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We present a combined structural analysis on the powder of the Ca,AlzOgF phase using X-ray diffraction
(XRD) and Raman spectroscopy techniques. The crystal structure of Ca,AlzOgF has been refined in the
rhombohedral system, R3 space group, a = 17.3237(7) A, ¢ = 7.00017(4) A, V = 1819.38(2) A3, Z = 6. The
Ca,AlzOgF phase consists of almost ideal AlO,4 tetrahedrons linked through corners, Ca®* ions in voids,
and F~ ions disordered over 6 sites around the Ca2 ion. The two different Ca sites have also been
verified by the photoluminescence spectrum and decay curves using Eu?* as the probe ion substituted

Received 8th September 2013, onto the Ca®* sites. A lattice dynamics simulation based on the simplified version of the Born—Karman

Accepted 30th October 2013 potential model has been produced. Calculated Raman phonon modes agree qualitatively well with the
experimental data. The calculations show that the strong line at 538 cm™ (Ag) corresponds to the vibrational

mode of a six-membered AlO4 tetrahedrons ring, and the line at 572 cm™t (Ag) corresponds to the full
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1. Introduction

The incorporation of halogen ions into an oxide crystal lattice
leads to a competition between anions for the valence electrons
of metal ions. This results in pronounced distortion of the
coordination polyhedrons, anion disordering and sequent phase
transitions on temperature variation, bond ionicity variation and
other effects common in oxyhalogenides.'™ Due to these effects,
oxyhalogenides possess a pronounced ability for the generation
of non-centrosymmetric structures, accommodation of doping
elements, specific electronic structure and unusual spectroscopic
properties that gives a potential for the creation of new technol-
ogically important multifunctional materials with ferroelectric,
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symmetric vibration of fluorine atoms in the ab crystal plane.

luminescent, electrochemical and non-linear optical properties.®™*
In comparison to other oxyhalogenides, the oxyfluorides are of
special interest because effective ionic radii of 0>~ and F~ ions
are comparable and the stable anionic sublattice can be formed
at different O/F ratios."* Many oxyfluorides with valuable pro-
perties and high chemical stability in the air environment have
been discovered in the past. In particular, oxyfluorides can be
found as the efficient phosphor hosts in some references."

Recently, interesting luminescence properties were also
found in Ca,Al;O0¢F oxyfluoride activated with rare-earth ions
by our research group.'>*® This compound was firstly detected
in the CaO-Al,03;-CaF, ternary system and reported as being
hexagonal with unit cell parameters a = 17.29 A and ¢ =7.01 A."”
As for physical properties, density, melting point and refractive
indices were measured using a Ca,Al;O4F occasionally found in
experiments with aluminous cements. Commonly, an admixture of
Ca,ALOgF can be found in CaO-Al,0;-CaF, slags with different
compositions.’”*® The crystal structure of Ca,Al;O6F, however,
remains to be unknown although it has been proposed as an
efficient host for luminescent materials. Therefore, the present
study aims to produce a complex evaluation of the crystal and local
structure of the Ca,Al;O¢F oxyfluoride by X-ray diffraction methods
and Raman spectroscopy. Based on the present study, it is expected
that the combined physical and chemical methods to resolve the
crystal structure and local structure of the new inorganic phase will
be established, which will be helpful to understand the new
functional materials and develop new applications.
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2. Experimental methods

The Ca,Al;O6F polycrystalline powder was prepared by a conven-
tional solid-state reaction from high-purity (>99.95%) starting
materials of CaCOj, Al,O3, and CaF,, which were all purchased
from the Beijing Chemical Company, China. In a typical pro-
cedure, all the starting materials were weighted according to the
given stoichiometric ratio except for some excessive CaF, (5 wt%)
and the corresponding decreased CaCOj3, which was necessary to
compensate for the fluorine loss at high temperatures. After this,
the reagents were mixed and carefully ground in an agate mortar.
Then the prepared charge was placed into an alumina crucible
and was fired at 1250 °C for 4 h. It was found that a higher
temperature (>1250 °C) and longer synthesis time (>4 h) are
dangerous to give a loss of the fluorine component, which in turn
induces deviations of the phase and chemical composition. After
the heat treatment, the sample was furnace-cooled to room
temperature and ground again up to fine powder suitable for
structural analysis and spectroscopic measurements.

