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1. INTRODUCTION

Fluorine compounds have become recently sub�
jects of intense research as possible candidates for a
variety of optical applications due to their inherent
unique properties, such as transparency over a wide
spectral range, high resistance to optical damage, and
a possibility of doping by trivalent rare�earth ions.
Studies of the phase diagram of the SrF2–AlF3 system
[1–3] revealed a series of compounds: monoclinic
α�SrAlF5 [1], tetragonal β�SrAlF5 [2], tetragonal
Sr2AlF7, and orthorhombic Sr5Al2F16 [3].

Tetragonal β�SrAlF5 (SAF) has a transparency
window of 0.16–10 μm [4] and is tentatively consid�
ered for use as a matrix crystal for tunable solid�state
lasers for operation in the UV, visible, and IR regions
of the spectrum [5–7]. It is also viewed as a candidate
material for use in the quasi�phase matching tech�
nique in frequency conversion problems [4, 8]. The
latter idea draws from studies [9, 10] which, based on
the structural data and I4 (or P4) symmetry group of
the crystal, suggested possible realization of the ferro�
electric phase in this crystal, predicted a ferro� to
paraelectric phase transition at T0 ≈ 685 K, and calcu�
lated the spontaneous polarization Ps ≈ 9–48 μC/cm2.
One has also forwarded persuasive experimental evi�
dence for the existence of a persistent ferroelectric
state at room temperature; more specifically, one
measured the electromechanical coefficient d33 ≈

0.1–0.8 × 10–12 C/N (the scatter in the values of d33 for
different samples should be assigned to the influence
of domains), detected optical second harmonic gener�
ation (SHG) at the intensity level characteristic of
quartz on powder samples [10], and observed a dielec�
tric hysteresis loop [4]. Anomalies were also observed
in the heat capacity, dielectric permittivity [10], and
birefringence [11] near 700 K.

At the same time, there is a host of publications,
including structural measurements, which demon�
strate inversion symmetry in this crystal, thus making
the existence of the ferroelectric state impossible [12–
14]. Two possible centrosymmetric versions of SAF
crystal symmetry at room temperature were consid�
ered: I4/m with the parameters a = b = 14.059 Å, c =
7.1612 Å, Z = 16 (small cell) and I41/a with a = b =
19.882 Å, c = 14.322 Å, Z = 64 (large cell) [12]. The
first structural version assumes a disordered fluorine
atomic arrangement in [Al2F10] dimer anion groups,
whereas in the second version, the fluorine atoms are
ordered. The I41/a symmetry group is believed [12]
preferable because of observation of weak superstruc�
ture (hkl) reflections, where l = 5. Investigation of
polarized Raman and IR spectra also revealed the
existence of inversion symmetry in the crystal [13].
Studies of the dielectric properties and electrical con�
ductivity [14] provided supportive evidence for the
existence of an anomaly in low�frequency permittivity
at temperatures T0↑ = 715 K and T0↓ = 710 K in the
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region of the hypothetical I41/a  I4/m structural
phase transition accompanied by ordering of fluorine
atoms in the [Al2F10] complexes. It was shown that the
conductivity of the crystal, both along the fourfold
symmetry axis and perpendicular to it, increases by
four orders of magnitude in the temperature range
from room temperature to ~750 K. This increase in
the concentration of charge carriers with temperature
provided grounds for identifying this compound with
solid electrolytes [14].

Thus, despite a large number of studies, the avail�
able results appear to be at variance. This relates both
to the presence or absence of inversion symmetry in
the crystal and to interpretation of the reported obser�
vations. Indeed, the unusual shape of the dielectric
hysteresis loop [4] which did not permit determination
of the coercive field is believed [14] rather to suggest
conduction in the sample. Powder samples revealed
generation of the optical second  harmonic [4, 8, 10],
while measurements of the SHG level and the elec�
trooptical coefficients on single crystals of good opti�
cal quality produced a negative result [14]. The crystals
used in studies were melt grown by different tech�
niques. The loss of AlF3 in the growth induced by its
volatility was countered by different methods. When
growing in a closed volume, the loss of AlF3 was coun�
teracted by maintaining an enhanced gas pressure over
the melt [11–15]. In the Czochralski method [4, 8,
15], the starting off�stoichiometry of the charge was as
high as 40%. It was shown that the crystals produced in
this way could include both oxide and oxyfluoride
phases [15].

