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ABSTRACT

Article History:

The slow evaporation technique of an aqueous solution was used to grow single crystal of ββ-LiNH4SO4 at 309 K.
Then, the FullProf program was used to evaluate the structural parameters for this crystal at room temperature
(phase II) by two methods (Le Bail and Rietveld). The structural parameters of ββ-LiNH4SO4 crystal (phase II)
obtained by the two methods were compared with each other
other and with those obtained in some earlier studies, then
the agreements and differences were discussed. The crystal structure of ββ-LiNH4SO4 (phase II) was drew by the
FullProf program in accordance with atomic positions, and it was compared with that drew and described
previously by other programs. The average crystallite size of β-LiNH
β
4SO 4 crystal was calculated by using two
equations (Debye–Scherrer
(Debye
and Williamson–Hall),
Hall), and by using the two methods (Le Bail and Rietveld).
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INTRODUCTION
Lithium ammonium sulfate (LiNH4SO4), which known as LAS, is a
member in the family of ionic crystals. This family has the general
formula MIMIIBX4, where MI represents the Li atom, MII represents
Na, K, Rb, Cs atoms, or NH4, N2H5 molecules, and BX4 represents
SO4, SeO4, BF4 molecules. This family has attracted great interest and
an increasing number of studies have reported on its physical
ph
properties. Each member of this family exhibits its own sequences of
structural phase transitions. In the literature, the observed difference
between the physical properties of members of the MIMIIBX4
structure is always attributed to the position and
nd character of detected
phase transitions and to the symmetry of some phases. The origin of
these differences may be related to the dynamics and orientation of
the sulfate tetrahedral group in the structure of the compound [6, 41].
Single crystals of LiNH4SO4 (LAS) have two possible αα and βforms. Both modifications are grown from aqueous solutions of
LiNH4SO4 by slow evaporation of water at the following
temperatures: α-LiNH4SO4 at Tgr. = 283 K and β-LiNH
β
4SO4 at Tgr. =
305 K [35]. α- and β- modifications
ns have different crystal structures.
α-LiNH4SO4 crystal has space group Pca21 with Z = 8 and lattice
parameters a = 10.196 Å, b = 4.991 Å and c = 17.100 Å [20, 26]. βLiNH4SO4 crystal has two structural phase transitions at about 459 K
and 283 K respectively. Therefore, three phases can be distinguished;
phase I for T > 459 K; phase II for 283 < T < 459 K; and phase III
for T <283
283 K. The crystal structure at 459 K transforms from an
orthorhombic high temperature phase (phase I) to another
orthorhombic
hombic phase (phase II) or (room temperature phase). Phase I
16
has a space group D2h
-Pmcn, lattice parameters a = 5.13 Å, b = 5.16
Å, c = 8.74 Å and Z = 4.
*Corresponding author: A.M. Abdulwahab,
Physics Department, Faculty of Applied Science, Thamar University, Thamar
87246, Yemen
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Phase II has a space group C 2v
-P2
P21cn, lattice parameters a = 5.28 Å,
b = 9.14 Å, c = 8.786 Å and Z = 4. At 283 K, the structure transforms
to a monoclinic phase (phase III) of space group P21/a with lattice
parameters a = 5.283 Å, b = 9.121 Å, c = 17.444 Å and Z = 8 [10, 15,
16, 23]. In β-LiNH4SO4 (β-LAS)
LAS) single crystals, the phase transition
from phasee II to phase III is of the first order, while the phase
transition from phase I to phase II is of the second order [2]. The
high-temperature
temperature phase transition is ferroelectric or ferroelectric
ferroelectric–
paraelectric [4, 28, 40]. The phase transition at 283 K is
antiferroelectric–ferroelectricc or ferroelastic
ferroelastic–ferroelectric [3, 11, 25
and 36]. Phase III is ferroelastic, and LAS is the first example of a
new family of a ferroelastic crystal that is not simultaneously
ferroelectric [8].