Powder X-ray diffraction data were collected on a Rigaku
Ultima IV diffractometer using Cu-Ko radiation operating at
40 kv and 40 mA. The beam was controlled by a 0.5° fixed
divergence slit and a 5 mm receiving slit. The diffraction data
were collected using the high-speed D/teX Ultra detector in
0.02° steps over the wide 20 range of 3-139° with a scan speed
of 1° min~". The cell parameters and space group were found
using the program DASH 3.3 and the program TOPAS 4.2."%%°

The room temperature emission spectrum was measured on
a Hitachi F4600 fluorescence spectrophotometer with a photo-
multiplier tube operating at 400 V, and a 150 W Xe lamp was
used as the excitation source. The decay curves were recorded
on a JOBIN YVON FL3-21 spectrofluorometer, and the 370 nm
pulse laser radiation (nano-LED) was used as the excitation
source. The Raman spectrum was measured on a PerkinElmer
Flex-400 device (laser wavelength = 785.14 nm, power = 80 mW,
CCD dimensions: 1024 x 255) at a temperature of 7= —50 °C.

3. Computational methods

The vibrational representation for the rhombohedral phase at
the Brillouin zone center is:

Lyibr = 25A44 + 25E4 + 25A, + 25E, (1)
Acoustic and optic modes:
Iacoustic = Au + Ey (2)
Foptic = 25A1g + 25E4 + 24A,, + 24E, (3)
Infrared and Raman active modes:
Tinfrarea = 24A, + 24E, (4)
I'kaman = 25A,g + 25E, (5)

To calculate the Ca,Al;O4F vibrational spectrum, the program
package LADY was used.”" A simplified version of the Born-
Karman model was explored to define the atomic vibrations.>?
In this approximation, the pair-wise atomic interactions are
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considered and only bond-stretching force constants 4 = R
(E - energy, R - bond length) are taken into account. The
simplified version of the Born-Karman model implies that
A level is dependent on R and the A(R) functions are the same

for all atom pairs:

A= Jexp(-ryip), (6)

where r; is the interatomic distance and 4 and p are the
parameters characterizing the pair interaction. To find the
parameters of the model, an optimization program was written
and tested previously for several crystals.>® The lattice stability
conditions were taken into account. The model parameters
used in eqn (6) can be found in Table S1 (ESIf).

The lattice vibration calculation consists of an evaluation
and diagonalization of the dynamic matrix Dy:

Dy = ﬁ‘ﬁf‘v - ;Dvﬁm = Jnhin )
where V" are the atomic force constants. Thus, the eigenvalues
/n and eigenvectors £;, were determined that enable the phonon
frequencies

Wy =\ 2 (8)
and the corresponding atomic displacements (mass-weighted
eigenvectors)

1 b — dxi
VM " dQ,
to be obtained. An expression for the Raman scattering inten-
sity is given by

©)

Cin =

L= & en (10)

o0

where ° = are atomic derivatives of the dielectric constant.

Xi

4. Results and discussion

The structural analysis reveals that the Ca,Al;0¢F crystal is
trigonal with unit cell parameters a = 17.305 A, ¢ = 6.9925 A. The
most probable space groups are R3, R3, R3m, R32 and R3m.
Therefore, the structure solving in these two lowest point
groups, R3 and R3, will account for all possible solutions in
higher point groups. The program TOPAS 4.2 was used to solve
and refine the crystal structure. Initially, it was decided to solve
the structure in the R3 space group. It was solved using a
simulated annealing procedure applied to the randomized
coordinate and orientation of two AlO, tetrahedrons and two
Ca ions. The dynamical occupancy correction of the atoms was
used to merge the tetrahedrons and adjust the occupancy of
atoms falling in a special position.>**® After the calculations,
a solution was found with R,;, = 16.3%. Then, the simulated
annealing procedure was applied to the F atom. Other atoms
were constrained. Finally, atom F was localized in the18f
Wyckoff position near Ca2 and R,, = 13.8% was achieved.