We report here on a study of the physical character�
istics of the SAF crystal, more specifically, its thermal
expansion and birefringence within a wide tempera�
ture range (400–800 K), in an attempt to gain insight
into the nature of the phase transition in the vicinity of
700 K. The electromechanical coefficient has been
measured, and the second harmonic and optical qual�
ity of the crystal investigated. The experiments were
conducted on samples grown by different methods and
at different stoichiometry levels. The X�ray structural
measurements performed provided unambiguous
identification of the compounds.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The crystals for the study were grown from the melt
of the starting components, AlF3 (99.99) and SrF2

(99.99), at high temperatures (~1600 K) or by their
sintering at comparatively low ones. Because of the
high volatility of AlF3 which could interfere with crys�
tal growth by the Bridgman method, the sublimation
was suppressed by maintaining an excess pressure in
the vessels by filling them with N2, as well as by adding
CF4 (99.99) as a fluorine agent into the reactor. As a
result, the pressure maintained in the vessel was in

excess of one atmosphere. All operations were per�
formed in a dry environment to exclude contamina�
tion with oxygen�containing impurities. The growth
was carried out in a glassy graphite container which
was treated adequately and placed in a quartz vessel.
The vessel was placed in a two�zone furnace, with the
temperature gradient near the crystallization front of
10–20 K/cm at T ≈ 1050 K. In the course of growth
from melt, experiments with different fractions of the
starting components were conducted. In one of such
experiments (no. 1), an AlF3 excess (about 2 wt. %)
was added during crystallization to the starting reac�
tion mixture. This was followed by multiple recrystal�
lization of the material thus obtained, with sampling of
the most transparent fraction (sample no. 2). Crystal�
lization experiment no. 3 consisted in adding 5 wt. %
of AlF3 to the material of crystallization no. 2. The
fourth crystallization was effected with a stoichiomet�
ric charge. Crystallization lot no. 5 was obtained by
sintering the starting components in a closed graphite
crucible. Fast heating was performed up to a tempera�
ture of ≈1170 K, after which the furnace was switched
off. The material thus obtained was actually a ceramic
with a hollow filled by transparent needle�shaped
crystals with a square cross section and 1–2 mm long.

The optical quality of the transparent single crystals
prepared was studied with an Axioskop 40 Pol polar�
ization microscope, with Plan�Neofluar (Zeiss)
objectives providing high resolution and contrast. The
samples were oriented platelets measuring 1.5 × 4.5 ×
4.5 mm (no. 1) and 2.25 × 4.53 × 5.00 mm (no. 2), and
(100)�cut platelets of crystallization materials nos. 3
and 4. We studied also a single crystal found in the
material of crystallization lot no. 5 which was 0.48 ×
0.42 × 2.00 mm in size. The main birefringence Δn =
ne – no was measured on samples nos. 1–5 with the use
of a Berek compensator (Leica), with an accuracy of
±10⎯5, and a Senarmont compensator, providing a
sensitivity of ~10–7, at the wavelength of the helium–
neon laser (λ = 6328 Å). The thermal expansion coef�
ficients were measured on sample no. 2 along the three
orthogonal directions with a DIL 402C dilatometer
(NETZSCH) in dynamic mode in air, at a heating rate
of 3–5 K/min. To calibrate the measuring system and
take into account properly its thermal expansion, the
measurements were referenced against fused quartz
and corundum standards. The structural data were
obtained with a SMART APEX II X�ray autodiffrac�
tometer with an x⎯y CCD detector (MoKα radiation).
The measurements were performed up to 2θmax = 58°.

Studies in polarized light revealed considerable dif�
ferences among the samples prepared. The crystals
grown stoichiometric (nos. 2 and 4) exhibit even and
distinct extinction, whereas in samples nos. 1 and 3 the
extinction was uneven because of the block structure,
systematic bands, and crystalline inclusions (Fig. 1a).
Figure 1b demonstrates a region of the crystal with
large inclusions specified by dashed lines. We readily
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see that they represent actually faceted crystallites of
different size, which are distributed nonuniformly over
the volume of the matrix material. The interference
color scale suggests that the path difference in the
crystallites corresponds to a birefringence an order of
magnitude larger than that of the matrix material.
Whence it follows that growth with excess AlF3 favors
the formation of crystals of unknown composition in
the matrix of the main material. It was found that
repeated heatings to 800 K bring about increasingly
more intense cracking of the matrix material near its
contact with the crystallites. A closer study revealed
defects, fairly few in number, in samples nos. 2 and 4.
They were identified, however, as capsules, empty or
filled by a nontransparent material, resembling channels,
parallel to [001] and exiting onto the surface (Fig. 1c).

Figure 2 plots the results of measurements of ther�
mal expansion coefficients for sample no. 2. The coef�
ficient αa varies in the course of heating from 14 ×
10⎯6 K–1 at 400 K to 17.5 × 10–6 K–1 at 750 K (Fig. 2,
curve 1), and αc—from 10 × 10–6 to 15 × 10–6 K–1,
respectively (Fig. 2, curve 2). Repeated measurements
conducted in the [100] direction show the reproduc�
ibility of the values and the measurement error. The
measurements of αa performed along the short length
exhibiting a large error (of the order of ±5%), they are
not plotted here. No anomalies in the thermal expan�
sion coefficients along [100] and [001] in excess of the

measurement error have been found within the tem�
perature region covered.