Many investigations have been pe
performed on LAS including
dielectric [43], optical [1, 2], thermal [33, 38, 39], NMR [1, 2, 32],
elastic constants [3], Brillouin scattering [9], and pressure studies [4,
24]. Recently, many studies on LAS crystal had been performed in
terms of various properties
erties and applications. As examples for these
studies, there are the nuclear magnetic resonance (NMR) study [19],
study the effects of doped cesium ((Cs+) metal ions on the phase
transition of LAS system [7], Raman spectra [27], thermo
thermo-electric
study [21], mechanical and dielectric study [14], EPR study [13], and
thermodynamic study [31]. The studies on LAS, as my knowledge,
are little in terms of crystal structure. For example, Mashiyama and
Kasano [22] is study in which one can see the crystal structure
refinement
efinement of LAS (phases II and III) by using single crystal X
X-ray
diffraction with including hydrogen atoms. Smirnov et al. [34] is
another study in which one can find the values of atomic positions,
thermal parameters, and bond lengths of LAS crystal cal
calculated by
using single crystal neutron diffraction. The FullProf program, which
is modern program and can give important information, more
accuracy, and more details about the structure, is not used in these
studies. In addition, the crystallite size of L
LAS crystal is not
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calculated in these studies. Therefore, the first aim of the present
work is to study the structure of β-LiNH4SO4 (β-LAS) single crystal
at room temperature (phase II) by two methods (Le Bail and Rietveld)
using the FullProf program. The second aim is to evaluate the average
crystallite size of this crystal from the peaks data of the two methods
by using two equations (Debye–Scherrer and Williamson–Hall).
EXPERIMENTAL DETAILS
Synthesis and crystal growth
A solution of lithium ammonium sulfate LiNH4SO4 (LAS) compound
was synthesized by dissolving Li2SO4.H2O and (NH4)2SO4 in the
stoichiometric ratio in double distilled water according to the
equation:
Li2SO4.H2O + (NH4)2SO4 → 2LiNH4SO4 + H2O

(1)

The solution was left for evaporation to seeding at room temperature
(298 K). A good seed was chosen, and then it was employed for the
growth of single crystal. Single crystal of LAS was grown by the
slow evaporation technique of an aqueous solution at constant
temperature (309 K) by using an indigenous crystal growth apparatus
fabricated in the laboratory. The apparatus, as shown
photographically in Fig.1, consists of a glass box 40 cm length, 40 cm
width and 20 cm height. Its cover has 4 identical holes in each there
fitted inside a Pyrex glass jar. All jars having the same diameter (6
cm) and same height (15 cm). The stirrations of the solutions as well
as the water bath are achieved through 5 stirrers; each one directly
connected to a 6 V dc motor. The dc motors are non-synchronized
having a variable speed, up to 20 r p m, which can be adjusted
through the given potential. Each motor is mounted on four brass
rods, which are fixed on the Perspex cover of the glass box. Two coil
heater each of 1000 watts are connected to a direct reading contact
thermometer via an electric circuit. The high thermal capacity of the
water bath and the homogenous distribution of the stirrers as well as
the heaters enable good thermal stability in the growth jars. The
solution was saturated at the growth temperature (309 K) by slow
evaporation. Small seed (~5 mm) was suspended in the saturated
solution using a nylon thread from a stirrer, which was rotated with
speed of 20 r p m. As shown in the photograph in Fig.2, the grown
single crystal after about 25 days was colorless and optically
transparent with dimensions up to 1.2 × 1.0 × 0.8 cm3. The grown
single crystal was β-LiNH4SO4 (β-LAS) because the growth
temperature (309 K) is high and leads to growth of β-modification of
LiNH4SO4 as in literature [35], and because the structure of the
obtained crystal relates to phase II (room temperature phase) for βmodification of LiNH4SO4 as it will be come later.