Phys. Chem. Chem. Phys., 2014, 16, 5952-5957 | 5953
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Fig. 1 X-ray diffraction pattern of Ca,AlzOgF.

The chemical sum formula of Ca,Al;OcF requires the occupancy
of two-thirds of the 18 sites used by fluorine atoms. One can see
that atom F is disordered in structure. The refinement of this
crystal structure with the isotropic thermal parameters of all
atoms was stable and gave a low Ry factor and Ry, = 7.38%
(Fig. 1). The main parameters of refinement are given in Table 1.
The impurity of residual CaF, was detected and relative phase
amounts in the mixture were refined. It was found that the
components of Ca,Al;OsF and CaF, are 98.6(1)% and 1.4(1)%
in the mixture, respectively. The structural analysis of Ca,Al;O¢F
using the program PLATON did not reveal additional elements of
symmetry.”® Therefore, the R3 space group was chosen correctly,
and the selection for R3 is ideal for this structure and there is no
reason to increase symmetry. Further details of the crystal structure
may be obtained from Fachinformationszentrum Karlsruhe on
quoting the deposition number CSD-426334 and the supporting
information containing the CIF file.>” The coordinates of atoms in
Ca,Al;O6F, space group R3, are given in Table 2.

The crystal structure of Ca,Al;0¢F is shown in Fig. 2 in the
projection of the unit cell on the ab plane. The structure
consisted of almost ideal AlO, tetrahedrons linked through
the corners, the Ca*>" ions are in voids, and the F~ ions are
disordered over one site and 6 sites around the Cal and Ca2
ions, respectively. Only two tetrahedrons are linked in each node.
The corner-linked Al1l tetrahedrons form six-membered rings as
shown in Fig. 2 and 3. The Ca2 ion is in the center of the ring and
has a special 6¢ position on 3-fold axis. The Cal ion is in the
general 18f position. The Al2 tetrahedrons linked through

Table 1 Main parameters of crystal structure refinement
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Table 2 Fractional atomic coordinates and isotropic or equivalent isotropic
displacement parameters (A?)

x y z Biso*/Beq  Occ. (<1)

Cal 0.22316 (10)  0.41486 (10) 0.0760 (2) 2.24 (5)

Ca2 0 0 0.2771 (4)  2.63 (8)

All  0.59279 (16)  0.45660 (17) 0.2984 (3) 1.85 (6)

Al2  0.64325 (17)  0.05015 (16) 0.1027 (4) 1.82 (6)

01 0.5943 (3) 0.5403 (3)  0.4458 (6) 1.57 (11)

02 0.1400 (3) 0.1113 (3)  0.1173(6)  2.59 (13)

03 0.5582(3) 0.0773 (3) 0.1175 (6)  2.16 (11)

04 0.6009 (3) —0.0578 (3)  0.1941 (6) 1.98 (12)

F 0.3411 (8) 0.5681 (6)  0.1799 (12) 7.6 (3)  0.6667

Space group R3

a; A 17.3237(7)

¢, A 7.00017(4)

v, A® 1819.38(2)

zZ 6

20-interval, °© 9-139

Number of reflections 772

Number of parameters of refinement 62

Ry % 7.380

Ry, % 5.296
Brager %0 3.445

% 1.971

5954 | Phys. Chem. Chem. Phys., 2014, 16, 5952-5957

Fig. 2 The crystal structure of Ca,AlzOgF, and the unit cell is outlined.

AI2

Fig. 3 The helicoid formed by Al2 tetrahedrons and the six-membered
ring formed by All tetrahedrons.

This journal is © the Owner Societies 2014


https://doi.org/10.1039/c3cp53816h

Published on 05 November 2013. Downloaded by State Public Scientific Technical Library, Siberian Branch of the RAS on 10/29/2020 10:22:37 AM.