In order to measure birefringence on samples
nos. 1 and 3, regions with a small number of inclusions
and exhibiting good extinction were chosen. One
measured the birefringence of the matrix crystal,
because that of the crystalline inclusions was excluded
by the experimental conditions. At room temperature,

100 µm(а) (b)

(c)

Fig. 1. Examination of SrAlF5 (100)�cut platelets in polarized light: (a) uneven extinction in samples nos. 1 and 3 due to the block
structure, systematic bands, and crystalline inclusions; (b) region of the sample with large inclusions identified by dashed lines in
panel (a); and (c) shape of defects of stoichiometrically grown samples (nos. 2, 4).
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Fig. 2. Temperature dependences of the thermal expansion
coefficients of the SrAlF5 crystal along (1) the a direction
(three successive series of measurements are shown) and
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the value of the main birefringence is the same in all
the five samples studied and is (ne – no) = 0.00088. The
behavior of the birefringence with temperature was
studied with the use of the Senarmont compensator on
platelets nos. 1 and 2. The results of the measurements
turned out identical and reproducible from one heat�
ing�cooling cycle to another (Fig. 3, curve 1). All
experimental points fit onto a single smooth relation
(ne – no)(T) described by a second�order polynomial.
The data points obtained on sample no. 5 with the use
of the Berek compensator fit onto the same curve.
Thus, the absolute value of the main birefringence and
its temperature dependence measured on samples
grown in different conditions and by different tech�
niques coincide. Figure 4 plots the temperature
dependence Δ(ne – no)/ΔT measured on the matrix
part of sample no. 1 (with inclusions) by the high�pre�
cision Senarmont method. We readily see that within
the 300–800�K region the temperature coefficient of
birefringence has no anomalies and follows a linear
course.

We used sample no. 2 in an attempt at determining
the electromechanical coefficient d33 by the static
method. The magnitude of the effect turned out to be
two orders of magnitude smaller than that in quartz
and in SrAlF5 [10], which suggests that the d33 coeffi�
cient in our samples is zero. SHG has not also been
observed either with the powder sample or with the
single crystal. Besides, we have undertaken an attempt
at obtaining a dielectric hysteresis loop on the (001)
cut of a sample from crystallization no. 2. The result
likewise was negative.

3. DISCUSSION

Figure 3 (curve 2) plots for comparison the results
of earlier studies of SAF birefringence [11]. Our results
(curve 1) are seen to be in striking contrast with litera�
ture (curve 2). First, there is a substantial difference
between the absolute values of room�temperature
birefringence in the compounds investigated. Second,
the slopes of the curves are different. Third, the bend
in the Δn(T) curve observed [11] in the region of 700 K
is attributed to the ferroelectric�paraelectric phase
transition. Turning to the first difference from the data
of [11], we can note that the absolute room�tempera�
ture birefringence measured by us on bulk samples by
the Senarmont and Berek methods (Δn = 0.000879,
λ = 6328 Å) coincides with the data [8] (Δn =
0.000882, λ = 6438 Å) derived from measurements of
refraction index dispersion by the prism technique. It
thus follows that the birefringence of this crystal is very
small. With such a weak optical anisotropy and small
thickness of the samples used in [11] (d ≈ 0.1 mm), the
error of measurements, even with the best modern
Berek compensator, can turn out not less than 10%.
We believe that the measurements on the thin sample
reported in [11] also account for the error in the slope
of the Δn(T) curve.

Our experiments have led to quite unexpected find�
ings, namely, in contrast to [11], we did not reveal any
anomalies in birefringence in the matrix part of crystal
no. 1 and in samples nos. 2 and 5 in the 300–800�K
temperature region. Neither were there also found any
anomalies in the thermal expansion coefficients
within the temperature region covered. Both these
experiments are interrelated, because the temperature
dependence of refractive indices is determined by the
sum of the thermooptic effect and the elastooptic con�
tribution originating from thermal expansion of the
crystal. The results of the studies suggest also that the
material under investigation, most probably, does not
undergo any structural phase transitions in the 300–
800�K region.

