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Abstract

The crystal structure of potassium, rubidium and caesium fluoroberyllates have been re-examined by neutron powder diffraction

at room temperature and at 1.5K. Previously, their structures, obtained from X-ray data, were described in the Pn21a space group.

However, the results obtained from Rietveld refinements, using powder neutron diffraction, at both temperatures, indicated that all

structures are orthorhombic with space group Pnma. The known phase transition at high temperature is probably related to the

appearance of a hexagonal pseudo-symmetry instead of the elimination of the mirror plane between the above mentioned

orthorhombic space groups. A possible phase transition, at very low temperature, was discarded considering the stereochemical

criteria concerning the structural stability of A2BX 4 compounds. This was confirmed by thermal analysis. On the other hand, a

modulated background has been detected in all samples during the refinements. This is compatible with the presence of an

amorphous phase, coexisting with the crystalline phase, or with a disordered component within the main crystalline phase. Instead

of using a polynomial function, the background was modelled by Fourier filtering improving the fit for all patterns. The radial

distribution function (RDF) was obtained from the analysis of the calculated background and compared with the RDF from the

average crystal structure. The advantages of neutron with respect to X-ray diffraction were evidenced for this type of compound

with b-K2SO4-type structure.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

We are interested in the large family of ferroelectrics
compounds having the general formula A2BX 4 with b-
K2SO4 structure in the paraelectric phase (Pnma space
group and Z ¼ 4). The most widely studied compounds
are K2SeO4, (NH4)2SO4 and (NH4)2BeF4, which are
ferroelectrics at low temperature, however a number of
physical properties related with the phase transition are
strikingly different. A systematic analysis of A2BX 4

compounds [1], reveals a correlation between the
e front matter r 2005 Elsevier Inc. All rights reserved.
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presence of low-temperature structural instabilities
and some structural parameters; for instance: the
bonding of the 11-coordinated cation (C-11), the ratio
of ionic radii and the lattice parameters a=b: On the
other hand, it is well established that the main structural
condition to consider as potentially ferroelectric a
polar crystal, is the presence of a maximum atomic
displacement in the unit cell of about 1 Å along the
polar direction with respect to the corresponding
position in the paraelectric phase [2]. In addition, the
largest of these atomic displacements from such a
position must be significantly greater than about 0.1 Å
of the r.m.s. amplitude of thermal displacement of that
atom.

www.elsevier.com/locate/jssc
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In particular, potassium, rubidium and caesium
fluoroberyllates, that were thought to belong to the
Pn21a polar space group at room temperature, are
exceptional cases in this family of compounds. The
difficulty to obtain good single crystals has limited the
study of their dielectric and structural properties.
Structural data date from the sixties [3,4]. Thermal
analysis, standard X-ray powder diffraction and Raman
scattering were carried out on K2BeF4 [5]: the high-
temperature phase suggested that the low-temperature
phase is ferroelectric. However, the structure determined
by X-ray single crystal was described within the Pnma

space group [6]. A poor refinement in Pn21a was also
obtained for Rb2BeF4 single crystals [7]. Both, Cs2BeF4

and Rb2BeF4, undergo a structural phase transition at
high temperature but they have not been studied yet.

The aim of the present study is the re-determination
of the space group and the accurate crystal structure of
the three compounds: K2BeF4, Rb2BeF4 and Cs2BeF4 at
room temperature and 1.5K. The goal is to verify if
these compounds are ferroelectrics or undergo phase
transitions at low temperatures. The study at room and
lower temperature will establish: (1) If all compounds
have structures belonging to Pnma space group or to a
less symmetric group. (2) The existence of polarization
and, in the appropriate case, its direction. (3) The atom
displacements from the corresponding paraelectric
phase, in order to predict a possible high-temperature
phase transition. (4) A comparison with other members
of the A2BX 4 family, in order to explain the origin of the
structural instability in this type of structures. (5) The
presence of a structural glass state or incompletely
crystallized samples.

The advantages of neutrons for our study are: (1)
Neutron powder diffraction is the best technique to
refine crystal structures when single crystals are not
available or present a domain structure (for instance, in
ferroelectric phases). X-ray powder diffraction is prone
to texture effects. (2) Relatively large sensitivity to
beryllium and fluorine atoms. Neutron scattering leads
to major accurate determination of their atomic and
thermal parameters, allowing the analysis of dynamical
aspects at different temperatures. (3) As a consequence,
the diffuse background, arising from short-range
correlations (Be–F and F–F) of site occupations or
atomic positions, can be better treated than is the X-ray
case.