Paper

Fig. 4 (a) Cal coordination; (b) Ca2 coordination.

corners form a helix along the c-axis, as shown in Fig. 3. The
helices and six-membered rings are linked each other and form
a 3d-network. Since the Cal and Ca2 ions are independent, they
have distinct coordination as shown in Fig. 4. Cal forms a
square antiprism (Fig. 4a), and Ca2 forms the polyhedron with
9 nodes where 6 nodes are occupied on 2/3 by the F~ ions
(Fig. 4b). All d(Ca-O) bond lengths are in the range of
2.098-2.86 A that is well related to the conventional Ca-O bond
length range in pure oxides.*® Two d(Ca-F) bond lengths found
in Ca,Al;O¢F are slightly above the maximum Ca-F bond length
2.362 A recommended by the International Tables.*® This
difference may be interpreted as evidence that the structure
should be properly described in terms of a lower space group.
But the refinement of structure in the asymmetric R3 space
group was unstable and gave worse R-factors. The complex
anion sublattice and partial F position occupancy, on the
other hand, may be the factors inducing the d(Ca-F) value
above the range of d(Ca-F) in pure fluorides. As an example,
in the structure of CagAl,O,¢F, due to Ca and F disorder, the
d(Ca-F) bond lengths are reported to be in the range of
2.31-2.82 A.*° Evidently, atom disorder complicates the bond
length analysis, and, moreover, partial occupancy of light atom
positions leads to an inaccuracy of their coordinate determina-
tion. The high thermal parameter of F also indicates that the
model of disorder is more complex than that considered in
the present refinement. As to Al-O bonding, all bond lengths
d(Al-0) in the structure are in the range of 1.724-1.782 A, which
is typical for most Ca-Al-O structures.”**

In order to further demonstrate the details of the crystal
structure of Ca,Al;04F, especially the Ca site coordination
information, Eu®>" was selected as a probe ion by occupying
the Ca”" sites, as reported in our previous work."® Fig. 5a shows
the photoluminescence (PL) spectrum of Ca; o5Al;06F:0.05Eu”"
phosphor upon excitation at 400 nm. Previously, we considered
that only one emission center exists in this phosphor, however,
two obvious Gaussian type profiles can be fitted by careful
analysis and two bands centered at 489 nm and 511 nm can be
distinguished, as given in Fig. 5a. The two possible emission
centers also remains consistent with the above crystal structure
analysis. Furthermore, the emission wavelength dependent
decay curves have been recorded from 480 to 520 nm (except
for the observed emission center of 501 nm) with a step of 10 nm,

This journal is © the Owner Societies 2014
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Fig. 5 (a) The PL (ex = 400 nm) spectrum of Cay 55AlsOgF:0.05EU"; (b) decay
curves of Cay 95AlzOgF:0.05EU>* with different monitoring wavelengths.

as shown in Fig. 5b. It has been found that all the experimental
data can be fitted by the biexponential equation given by the
following expression:*

I = Asexp(—t/tq) + Arexp(—t/1,) (11)

where I is the luminescence intensity at time ¢, A; and 4, are
constants, and 7, and 7, are the decay times of individual
exponential components. Moreover, the average lifetime (t*)
can be determined using the formula:

(AT Ay ?)/(ArTy + Agty) (12)

On the basis of eqn (11) and (12), the average lifetime of Eu®" at
different wavelengths was defined to be 0.62, 0.63, 0.68 and
0.68 ps for the monitoring emission wavelengths of 480, 490,
510 and 520 nm, respectively. The biexponential decay behavior
verifies the possibility of two different emission centers, and
the obtained lifetime can also be divided into two groups of
emission centers which should be ascribed to the two different
Ca sites with strong differences in the chemical environment:
Cal is coordinated by 7O and 1F occupied on 2/3, while Ca2
is 7-fold coordinated by 30 and 4F with disorder accounting,
as shown in Fig. 4.