To settle these inconsistencies, we carried out X�ray
diffraction studies aimed at determining the chemical
composition of the crystal and its structural character�
istics. We chose for experiment a transparent, clean
piece of matrix material with a linear dimension of
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~0.3 mm, which demonstrated good extinction in
polarized light, as well as a single crystal from crystal�
lization lot no. 5. For the 3σ weak�reflection rejection
threshold, more than 98% of the reflections recorded
in the random�search (“harvest”) mode could be
identified with the cell with a = b = 14.076(2) Å, c =
7.1683(9) Å. Said otherwise, no superstructure reflec�
tions were detected. Altogether, 6840 reflections,
including 1013 independent ones, were measured. The
systematic extinctions could be reliably classed among
the 4/mI–/– diffraction group, to which three space

groups belong: I4/m, I4, and . In the course of sub�
sequent data treatment, the latter two groups were
rejected because of the equivalent reflections being
clearly mismatched. A SrAlF5 structure with such
characteristics and disordered dimer anion complexes
[Al2F10] was described in [12]. Refining the model of
the structure with the use of the SHELXL program
package yielded the values wR2 = 0.052 and R1 =
0.030 for all reflections. A study of the reciprocal lat�
tice of the crystal revealed, however, a group of reflec�

tions with indices  relative to the above cell.

Including them into consideration permits one to
choose a tetragonal cell with a double parameter (c =
14.323(7) Å), in which the new parameters a and b dif�
fer from the old ones by a factor 21/2 (19.89(1) Å). A
model of the SrAlF5 structure with such a cell and a
symmetry group I41/a was also described in literature
[12]. It is, however, the additional weak reflections,
which are very small in number, that play an essential
part in identification. Therefore, only 1317 out of the
3752 independent reflections recorded which are
based on this cell have intensity in excess of 2σ. As a
result of the refinement of the model, the uncertainty
factor R1 decreased to 0.034 for strong reflections, and
to 0.135 for all the 3752 independent ones. In this
model, the fluorine atoms are not disordered, and the
[Al2F10] complexes are two edge�sharing octahedra.
The existence of additional, albeit weak, reflections
argues for accepting the second model with a 4 times
larger cell volume.

As was already pointed out, the matrix material
close to the crystalline inclusions undergoes increas�
ingly more intense cracking in the course of the heat�
ing–cooling cycles, which permitted us to extract
readily a few crystallites for further study. They were
found to be not damaged, transparent, with ideal face�
ting and direct extinctions characteristic of orthor�
hombic symmetry. The structure and composition of
this material could be easily identified by X�ray dif�
fraction measurements.

It was found to be aluminum oxyfluoride AlOF, with
Pnma space group and cell parameters a = 8.824 Å,
b = 8.408 Å, and c = 4.699 Å. Its structure was pub�
lished in [16]. The birefringence of this crystal mea�
sured in a pinacoid 40 μm thick was Δn2 = n1 – n3 =

I4

h k 21
2
��, ,⎝ ⎠

⎛ ⎞

0.0113, which is larger by more than an order of mag�
nitude than that of the SrAlF5 crystal. The behavior of
this birefringence with temperature is plotted in Fig. 3
(curve 3). We readily see that the optical anisotropy of
the AlOF crystal varies only weakly up to 800 K, with�
out revealing any anomalies. The scatter of the data
points originates most probably from the errors
accounted for by the small thickness of the sample.

4. CONCLUSIONS

The totality of the experimental data amassed show
convincingly that the SAF crystals grown by us belong
to the centrosymmetric space group I41/a. This is
argued for both by direct X�ray diffraction studies and
by the negative results obtained in measurements of
the electromechanical coefficient d33, the optical sec�
ond  harmonic intensity level, and dielectric hysteresis
loops. Besides, we have not observed either the
I41/a  I4/m structural transition suggested tenta�
tively in [14], which should be accompanied by order�
ing of structural elements.

Thus, the high�temperature phase transition is
detected not by all experimental techniques. Signifi�
cantly, the entropy of the heat capacity anomaly near
700 K observed in [10] cannot be identified with
ordering processes. Another essential point is that the
small bend in the temperature dependence of the per�
mittivity and conductivity becomes evident at low fre�
quencies only [14]. This forces us to assume that the
presence of anomalies in the conductivity and heat
capacity near 700 K originates from specific transport
properties of the crystal. It was suggested [14] that the
fairly strong heating�induced increase in the electrical
conductivity is initiated by premelting processes set�
ting in on the fluorine sublattice, in which the material
acquires characteristics bringing it close to solid elec�
trolytes. Only a fraction of the fluorine atoms become
involved, however, in the charge transfer process, as a
result of which the electrical conductivity of the mate�
rial does not reach the level characteristic of the solid
electrolytes.

It has been demonstrated that adding an excess of
AlF3 to the charge in growth from melt leads to the for�
mation of crystalline inclusions in SAF. The single�
crystal inclusions have been identified as the orthor�
hombic compound AlOF of the Pnma group.
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