2. Experimental and computational details

2.1. Experimental

The pure compounds A2BeF4, (A ¼ K, Rb, and Cs)
were obtained via the reaction:

BeF2 þH2F2 þ A2CO3 ! A2BeF4 þ CO2 þH2O
BeF2, H2F2 and A2CO3 were analytical grade. After
completion of reaction, at pH ¼ 7, the samples were
slowly evaporated at room temperature. When A ¼ K;
as quickly as a precipitate appeared, it was filtered and
the filtered liquid (pH ¼ 7) was left to evaporate at room
temperature. After a few days, a polycrystalline powder
was obtained. The samples were not evaporated to
dryness in order to avoid possible contamination of
fluoroberyllates with residual impurities concentrated in
the liquid. The polycrystalline powder was filtered and
dried. All samples are stable.

SEM images were taken in a JEOL JSM 6300 at 20 kV
of accelerating voltage, and a magnification of � 2000.
These images were used to check the refined parameters
obtained from the calculated profile (grain size and
shape) and samples quality (size dispersion, crystalline
degree and grain morphology). Several differences were
observed among the samples, which will be discussed
below.

Thermal analyses were carried out on a Perkin-Elmer
differential scanning calorimeter Pyris I-DSC. The
samples were measured in the temperature range
98–773K, with a warming rate of 10K/min and a total
scale sensitivity of 0.1mW. The sample masses were
57.670, 11.460 and 26.270mg for Cs2BeF4, K2BeF4 and
Rb2BeF4, respectively. This analysis showed no thermal
anomaly, so the samples were stable in this study.

The high-resolution neutron powder diffractometer
3T2, at the Orphée reactor of the Laboratoire Léon
Brillouin (Saclay, France), was used for data collection
with high direct space resolution (l ¼ 1:2251 (A;
Qmax ¼ 9:2 (A

�1
). An helium cryostat was used to collect

data at 1.5K. No special sample environment was used
to register the diffraction patterns at room temperature.
Experimental details are given in Table 1.

2.2. Computational details

The program FULLPROF [8] was used for the Rietveld
refinement of the six powder diffraction patterns. Peak
search and visualisation were performed using the
program WINPLOTR [9]. The experimental profiles were
always modelled using a Thompson-Cox-Hasting pseu-
do-Voigt profile shape function [10], with five adjustable
parameters (U ;V ;W ;X and Y ); initial values were
obtained from the instrumental resolution parameters.
Peak asymmetry was also taken into account using two
adjustable parameters [11]. After the preliminary refine-
ments to fit the scale factor, zero point displacement, cell
parameters and profile parameters, several cycles were
performed to refine the atomic positions, isotropic
(patterns measured at 1.5K) and anisotropic (patterns
measured at room temperature) thermal displacements.
The starting values for the atomic positions were those
of the b-K2SO4 structure, in the Pnma space group.
Space group Pn21a was also examined, without any
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improvement, as we will discuss afterwards. Some
additional details, and the final agreement factors, of
the refinements are shown in Table 2. Fig. 1 shows the
agreement between the calculated and observed profiles
for K2BeF4 at two temperatures and two types of
background models. In the next figures we show the
results for the other compounds.

In the first stage of the refinement process, the
background was adjusted by using of a polynomial
function. But, due to the poor values obtained for the
agreement factors and the modulated residuals that
remained after the refinements, it was necessary to use
another background modelling in order to improve the
results. A Fourier filtering treatment was applied and we
obtained clearly better results. This is an iterative
procedure implemented in the program FULLPROF, so
that the background at cycle ‘‘n’’ is calculated as
follows:

BackðnÞ ¼ Backðn � 1Þ þ Filtered½yobs � ycal	ðn � 1Þ,

(1)

where Filtered[yobs–ycal] is a smoothed version of
yobs–ycal [12] and the background for cycle n ¼ 1 is that
obtained from the polynomial modelling.
Table 1

Data collection

Radiation type Neutron

Diffractometer 3T2, LLB

Wavelength (Å) 1.2251

2y range 5–125

2y step scan 0.05

Monochromator Ge (335)