Fig. 1. Photograph of the crystal growth apparatus

Fig. 2. Photograph of LAS crystal

Powder X-ray diffraction measurements
For powder X-ray diffraction measurements, a sample was taken from
the crystal and it was grated very well until it became soft powder.
Then, small amount from this powder was taken to use in these
measurements. The measurements were performed at room
temperature using a Philips (PW1710) diffractometer, which is
equipped with a curved graphite crystal monochromator, an automatic
divergence slit, a vertical goniometer (PW1050) with automatic
sample changer and Xenon proportional detector. The measurements
were swapped from 2=4˚ to 2=80˚ with step of 0.04˚, copper target
with nickel filter at 40 kV, 30 mA, a scanning speed of 0.06˚/min and
incident wavelength was 1.541838 Å.
Treatment of powder X-ray diffraction data
The treatment methods of diffraction data can be divided into two
categories. One category involves the computation of reflection
intensities from a structural model, often referred to as the Rietveld
method [29]. Although the principles behind the Rietveld profile
refinement method are rather simple, the use of the technique requires
some expertise. This results merely from the fact that Rietveld
refinement uses a least-squares minimization technique that, as any
local search technique, is easily stuck in false minima. Besides,
correlation between model parameters, or a bad starting point, may
easily cause divergence in early stages of the refinement. The user
must be aware of the way he can control the refinement procedure:
the number of parameters to be refined, fixing parameters, making
constraints, etc. The other category is referred to as whole-pattern
decomposition (profile matching) method, which can be adjusted
without prior knowledge of the structure (needs only good starting
cell and profile parameters). The Le Bail method [17] is a popular
method for whole-pattern decomposition, where reflection intensity
values are initially set to arbitrary values. The intensities evolve
iteratively, where reflection intensity values are arbitrarily assigned to
estimates obtained by apportioning data values amongst the
contributing reflections. Other parameters including background
function, unit cell, and peak profile parameters can be refined
simultaneously with the Le Bail intensity extraction. The Le Bail and
other whole-pattern decomposition (profile matching) methods are
often the only way to apply full pattern methods when structures are
not known or are difficult to describe, such as with disordered
structures. These methods may also be used preferentially to the
Rietveld method when experimental artifacts are difficult to model, as
may be the case when in situ diffraction cells are used. These methods
are also being increasingly used to obtain reflection intensity
estimates as a precursor to structure solution. These methods make
the data input much simpler and enlarges considerably the field of
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application of powder pattern profile refinement. However the
constraints applied to the refinement are far less severe than for
Rietveld refinement and profile matching is thereby more prone to
instabilities if profile shape parameters or microstructural parameters
are refined. In some cases, in particular when the structural model is
very crude, it is advisable to analyze first the pattern with the Le Bail
method in order to determine accurately the profile shape function,
background and cell parameters before running the Rietveld method.
The obtained data from powder X-ray diffraction measurements for βLAS crystal were treated using the two methods (Le Bail and
Rietveld). Le Bail and Rietveld refinements were performed using
the same refinement program, FullProf [30]. The experimental
profiles in the two methods were fitted by modified Thompson-CoxHastings pseudo-Voigt functions [37]:

H G  (U tan 2   V tan   W  Z / cos2  )1 / 2

(2)

And

H L  X tan   Y / cos

(3)

where HG is the Gaussian component of the peak width, HL is the
Lorentzian component of the peak width, U is the Gussian isotropic
microstrain parameter, Z is the Gussian isotropic crystallite size
parameter, X is the Lorentzian isotropic microstrain parameter, and Y
is the Lorentzian isotropic crystallite size parameter. Le Bail fitting
was initially performed because of the capability of the method for
the fast observation of lattice dynamics. Subsequently, Rietveld
fitting was performed. The instrument zero, the lattice parameters,
asymmetry parameters and the peak shape parameters were refined in
the first by Le Bail method. Then, the same parameters were refined
again by Rietveld method beside other parameters like atomic
coordination, temperature factors, occupation, multiplicity, bond
lengths, and angles. In Le Bail method, the global parameters (profile
asymmetry, background, and specimen displacement) were refined in
the first step. Lattice parameters, preferred orientation, asymmetry
parameters, and the peak shape parameters were refined in the second
step. In the last cycle, when the discrepancy factor Rwp reached a
minimum value, all the parameters were refined simultaneously
looking for a minimum goodness of fit index χ2. In Rietveld method,
the global parameters (profile asymmetry, background, and specimen
displacement) were refined in the first step of the refinement. In the
next step, the structural parameters (atomic coordination, parameters
of specimen profile breadth, lattice parameters, temperature factors,
preferred orientation, site occupancy factors, bond lengths, and
angles) were refined in sequence modes. In the last cycle, when the
discrepancy factor Rwp reached a minimum value, all the parameters
(global and structural) were refined simultaneously looking for a
minimum goodness of fit index χ2.

