. 

According to the Rietveld refinements, the struc- 
tures of both the hexagonal and tetragonal LaOF 
possess the typical Ln oxycompound structure with 
distinct alternating layers of the complex cation 
(LaO)~ + and the fluoride anions. The difference 
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Table 1. The unit cell, atom positional, isotropic temperature parameter and Rwp values for the LaO~ _~F1 +2~ (0 ~< x ~< 0.3) 
phases 

Host a (/~) c (A) ZL, Zv ZO BL~ Bv Bo R,p (%) 

LaOF" 4.0534(4) 20.1961(10) 0.24249(1) 0.37068(6) 0.11902(7) 0.34426 0.00560 0.40145 5.5 
LaO0.95FH0 4.0850(4) 5.8320(7) 0.27592(4) - -  - -  0.20117 0.94037 0.30822 7.5/8.1 
LaO09,F~ 8 4.0906(2) 5.8386(4) 0.27991(3) - -  - -  0 .29723  0.80654 0.12877 7.8/7.2 
LaO0.sgF~22 4.0942(2) 5.8423(3) 0.28057(3) - -  - -  0 .19775  0.94037 0.30822 7.4/7.4 
LaOossFt30 4.0927(1) 5.8386(2) 0.27887(3) - -  0.19775 0.94037 0.30822 6.2/9.2 
LaO083F134 4.1202(2) 5.8765(4) 0.27998(4) - -  0.25454 0.89188 0.07618 8.7 
LaO072Ft56 4.1089(1) 5.8593(3) 0.27520(4) - -  0.24595 0.94261 0.50000 8.1 
LaO070F~.6o 4.1120(1) 5.8599(3) 0.27255(4) - -  - -  0.30337 0.96510 0.71703 8.3 

"Hexagonal crystal system. 
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Fig. 3. Evolution of the unit cell parameters in the 
LaO~ _xF~+2, series. The estimated standard deviations of 
the parameter values are smaller than the symbol height used 

in the figure. 

between the two structures lies in the linking of  the 
OLa4 units, which is two-dimensional in the hexagonal 
and three-dimensional in the tetragonal LaOF.  The 
symmetry of  the lanthanum site in the hexagonal 
LaOF is C3v due to the bicapped trigonal antiprism 
arrangement of  four oxygens and four fluorines. In 
the tetragonal non-stoichiometric structure, the La 3+ 
ion is also eight coordinated to four oxygens and four 
fluorines but now forming a distorted tetragonal prism 
with a Cav site symmetry. According to previous lumi- 
nescence study of  the Eu 3+ doped LaOF and 
LaO1 _~F, +2x [19], the C4v symmetry is well preserved 
which means that the excess fluorine is not  directly 
coordinated to the lanthanum. 

The Ln- - l igand  distances in the two forms are sig- 
nificantly longer for the non-stoichiometric than for 
the stoichiometric LaOF and the L n - - F  distances are 
longer than the corresponding L n - - O  ones in both 
phases (Table 2). The evolution of  the L n - - F  and 
L n - - O  distances in the LaO1 _xF, +2.,+ series reveals an 
interesting detail:  for the x value between 0.10 and 
0.18 there seems to be a minimum (maximum) for the 
L n - - O  ( L n - - F )  distances. No such behavior could 
be observed for the cell parameters. The evolution of  
the Ln- - l igand  distances may be due to the changes 
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Fig. 4. Evolution of the interatomic Ln--ligand distances in 
the LaO~ _,F~ +2x series. 

Table 2. The Ln--O and Ln--F distances in the lanthanum 
oxyfluoride phases 

Host Ln--O distance (A) Ln--F distance (A) 

LaOF 2.408(5) a 2.494(23) b 2.578(10) "2.589(26) h 
LaOo~95 F,,o 2.425 (4) 2.600 (4) 
LaOo 9tF~. ,8 2.415(4) 2.618(4) 
LaOo.89F, 22 2.415(4) 2.623(4) 
LaOo.85F, 30 2.419(4) 2.615(4) 
LaOo.83F,.34 2.432(4) 2.637(4) 
LaOo 72F~ 56 2.440(4) 2.612(4) 
LaOo 7oF,.6o 2.450(4) 2.603(4) 

Three distances. 
One distance. 

in the packing of  the excess fluorines in the interstitial 
positions in the fluorine layer. 