Sample environment Cryostat (1.5K)–None (298K)

Table 2

Refinement strategies and results

Background Fourier filter

Excluded regions (2y) 5–9

Profile shape function Thompson-Cox-Hasting pseudo-Voigt

Structure refinement program FULLPROF

Weighting scheme w ¼ 1=s2;s2 ¼ yi

Chemical formula Cs2BeF4 Cs2BeF4

T (K) 1.5 RT

Space group Pnma Pnma

a (Å) 8.0929(1) 8.1550(2)

b (Å) 6.1047(1) 6.1675(1)

c (Å) 10.6475(1) 10.7499(2)

No. of reflections 933 933

No. of parameters refined 30 50

Rp 7.27 9.20

wRp 7.99 8.53

R(F2) 3.02 2.64

w2 2.87 1.64
Although the previous treatment gives better results in
the profile fitting procedure, it does not give us an idea
about the cause of the residual modulation. That is why
the residual was studied by performing an independent
analysis, based in the assumption that the modulation
appears from the presence of an amorphous phase in the
samples or to short-range correlations from a disordered
structure. The modulation of the background was still
present at 1.5K (Fig. 1c), so that thermal diffuse
scattering (TDS) was discarded as being its origin. The
RDF was obtained from the numerical approximation
of the one-dimensional Fourier transform of the
modulated residual coming from the non-crystalline
scattering components using the following expression
[13]:

dðrÞ ¼
2

p

XQmax

Qmin

Qsin pQ
Qmax

� �

pQ
Qmax

� �
yobsðQÞ � ycalðQÞ � ybckgðQÞ

h i
sinðQrÞDQ

,

(2)

where Q ¼ 4pðsin y=lÞ and, yobsðQÞ; ycalðQÞ and ybckgðQÞ

are the experimental profile, the calculated profile and
the calculated background (with a polynomial model-
ling), respectively.
3. Results and discussion

The results of the adjustments were very similar in all
compounds (see Table 2). Goodness of fit decreased at
room temperature for all compounds, while other
reliability factors and standard deviation were slightly
improved at lower temperature. A good profile function
adjustment is essential in order to obtain a more
accurate structure and to be able to derive microstruc-
K2BeF4 K2BeF4 Rb2BeF4 Rb2BeF4

1.5 RT 1.5 RT

Pnma Pnma Pnma Pnma

7.2527(3) 7.3005(3) 7.6409(1) 7.6900(2)

5.6272(2) 5.6886(3) 5.8253(1) 5.8892(2)

9.7969(4) 9.8817(5) 10.1528(2) 10.2437(3)

721 721 808 808

30 50 30 50

11.3 12.3 9.88 11.4

12.2 11.8 11.6 12.9

4.73 3.93 5.65 5.15

3.65 2.80 11.4 8.41
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Fig. 1. Plot of the refinement results for K2BeF4, using (a, c) a polynomial background and (b, d) a Fourier filter (o experimental data, — calculated

profile). Tick marks indicate the reflection positions and the difference yobs-ycalc is shown at the bottom. In (a) and (b) the patterns correspond to

room temperature, while in (c) and (d) correspond to 1.5K. The insets illustrate how the refinement is improved by the use of a Fourier filter to model

the background.
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tural and background effects. In this sense, in addition
to the structure, all profile and background results have
been physically interpreted too.

Parameters related to Gaussian contribution (given by
U ; V and W ) were very similar in all compounds and
they correspond well to the instrumental resolution
function of 3T2. Only U and V parameters diminished
slightly, at room temperature, while the other profile
parameter was not temperature dependent. It is known
that microstrain increases at lower temperature, then U

and V temperature dependence is explained. Parameters
related to Lorentzian contribution (X and Y ) were
approximately zero in all samples at two temperatures,
excepting K2BeF4, in which the larger Y parameters
(about 0.12 and 0.15 for low and room temperature,
respectively) would indicate smaller domain or grain
size. SEM microphotographs confirmed this difference:
K2BeF4 shown smaller grain size (around 0.05 micro-
meter) with respect to the other fluoroberyllates. The
increased peak width of two patterns also implied a
diminution of peak asymmetry. More poorly results of
Rb2BeF4 could be due to a more complex grain size
distribution function, which was viewed in microphoto-
graphs.