the grown crystal relates to phase II (room temperature phase) for βLiNH4SO4 (β-LAS) crystal. This result is very sensible for two
reasons. The first reason is the growth temperature of this crystal (309
K) which leads to growth of β-modification of LiNH4SO4 (β-LAS) as
in the literature [35]. The second reason is the X-ray diffraction
measurements of this crystal that was performed at room temperature
(298 K), and the phase II (room temperature phase) lies in the range
283 K < T < 459 K as in the literature [10, 15, 16, 23]. It is clear from
Fig. 3, Fig. 4 and table 1 that there are very good agreements between
the model and the data for all data set calculated by the two methods.
Although the goodness of fit index (χ2) was the same in the two
methods, the discrepancy factors (Rp, Rwp and Rexp) were in Le Bail
method less than those in Rietveld method. This means that the
refinement by Le Bail method was more accuracy than that by
Rietveld method. This is reasonable result because Rietveld method
refines parameters more than Le Bail method does, and the existence
of errors has probability in Rietveld method larger than that in Le Bail
method. The percentages of the errors in the unit cell parameters
calculated by the two methods (Le Bail and Rietveld) were listed in
Table 2. These errors equal to the differences between the values in
the PDF No. 82-0020 and those calculated in this work. Table 2
showed that the values of unit cell parameters calculated by the two
methods are very close to those in the PDF No. 82-0020. Table 2
showed, also, that the difference in the parameter a between the PDF
file and Le Bail method was greater than the same difference between
the PDF file and Rietveld method.

Fig. 3. The FullProf refined pattern of β-LAS single crystal (phase II) by
using Le Bail method.

RESULTS AND DISCUSSION
The parameters calculated by the two methods (Le Bail and
Rietveld)
The outcomes of refinements by Le Bail and Rietveld methods were
plotted in Fig. 3 and Fig. 4. The observed peaks, the calculated ones,
and their difference in profiles of β-LAS sample are presented in the
two Figures. Crystal data and data collection parameters calculated
by the two methods were tabulated in Table 1. The crystal data and
data collection parameters given in a file of the International Center
for Diffraction Data (ICDD) [PDF No. 82-0020] were listed in the
same table for the comparison. In addition, the discrepancy factors Rp,
Rwp and Rexp and the goodness of fit index χ2 obtained from the two
methods (Le Bail and Rietveld) were listed in the same Table.
Comparing the values of crystal data and data collection parameters
calculated by the two methods with the literature [10, 15, 16, 23] and
with the ICDD file (PDF No. 82-0020) confirmed that the structure of

Fig. 4. The FullProf refined pattern of β-LAS single crystal (phase II) by
using Rietveld method.
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Table 1. Comparison between crystal data and data collection parameters calculated in the present work and those given in the ICDD file (PDF
No. 82-0020) beside the discrepancy factors and the goodness of fit index in the two methods for β-LAS single crystal (phase II).
PDF No. 82-0020
Chemical formula
Color
Mr, g mol-1
2 range, ˚
2 step, ˚
Scanning speed, ˚/min
Range of d(hkl), Å
, Å
Measurement temperature, K
Crystal system
Space group
a, Å
b, Å
c, Å
V, Å3
Z
No. of reflections
Rp
Rwp
Rexp
χ2

LiNH4SO4
121.04
1.54060
Orthorhombic
P21cn
5.282(2)
9.131(3)
8.78(1)
423.46
4
-

Table 2. The percentages for differences between the unit cell parameters
in the PDF No. 82-0020 and those calculated by the FullProf program (Le
Bail and Rietveld methods) for β-LAS single crystal (phase II).