Raman spectroscopic analysis plays an important role in the
understanding the local structure of inorganic compounds.
Therefore, structures and vibrations of some typical aluminates
represented by CaAl,0, and the fluorapatite with “free” F atoms
(Ca;10(PO,)6F>), which are partially similar to the structure of the

Phys. Chem. Chem. Phys., 2014, 16, 5952-5957 | 5955
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Fig. 6 The experimental and calculated Raman spectra of the as-prepared
CayAlzOgF.

present Ca,Al;OqF, have been taken into account in order to
compare with the findings here.>* The experimental and calcu-
lated Raman spectra in Ca,Al;O¢F are compared in Fig. 6. The
parameters of the calculated Raman lines are presented in
Table 3. Only two strong Raman lines at 538 and 572 cm™ " were
recorded from the Ca,Al;0¢F powder sample, which have similar
results to some previous reports.>® This result is well related to the
theoretical spectrum where only two intensive lines were found in
combination with a suite of numerous low-intensity vibrations at
frequencies of 600-870 cm™ ' and <400 cm ™. As is shown by the
theoretical analysis, the symmetry and frequency of these most
intensive vibrations in the Raman spectra are: A, = 538 ecm ! and

Table 3 Calculated Raman line wavenumbers in Ca,AlzsOgF

Raman (cm ")

Ag Eg

133 122
140 139
150 149
160 154
180 176
191 194
210 212
219 231
238 248
247 266
271 282
282 308
296 321
343 345
366 349
397 376
538 574
572 598
577 625
615 640
632 733
797 806
834 816
857 837
867 873

5956 | Phys. Chem. Chem. Phys., 2014, 16, 5952-5957
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Fig. 7 Ag (538 cm™) vibrational mode of the six-membered AlO, tetra-
hedron ring.

Fig. 8 A4 (572 cm™) vibrational mode of fluorine atoms in the ab crystal
plane. Only the Ca2 atoms are shown for clarity.

A, = 572 cm™ . The line at 538 ecm ™' corresponds to the vibra-
tional mode of the six-membered AlO, tetrahedron ring as shown
in Fig. 7, and the line at 572 cm™' appears due to the full
symmetric vibration of fluorine atoms in the ab crystal plane, as
it is depicted in Fig. 8. The intensity of the Raman peaks depends
in a complex way on the concentration of the active species and,
as we can see in eqn (10), it is also dependent on the atomic
displacement and atomic derivatives of the dielectric constant.
The calculations show that the atomic displacements corre-
sponding to the lines at 538 and 572 cm™* in the Raman spectra
are much more intensive in magnitude than the atom displace-
ments corresponding to other Raman lines. Frequency differen-
tiation was used to elucidate the microscopic origin of vibrational
states in other parts of the Raman spectrum.?* In Ca,Al;OgF, the
full spectrum could be subdivided to two parts, namely, the low-
frequency region of the Raman spectrum of <400 cm™ " related to
mixed vibrations appeared due to the Ca-O and Ca-F pair
interactions and high-frequency region of AlO, vibrations over
the range of 600-870 cm™'. As an example of high-frequency
vibrations, the internal A, vibrations of the AlO, tetrahedrons at
~797 cm™ ! are shown in Fig. S1 (ESIt). As for the low-frequency
vibrations, the Ag-type vibrations of fluorine atoms in Ca,O;F,
polyhedrons at 252 cm ™" are depicted in Fig. S2 (ESIY).

5. Conclusions

We successfully prepared the Ca,Al;O¢F phase, and the crystal
structure has been refined in the rhombohedral system,

This journal is © the Owner Societies 2014
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space group R3, a =17.3237(7) A, ¢=7.00017(4) A, V=1819.38(2) A®,
Z = 6. The Ca,Al;O¢F structure is formed by almost ideal AlO,
tetrahedrons linked through the corners, the Ca*>" ions in voids,
and the F~ ions disordered over one site and 6 sites around the
Cal and Ca2 ions, respectively. The presence of two different Ca
sites has also been verified by the photoluminescence measure-
ments and the corresponding dynamic analysis. The relationship
between the calculated phonon modes of the AlO, tetrahedrons,
the six-membered AlO, tetrahedrons ring, and the F atoms on the
ab crystal plane in the Ca,O3F, polyhedrons and the observed
Raman spectra has been built up, and all of them have been used
to understand the local structure of Ca,Al;O¢F. The present result
indicates that the combination of X-ray diffraction techniques and
vibrational spectroscopy is a useful tool to reveal fine structural
information on new solid materials.
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