In order to confirm the Pnma space group and to
detect some structural instability, favouring a low-
temperature phase transition, we have examined the
following aspects at both temperatures:
(1)
 Cell parameters: Orthorhombic cells are similar to
those calculated by other authors and cell para-
meters diminish normally at low temperature. Fig. 2
depicts values of a=c vs. a=b at room temperature
and 1.5K, showing a linear correlation. Fabry and
Pérez-Mato [1] predicted this behaviour, in which
the ionic radii ratio is a monotonically increasing
function of a=b: The solid line indicates the loci
fulfilling the condition c ¼

p
3b; and therefore

corresponds to a perfect hexagonal metric of the
lattice. The above-mentioned authors indicated that
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Fig. 2. Plot of the lattice parameter ratios a=c vs. a=b: The solid line

corresponds to points with a hexagonal lattice metric.

Table 3

Fractional atomic coordinates and isotropic temperature factors (for

the 1.5K case) or equivalent temperature factors (for the room

temperature case)

x y z U (Å2)

K2BeF4 (RT)

K1 0.1638(7) 0.25 0.0942(9) 0.0219(9)

K2 �0.0106(11) 0.25 0.7000(7) 0.0309(15)

Be 0.2365(3) 0.25 0.4219(6) 0.0153(4)

F1 0.3051(5) 0.0277(5) 0.3446(5) 0.0341(8)

F2 0.0255(5) 0.25 0.4157(8) 0.0363(8)

F3 0.3065(9) 0.25 0.5640(6) 0.0312(12)

K2BeF4 (1.5K)

K1 0.1613(5) 0.25 0.0937(6) 0.0018(7)

K2 -0.0170(9) 0.25 0.6952(6) 0.0150(12)

Be 0.2352(3) 0.25 0.4227(4) 0.0063(4)

F1 0.3077(4) 0.0247(5) 0.3466(3) 0.0121(5)

F2 0.0210(4) 0.25 0.4136(4) 0.0093(6)

F3 0.3089(7) 0.25 0.5684(5) 0.0145(9)

Rb2BeF4 (RT)

Rb1 0.1663(4) 0.25 0.0936(3) 0.0186(6)

Rb2 �0.0144(4) 0.25 0.6922(3) 0.0197(6)

Be 0.2406(3) 0.25 0.4175(4) 0.0137(4)

F1 0.3065(4) 0.0326(4) 0.3476(3) 0.0226(6)

F2 0.0397(4) 0.25 0.4123(5) 0.0219(6)

F3 0.3048(7) 0.25 0.5632(4) 0.0221(9)

Rb2BeF4 (1.5K)

Rb1 0.1626(2) 0.25 0.0937(2) 0.0007(3)

Rb2 �0.0132(3) 0.25 0.6901(3) 0.0044(4)

Be 0.2408(2) 0.25 0.4180(2) 0.0018(3)

F1 0.3117(3) 0.0317(3) 0.3495(2) 0.0030(3)

F2 0.0362(3) 0.25 0.4117(3) 0.0053(4)
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the boundary between ‘‘unstable’’ and ‘‘stable’’
compounds would be situated around a=b ¼ 1:28
and the unstable compounds would reveal a
tendency to be situated above the solid line. A more
recent stability diagram (González-Silgo et al., in
preparation) based on A2BX 4 pure compounds and
their solid solutions (A ¼ K; Rb, Cs, NH4 and
BX 4 ¼ SO4; SeO4, BeF4) confirmed both limits and
it was found that all stable compounds satisfy the
relation a=c40:735:
F3 0.3057(4) 0.25 0.5637(3) 0.0056(6)

(2)
Cs2BeF4 (RT)

Cs1 0.1651(3) 0.25 0.0943(3) 0.0209(5)

Cs2 �0.0153(3) 0.25 0.6893(3) 0.0203(6)

Be 0.2427(2) 0.25 0.4174(2) 0.0151(3)

F1 0.3119(3) 0.0452(3) 0.3500(2) 0.0270(5)

F2 0.0542(3) 0.25 0.4073(3) 0.0269(6)

F3 0.3076(4) 0.25 0.5541(3) 0.0270(8)

Cs2BeF4 (1.5K)

Cs1 0.1643(2) 0.25 0.0949(2) 0.0002(2)