Le Bail method
Rietveld method

(∆a/a), %
0.079
0.072

(∆b/b), %
0.059
0.089

(∆c/c), %
0.089
0.099

Nevertheless, for the parameters b and c, the differences between the
PDF file and Le Bail method were smaller than the same differences
between the PDF file and Rietveld method. This means that the
values of unit cell parameters calculated by Le Bail method were
more accuracy than that calculated by Rietveld method as it was
mentioned at once. However, all differences were very small (less
than 0.01%) and therefore the refinements by the two methods were,
in general, very accurate.
The parameters calculated by Rietveld method only
The Rietveld method was used to calculate other parameters that
cannot be calculated by Le Bail method like atomic coordinates,
isotropic temperature factors, occupation, multiplicity, bond lengths,
and angles. The refined values of atomic coordinates, isotropic
temperature factors, occupation, and multiplicity were presented in
Table 3. By comparing the values in table 3 with literature [22, 34],
one can find that, in general, all values in the present work were very
close to that in the two references. This except the atomic coordinate
(x) for the atom O3 which is different in the two references (-0.0096
in [22] and -0.082 in [34]) and it was (-0.0116) in the present work.
This last value was closer to that in [22]. This difference may be
explained by type of the diffraction, which was X-ray diffraction in
the present work and in [22], while it was neutron diffraction in [34]).
Another explanation may give the reason for this difference. It is the
accuracy in the refinements, which may differs from a work to
another. Also, it can be found from table 3 that the atoms positions
were reasonable for this structure and gave the possibility to
determine bond lengths for Li-Oi, S-Oi and N-Hi where i = 1, 2, 3, 4.
These calculated bond lengths were presented in Table 4. One can
see that the obtained mean bond lengths for Li-O and S-O in the
present work (Table 4) were, approximately, similar to that in the
references [22, 34]. Nevertheless, the obtained mean bond length for
N-H has different values in the two references (0.93 in [22] and 0.99
in [34]) while in the present work, it was (1.056925). This difference
was explained in [34] by the type of diffraction which was X-ray
diffraction in [22] and neutron diffraction in [34].

Calculated by FullProf
program (Le Bail method)
LiNH4SO4
Colorless
121.04
4-80
0.04
0.06
22.1-1.2
1.541838
298
Orthorhombic
P21cn
5.27779
9.12562
8.77220
422.497
4
148
12.9
17.1
10.57
2.63

Calculated by FullProf
program (Rietveld method)
LiNH4SO4
Colorless
121.04
4-80
0.04
0.06
22.1-1.2
1.541838
298
Orthorhombic
P21cn
5.27818
9.12291
8.77129
422.358
4
154
15.0
18.1
11.19
2.63

Table 3. Atomic parameters (atomic coordinates, isotropic temperature
factors, occupation, and multiplicity) calculated by the FullProf program
(Rietveld method) for β-LAS single crystal (phase II)
Atomic coordinates
Atom
Li
S
O(1)
O(2)
O(3)
O(4)
N
H(1)
H(2)
H(3)
H(4)

x

y

z

0.2492
0.2323
0.2617
0.3374
-0.0116
0.4148
0.7681
0.7054
0.5766
0.8291
0.8526

0.0892
0.4162
0.3956
0.2783
0.4471
0.5385
0.2858
0.1619
0.3105
0.3303
0.3386

0.3073
0.2052
0.0399
0.2708
0.2587
0.2507
0.4984
0.5377
0.4522
0.4260
0.5947

Isotropic
temperature Occupation
factors
0.0231
1.0000
0.0151
1.0000
0.0423
1.0000
0.0309
1.0000
0.0185
1.0000
0.0321
1.0000
0.0291
1.0000
0.1680
1.0000
0.0510
1.0000
0.9560
1.0000
0.0840
1.0000

Multiplicity
4
4
4
4
4
4
4
4
4
4
4

Table 4. Bond lengths calculated by the FullProf program (Rietveld
method) for β-LAS single crystal (phase II)
Bond
Li-O(1)
Li-O(2)
Li-O(3)
Li-O(4)
mean (Li-O)
S-O(1)
S-O(2)
S-O(3)
S-O(4)
mean (S-O)
N-H(1)
N-H(2)
N-H(3)
N-H(4)
mean (N-H)

Length, Å
2.0464
1.8155
1.9000
1.8937
1.9139
1.4695
1.4898
1.3993
1.5280
1.47165
1.2275
1.1118
0.8192
1.0692
1.056925