Bond valence model calculations 

The bond valence model provides a useful and 
quantitative description of  inorganic bonding in ionic 
solids [20,21]. In this model, the bond valence cal- 
culated from the experimental structural data for each 



Non-stoichiometry in lanthanum oxyfluoride 

ion in the structure is compared to the nominal 
valence. The difference between the bond valence and 
the nominal valence describes the strains present in the 
compound. In compounds with bonds of intermediate 
strength (e.g. the oxides and halides of di- and tri- 
valent cations), the relaxation of  the strains can result 
in the non-stoichiometry, stabilization of unusual oxi- 
dation states, distortions in bonding or lowering of 
the crystal symmetry [22]. With the aid of the bond 
valence concept, detailed insight to the inherent insta- 
bility of  the compounds, or of  the instability of  a 
crystal structure vis-g~-vis to another polymorph can 
be obtained for an individual compound [23] or for a 
series of compounds [24]. 

The bond valences, s o for each cation-anion pair 
can be obtained from the comparison between the 
experimental interatomic bond distances R 0 and the 
characteristic distance R0 (eq. (1) [12]) : 

s 0 = exp [(R0 - Ro.)/B], (1) 

where B is a universal constant equal to 0.37 [12]. The 
Ro values can be found in tabulated form for the most 
frequent cation-anion pairs for oxides and halides 
[21,251. 

The global instability index (GII) value (eq. (2)) 
derived from the bond valence model can be used to 
estimate the stability of the structure studied [23]. This 
quantity is defined by a further comparison between 
the calculated bond valences s o and the formal valence 
V~ for all the species N in the asymmetric unit of the 
unit cell (eq. (2) [23]) : 

GII  = S ~ -  (2) 

The global instability index describes also the 
strains in the structure and put thus a limit to the 
maximum allowable distortion. According to an 
empirical formulation, if the GII value exceeds 0.2 
the structure becomes unstable and faces a possible 
collapse or a phase transformation [26]. 

The global instability index as a function of the x 
value in LaOl_xF~+2~ increases with the increasing 
excess fluoride indicating diminishing stability with 
increasing non-stoichiometry. The GII  values for all 
the LaO~_~F~+ 2x phases are significantly greater than 
for the stoichiom~tric LaOF phase, and exceed for 
most phases the limit of 0.2 for a breakdown of the 
tetragonal structure. This was effectively shown by the 
TGA measurements since the thermal decomposition 
of the non-stoichiometric phases yielded always the 
stoichiometric LaOF as an intermediate phase. There 
is no correlation between the Rwp and GII values 
which indicates that the GII value is independent of 
the quality of the structure solution and is a mean- 
ingful quantity appropriate to each structure. 

Factor group analysis 

The factor group analysis was employed to find out 
the number of the IR and Raman active vibrational 
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Fig. 5. Evolution of the Global Instability Index (GII) in the 
LaO~ xFt+2., series. 

modes in the LaOl_xF1 + 2x system and, subsequently, 
information on the local structure around the La 3+ 
ion. According to the X-ray powder diffraction data 
presented above, the stoichiometric LaOF belongs to 
the hexagonal and the non-stoichiometric phases to 
the tetragonal crystal system. 

The theoretical analysis yielded a division of the 
3N = 18 degrees of freedom into 10 modes in the 
center of the Brillouin zone (with acoustic modes 
excluded) of the following symmetries : 

Frhombohedral ~--- 3Aig+2A2u+3Eg+2Eu (3) 

Ftetragonal = A~g + 2Big + 2A2, + 3Eg + 2E u (4) 

According to the group theoretical selection rules [27], 
the gerade modes 3Alg+3Eg (rhombohedral) and 
Aig+2Blg+3Eg (tetragonal) are Raman active 
whereas the ungerade modes 2A2u + 2E, (both forms) 
are IR active. 