Cs2 �0.0148(2) 0.25 0.6895(2) 0.0002(2)

Be 0.2435(2) 0.25 0.4169(2) 0.0034(2)

F1 0.3124(2) 0.0421(2) 0.3509(1) 0.0056(2)

F2 0.0524(2) 0.25 0.4087(2) 0.0060(3)

F3 0.3054(3) 0.25 0.5563(2) 0.0050(4)
Atomic coordinates and temperature factors, as well
as the relevant distances together with the corre-
sponding average distances and the cation bond
valence sum (BVS) [14], are given in Tables 3 and 4,
respectively. A different orientation, with respect to
a hexagonal phase, around the c-axis of anions in the
b-K2SO4 family was observed in several mixed
crystals and some of them undergo low-tempera-
ture phase transition: Kx(NH4)2�xSO4 [15],
Kx(NH4)2�xSeO4 [16] and (NH4)2(SO4)x(BeF4)1�x

[17]. The maximum and minimum values of the
rotation angles are 3.961 in Cs2BeF4 and 1.961 in
Rb2BeF4, at room temperature, respectively. Com-
paring with the other mentioned compounds, under-
going a low-temperature phase transition (10.51 in
(NH4)2BeF4 and 9.81 in (NH4)2SO4), the anions are
not significantly rotated. Another important para-
meter that distinguishes quite clearly between
unstable and stable compounds is the ratio
BV(C1)/BVS(C-11), where the cation with C-11
coordination must be underbonded (BVS less than
1) and the contribution of the shortest contact C1 to
the BVS must be much bigger than the other
contacts. The boundary can be situated around a
value of 0.24 [1] and would be related with a major
dispersion length around the C-11 cation due to the
BX 4 group rotation (González-Silgo et al., in
preparation). A value of this ratio, for our com-
pounds, never exceeds 0.19 and the C-11 cations
were quite overbonded without any particular short
bond. Fig. 3 shows the C-9 and C-11 cation
coordination of Rb2BeF4 at room temperature,
which is very similar in all compounds.
(3)
 From the previous analysis, together with DSC
results and the occurrence of similar structures at
both temperatures, we concluded that these alkaline
fluoroberyllates are stable at low temperature.



ARTICLE IN PRESS

Table 4

Interatomic distances (Å) and bond valence sums around the cations

Cs2BeF4 K2BeF4 Rb2BeF4

1.5 K RT 1.5 K RT 1.5 K RT

Be1–F1 1.554(2) 1.561(2) 1.563(3) 1.562(4) 1.548(2) 1.553(4)

Be1–F1, #4 1.554(2) 1.561(2) 1.563(3) 1.562(4) 1.548(2) 1.553(4)

Be1–F2 1.549(2) 1.542(3) 1.555(3) 1.542(4) 1.548(3) 1.545(4)

Be1–F3 1.567(3) 1.563(4) 1.523(6) 1.492(8) 1.560(4) 1.573(6)

Average distance 1.556(2) 1.557(3) 1.551(4) 1.540(5) 1.551(3) 1.556(5)

Bond valence sum 1.897 1.894 1.925 1.990 1.923 1.898

Cs11, K11, Rb11–F1, # 0 3.236(2) 3.254(4) 2.980(6) 2.967(8) 3.108(3) 3.094(4)

Cs11, K11, Rb11–F1, # 1 3.171(2) 3.201(3) 2.919(4) 2.971(6) 3.023(3) 3.108(4)

Cs11, K11, Rb11–F1, # 2 3.158(2) 3.201(3) 2.880(6) 2.935(8) 2.980(3) 3.027(4)

Cs11, K11, Rb11–F1, # 3 3.158(2) 3.201(3) 2.880(6) 2.935(8) 2.980(3) 3.027(4)

Cs11, K11, Rb11–F1, # 4 3.236(2) 3.254(4) 2.980(6) 2.967(8) 3.108(3) 3.094(4)

Cs11, K11, Rb11–F1, # 5 3.171(2) 3.201(3) 2.919(4) 2.971(6) 3.023(3) 3.108(4)

Cs11, K11, Rb11–F2, # 0 3.460(3) 3.485(5) 3.297(7) 3.33(1) 3.370(4) 3.407(6)

Cs11, K11, Rb11–F2, # 6 3.142(2) 3.174(3) 2.611(5) 2.643(6) 2.855(3) 2.872(4)