But, in the present work, the value of this bond length was closer to
the value in [34] in spite of the diffraction in [34] was neutron
diffraction while in the present work it is X-ray diffraction as it was in
[22]. This inconsistence may be explained with two reasons; the first
is the instrument type, which was single X-ray diffractometer in [22],
while it is powder X-ray diffractometer in the present work. The
second reason is the accuracy in the refinements, which may differs
from a work to another. The calculated bond angles for Oi-Li-Oi,
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Oi-S-Oi and Hi-N-Hi where i = 1, 2, 3, 4 in β-LAS single crystal were
presented in table 5. It is clear from the table that, although the range
of the bond angles differs from one group to another, all obtained
mean bond angles for O-Li-O, O-S-O, and H-N-H were,
approximately, the same (~ 109 º). By comparing this value with the
references, one can see that the mean bond angles calculated in the
present work by using the FullProf program (table 5) were,
approximately, similar to that calculated by using other programs in
Mashiyama and Kasano [22] and in Smirnov et al. [34]. From the
obtained values of unit cells, atomic positions, bond lengths and
angles, the FullProf program drew the structure visualization for βLAS single crystal as it is clear in fig. 5, which displays the crystal
structure of β-LAS (phase II) in accordance with atomic positions.
Fig. 5 showed that this structure agrees well with that drew and
described previously by other programs [18, 19, 34].
Table 5. Bond angles calculated by the FullProf program (Rietveld
method) for β-LAS single crystal (phase II)
Bond
O(1)-Li-O(2)
O(1)-Li-O(3)
O(1)-Li-O(4)
O(2)-Li-O(3)
O(2)-Li-O(4)
O(3)-Li-O(4)
mean (O-Li-O)
O(1)-S-O(2)
O(1)-S-O(3)
O(1)-S-O(4)
O(2)-S-O(3)
O(2)-S-O(4)
O(3)-S-O(4)
mean (O-S-O)
H(1)-N-H(2)
H(1)-N-H(3)
H(1)-N-H(4)
H(2)-N-H(3)
H(2)-N-H(4)
H(3)-N-H(4)
mean (H-N-H)

Angle, º
95.93552
109.1766
108.3101
115.1154
115.0655
111.7625
109.2276
103.5498
117.0221
106.4942
112.5222
106.3068
110.1848
109.3467
92.49134
141.1830
107.7704
88.54562
125.1744
103.0474
109.7020

as tanθ [42]. The additional broadening in diffraction peaks beyond
the inherent peak widths due to instrumental effects can be used to
measure crystallite size as low as 1.0 nm. The average crystallite size
(t) of the sample can be calculated from the full width at half
maximum (FWHM) of the peaks using the Debye–Scherrer equation
[12]:

t

0 .9 
 cos 

(4)

where λ is the X-ray wavelength, δ is the full width at half maximum
(FWHM) of the peak (in radians) and θ is the Bragg angle for the
corresponding plane. The equation (4) can be rewritten in the form:



0 .9  1
.
t cos 

(5)

In order to use δ and θ of all peaks, δ is plotted on the y-axis against
(1/cos θ) on the x-axis. This relation should be a straight line with
slope equals to (0.9λ/t) from which the average crystallite size (t) can
be calculated. The values of δ and θ extracted from the refinements of
X-ray diffraction for β-LAS crystal by the two methods (Le Bail and
Rietveld) were used to plot two relations in Fig. 6 by using Debye–
Scherrer equation and to calculate the average crystallite size (t) from
the slopes of the two relations. It is clear from Fig. 6 that the data
were well fitted by straight lines for the two relations according to the
Debye–Scherrer equation. The slopes of these two lines obtained
from the peaks data of Le Bail and Rietveld methods outputs were
(0.00486) and (0.00472) respectively. By using equation (5), the slope
= 0.9λ/t. By substituting λ with its value (0.1541838 nm), the average
crystallite size (t) was calculated from the two slopes of the two
methods. The two obtained values were listed in Table 6.
The
average crystallite size (t) can be calculated by another equation too.
It is the Williamson–Hall equation [5]:

 cos  

k
 2 sin 
t

(6)

where k is Scherrer constant, which was taken equal to (0.9) in
Debye–Scherrer formula (4), and ε is the lattice strain. Here, (δ cosθ)
is plotted on the y-axis against (2sinθ) on the x-axis. This relation will
be, also, a straight line. The intercept of this straight line with y-axis
gives (kλ/t) from which the average crystallite size (t) can be
calculated after putting Scherrer

Fig. 5. The structure of β-LAS single crystal (phase II) in accordance with
atomic positions.as it was obtained from the FullProf program (Rietveld
method)

Average crystallite size
The sample produces appreciable diffraction broadening and it is
reasonably assumed that this arises from the crystallite size and
internal stresses. Diffraction theory predicts that the breadth due to
crystallite size varies with angle as secθ and that due to elastic strain

Fig. 6. The relations between (δ) and (1/cos θ) obtained from the peaks
data of Le Bail and Rietveld methods according to the Debye–Scherrer
equation for β-LAS single crystal (phase II).
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result was that, the two treatment methods and the two equations gave
very close values of the average crystallite size (t), and therefore one
can use any method with any equation. Nevertheless, for more
accuracy, the best method of treatment is Le Bail method and the best
equation is Debye–Scherrer equation.
Conclusions