FT-IR and FT-Raman spectra 

The results of the factor group analysis were com- 
pared to the experimental data. All of the four IR 
active vibrational modes (2A2u+2E,) for the both 
forms and five of the six Raman active vibrational 
modes for the hexagonal (3Alg+3Eg) and the tetra- 
gonal form (Aig+2Blg+3Eg) were observed in the 
vibrational spectra of LaOF and LaO0.85F~ 30, respec- 
tively (Figs 6 and 7). 

The results obtained for the stoichiometric LaOF 
phase agree well with a previous study [28]. The 
change in the structure of the lanthanum oxyfluoride 
was accompanied by significant modifications in both 
the FT-Raman and FT-IR spectra. The modifications 
were observed more quantitatively in the FT-Raman 
(Fig. 7) than in the FT-IR spectra, though there was 
not much similarity in the latter either (Fig. 6). More- 
over, the Raman spectra changed as a function of 
the excess fluorine since the low frequency vibrations 
(below 230 cm-1) decreased in intensity with increas- 
ing excess of fluorine. This might be correlated with 
the local disorder due to the introduction of the excess 
fluorine in the interstitial positions in the fluorine 
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100 " ( ~ / ~  . . . . .  # LaO1 -xFl + 2x phase and was significantly greater than 
,.. L a O F  [ that for the stoichiometric LaOF. 

oo All LaO:_xF~+2x phases possess the tetragonal 
PbFCl-type structure with P4/nmm (Z = 2) as the 

60 space group. No evidence supporting a symmetry 
C 
¢0 decrease from tetragonal to orthorhombic structure 

40 "~ was obtained either from the quality of Rietveld 
m'- refinements, the splitting or the width of reflections. 

20 In agreement with the spectroscopic studies of the 
Eu ~+ doped materials no significant distortions of the 

0100 200 300 4OO S00 environment of the lanthanum from tetragonal sym- 
Wavenumber (era 1) metry was observed from the IR and Raman spectra. 

Fig. 6. Comparison of the FT-IR absorption spectra of the The similarity of the Raman spectra to the tetragonal 
stoichiometric LaOF and non-stoichiometric tetragonal LaOC1 confirmed the tetragonal structure of the non- 

LaO089FL22 phase, stoichiometric LaO~ xF] +2x phases. The position of 
the excess fluoride atoms could not be determined but 
it is evident from the spectroscopic data that they are 
not coordinated to the host cation. 
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Fig. 7. Comparison of the FT-Raman scattering spectra of 
tetragonal LaOC1, stoichiometric LaOF and non-stoi- 

chiometric tetragonal LaO08~F] 30 phases. 

layer. The high energy vibrations seem to be constant 
irrespective of the fluorine content of the LaOF phase. 
However, the unambiguous assignment of the 
vibrations is not possible due to the lack of single 
crystal data. 

Despite the structural isomorphism, the similarity 
between the Raman spectra of the tetragonal non- 
stoichiometric LaOj _ xFl+ 2x phase and the tetragonal 
LaOCI is striking (Fig. 7). The comparison of the 
spectra facilitated the assignment of some of 
vibrational modes e.g. the vibrations around 440 and 
125 cm ' involve clearly the L n - - O  vibrations 
whereas the other lines originate from vibrations 
involving the fluorines, too. 

CONCLUSIONS 

The stability of the non-stoichiometric LaO1 _xF: + 2.~ 
(0.05 ~< x ~< 0.3) phases was found inferior to the stoi- 
chiometric LaOF since the latter phase appeared 
always during the thermal decomposition. Moreover, 
global instability index value calculated according to 
the bond valence model exceeded 0.2 for each 
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