Cs11, K11, Rb11–F3, # 1 3.322(3) 3.322(4) 3.008(7) 3.038(9) 3.161(4) 3.213(6)

Cs11, K11, Rb11–F3, # 2 3.0897(4) 3.1219(7) 2.8329(8) 2.868(1) 2.9385(5) 2.9693(7)

Cs11, K11, Rb11–F3, # 7 3.0897(4) 3.1219(7) 2.8329(8) 2.868(1) 2.9385(5) 2.9693(7)

Average distance 3.203(2) 3.231(3) 2.922(5) 2.954(6) 3.044(3) 3.081(4)

Bond valence sum 1.136 1.050 0.965 0.883 1.068 0.970

Cs9, K9, Rb9–F1, # 8 3.027(2) 3.057(3) 2.646(6) 2.702(7) 2.838(3) 2.824(4)

Cs9, K9, Rb9–F1, # 9 2.969(2) 3.008(3) 2.625(6) 2.607(7) 2.772(3) 2.804(4)

Cs9, K9, Rb9–F1, # 10 3.027(2) 3.057(3) 2.646(6) 2.702(7) 2.838(3) 2.824(4)

Cs9, K9, Rb9–F1, # 11 2.969(2) 3.008(3) 2.625(6) 2.607(7) 2.772(3) 2.804(4)

Cs9, K9, Rb9–F2, # 0 3.039(3) 3.083(5) 2.773(7) 2.82(1) 2.850(4) 2.897(6)

Cs9, K9, Rb9–F2, # 12 3.241(1) 3.270(2) 3.010(3) 3.067(4) 3.096(1) 3.139(2)

Cs9, K9, Rb9–F2, # 8 3.241(1) 3.270(2) 3.010(3) 3.067(4) 3.096(1) 3.139(2)

Cs9, K9, Rb9–F3, # 0 2.953(3) 3.008(4) 2.672(7) 2.68(1) 2.754(4) 2.789(6)

Cs9, K9, Rb9–F3, # 13 3.073(3) 3.113(4) 2.638(7) 2.687(9) 2.858(4) 2.865(6)

Average distance 3.060(2) 3.097(3) 2.738(6) 2.771(7) 2.875(3) 2.898(4)

Bond valence sum 1.369 1.235 1.279 1.192 1.370 1.293

Symmetry codes:# 0: X ;Y ;Z; # 1: X�0.5, �Y+0.5, -Z+0.5; # 2: �X+0.5, �Y, Z–0.5.

# 3: �X+0.5, Y+0.5, Z�0.5; # 4: X, �Y+0.5, Z; # 5: X�0.5, Y, �Z+0.5.

# 6: X+0.5, �Y+0.5, -Z+0.5; # 7: �X+0.5, �Y+1, Z�0.5; # 8: �X, Y+0.5, �Z+1.

# 9: �X+0.5, �Y, Z+0.5; # 10: �X, �Y, �Z+1; # 11: �X+0.5, Y+0.5, Z+0.5.

# 12: �X, Y�0.5, �Z+1; # 13: X�0.5, �Y+0.5, �Z+1.5.
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However, from this study, it was not possible to
establish unambiguously the space group (polar or
non-polar). A consequence of the mirror plane, in
Pnma, is the restriction of the dipoles to this plane.
The inversion centre causes all dipoles within the
entire unit cell to cancel above T c: Removing the
mirror plane (Pnma ! Pn21a) results in displace-
ments Dy of cations along the polar direction, from
the plane containing the effective negative point
charge associated with the anion BeF4

�2. The
calculated displacements in non-centrosymmetric
structures (Pn21a in our case), at room temperature,
were: Dy(K2BeF4) ¼ 0.13 Å, Dy(Rb2BeF4) ¼ 0.09 Å,
Dy(Cs2BeF4) ¼ 0.05 Å. Although they are longer
than isotropic thermal parameters, they are too
short in order to expect a high-temperature transi-
tion to the Pnma space group with Tc above 500K
(T c is calculated according to the equation: Dy ¼
KT2
c ; [18]). However, values closer to the experi-