Fig. 7. The relations between (δ cos θ) and (2sin θ) obtained from the
peaks data of Le Bail and Rietveld methods according to the Williamson–
Hall equation for β-LAS single crystal (phase II).

constant (k) equals to (0.9). The slope of the straight line equals to the
lattice strain (ε). The values of δ and θ extracted from the refinements
of X-ray diffraction for β-LAS crystal by the two methods (Le Bail
and Rietveld) were used, also, to plot two relations in Fig. 7 by using
Williamson–Hall equation and to calculate the average crystallite size
(t) from the intercepts of the two relations. It is clear from Fig. 7 that
the data were well fitted by straight lines for the two relations
according to the Williamson–Hall equation. The intercepts with y-axis
of these two lines obtained from the peaks data of Le Bail and
Rietveld methods outputs were (0.00484) and (0.00481) respectively.
By using equation (6), the intercept = kλ/t. By putting Scherrer
constant (k) equals to (0.9) and substituting λ with its value
(0.1541838 nm), the average crystallite size (t) was calculated from
the two intercepts of the two lines. The two obtained values were
listed, also, in Table 6. Table 6 summarizes the average crystallite
size values calculated from the peaks data of the two methods (Le
Bail and Rietveld) by using the two equations (Debye–Scherrer and
Williamson–Hall). Table 6 shows that the average crystallite sizes (t)
calculated from the peaks data of Rietveld method were greater than
those calculated from the peaks data of Le Bail method by using the
two equations (Debye–Scherrer and Williamson–Hall). Therefore, the
best value of the average crystallite size (t) was that calculated by
Debye–Scherrer equation using the peaks data of Le Bail method
(28.55 nm). One can explain this result by two reasons. The first is
the accuracy of Le Bail method, which was more than that of Rietveld
method as it was shown in last part. The second reason is the
accuracy of using Debye–Scherrer equation, which was more than
that of using Williamson–Hall equation. This because the previous
equation uses the slope to calculate the average crystallite size while
the later equation uses the line intercept and therefore the error has
less probability to take place with the slope than that with the
intercept. In general, the four values of the average crystallite size
(two treatment methods and two equations) were close to each other
and the differences between them were small. The mean value of the
average crystallite size (t) from these four values was (28.87 nm). The
difference between the best value and the mean value of average
crystallite size was very small (0.32 nm) and approximately = 1 %
only from any of the two values. The important deducing from this

The grown single crystal of LiNH4SO4 by the slow evaporation
technique of aqueous solution at the constant temperature 309 K has
the β-modification (β-LiNH4SO4). The crystal structure of βLiNH4SO4, measured at room temperature, relates to phase II (room
temperature phase) for this crystal. The values of the unit cell
parameters of β-LiNH4SO4 crystal (phase II) calculated by the two
methods (Le Bail and Rietveld) are very close to the values in the
ICDD file (PDF No. 82-0020), but Le Bail method gives values closer
to the ICDD file. For the parameters calculated by the two methods,
the refinement by Le Bail method has accuracy more than that by
Rietveld method because Rietveld method refines more parameters.
The values of atomic parameters, bond lengths, and angles of βLiNH4SO4 crystal (phase II), calculated in the present study by the
FullProf program, have very good agreements with those obtained in
some earlier studies. This except some small differences in very little
parameters because of type of the used diffraction (X-ray or neutron),
type of the instrument (single X-ray diffractometer or powder X-ray
diffractometer) and the refinements accuracy which may differs from
one work to another. The crystal structure of β-LiNH4SO4 (phase II),
which is drew by the FullProf program in accordance with atomic
positions, has very good agreement with that drew and described
previously by other programs. The average crystallite size (t) of βLAS crystal, which calculated from the peaks data of two treatment
methods (Le Bail and Rietveld) by using two equations (Debye–
Scherrer and Williamson–Hall), have very close values. Therefore,
one can use any method with any equation but, for more accuracy, the
best method of treatment is Le Bail method and the best equation is
Debye–Scherrer equation. The average crystallite size (t) of β-LAS
crystal is 28.87 nm (the mean value of four obtained values from the
two treatment methods and two equations), or 28.55 nm (the value
obtained from the best method and the best equation).
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