mental transition temperatures were obtained mak-
ing calculations in Pmcn (Pnma) space group (having
displacements, parallel to axes contained in the
mirror plane) with respect to the P63=mmc space
group (model Apex with five special sites [19]). Then,
it is more probable a hexagonal phase at high
temperature. At present, we are measuring these
compounds at high temperature and all patterns are
well indexed in hexagonal cells, but a more complete
study by neutron diffraction is required in order to
refine the crystal structures.
(4)
 Background interpretation: The different results ob-
tained in the refinement by changing the background
modelling can be seen in Fig. 1. There, it is detailed
how the modulation in the residuals disappears
when the background is treated by using the Fourier
filtering technique (Figs. 1b and d) instead of the
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Fig. 3. Arrangement of the closest neighbours BeF4 tetrahedra to 9

and 11-coordinated cations (C-9 and C-11) in the structure. The figure

depicts the case of Rb2BeF4 at room temperature. The thermal

ellipsoids are drawn at 70% probability.

Fig. 4. Representation of the radial distribution function (RDF, solid

line), obtained from the analysis of the background (see text), and its

comparison with the interatomic distances (columns) obtained from

the refinement at (a) room temperature and (b) 1.5K, for the Cs2BeF4

case.
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polynomial modelling (Figs. 1a and c). Some of the
consequences in the refinement were the following:
(1) an improvement in the reliability indices (e.g. w2

and R(F2) improve by 30% and 50%, respectively)
and (2) some thermal parameters had no longer
negative values, as they had using a polynomial
background. Fig. 4 illustrates the result of the
analysis of the residual wavy background according
to Eq. (2) for the Cs2BeF4 (a) at room temperature
and (b) at 1.5K. It shows the RDF, obtained from
Eq. (2), compared to the distribution of the different
kinds of interatomic distances, for the ideal crystal-
line phase. It can be seen how the positions of the
first two maximums of the RDF are very close to the
Be–F and F–F interatomic distances. A similar
agreement was obtained for all the three samples and
for both room temperature and 1.5K. The major
dispersion at longer interatomic distances made the
RDF maximums to be not well defined, making it
difficult to assign each maximum with a determined
kind of interatomic contact. In order to obtain more
quantitative results from RDF, it would be neces-
sary to obtain a more precise measurement of the
intensities and additional measurements in order to
put the intensities in absolute values (barns). This
was not possible in the allocated beam time.
However, these qualitative results justify the use of
the Fourier filtering technique instead of the poly-
nomial function. Moreover, we have obtained a
strong indication that the observed background
probably comes from correlated rotational disorder
of BeF4 tetrahedrons. This can be seen in the
broader second peak of the RDF at RT compared
with the RDF at 1.5K. For instance, Be–F and F–F
bond lengths, corresponding to the tetrahedrons,
were very similar for the three compounds at both
1.5K and room temperature. Also, there is a small
diminution of other bond lengths at 1.5K, due to the
cell contraction. Moreover, interatomic distances
containing an alkaline cation were longer for
Cs2BeF4 and shorter for K2BeF4.
4. Conclusions

This work presents the second neutron diffraction
study performed in fluoroberyllates with b-K2SO4

structure (firstly the ammonium fluoroberyllate was
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studied [20]) and it shows the adequacy of this technique
for this type of compounds. The overall study provides
significant evidence of the advantages of the neutron
powder diffraction technique for solving/refining the
crystal structure of these materials. This is so because
single crystal cannot be obtained and because X-ray
radiation is too much destructive for these very crumbly
and incompletely crystallised samples. Hence the pro-
blem of obtaining good results in previous studies.
Refinement of crystal structures in Pnma space group, at
room temperature and 1.5K, together with a bond
valence analysis and the occurrence of some structural
correlations, indicated that all structures are stables at
low temperature. Because of the no existence of
significant displacements between refined structures in
Pn21a and Pnma space groups, we cannot expect that
none compound acquire the non-polar configuration
above 500K. However, longer displacements calculated
from the b-K2SO4 phase to the hexagonal a-K2SO4

phase makes these compounds to be considered as
having a high probability of exhibiting a phase
transition at high temperature from Pnma to the
hexagonal phase. Otherwise, the agreement between
calculated and experimental patterns is better, for all
compounds and at both temperatures, when a Fourier
filter is used to model the background. This can be
justified because from the modulated residues has been
calculated the RDF for each fluoroberyllate compound,
due to the coexistence of an amorphous phase with the
crystalline structure.
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