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Abstract

Powder X-ray diffraction (XRD) was used to determine the crystal structure of sodium
chloride (NaCl) powder and to evaluate the accuracy with which a simple laboratory dif-
fraction dataset can recover the crystallographic parameters of a well-known ionic solid.
The diffraction profile collected over the angular interval 20° < 20 < 90° contains nine in-
dexed reflections at approximately 27.4°, 31.7°, 45.5°, 53.9°, 56.5°, 66.3°, 73.1°, 75.4°, and
84.1°. The sequence of squared-sine ratios, when referenced to the first reflection, is con-
sistent with the allowed reflections of a face-centered cubic lattice. The observed indexing
sequence is assigned to the (111), (200), (220), (311), (222), (400), (331), (420), and (422) re-
flections of the rock-salt structure. From Bragg analysis and the cubic interplanar-spacing
relation, the average lattice parameter was determined as a = 5.642 + 0.004 A, in excellent
agreement with the accepted value of approximately 5.640 A for NaCl at ambient condi-
tions. Peak broadening was further used to estimate an apparent Scherrer crystallite size
of about 41.6 nm. This value should be interpreted as an XRD coherence length rather than
as a direct particle size, because instrumental broadening and microstrain were not inde-
pendently deconvoluted. A structure-factor and Lorentz—polarization analysis was used
to rationalize the intensity hierarchy of the diffraction peaks and to explain why odd al-
lowed reflections are weak but observable in NaCl owing to the difference between the
Na* and CI- scattering factors. The contribution of this work is methodological and educa-
tional: it reconstructs a transparent workflow connecting peak fitting, indexing, lattice-
constant evaluation, crystallite-size estimation, and intensity interpretation within one co-
herent analysis. The incorporation of data-driven whole-pattern analysis significantly en-
hances structural validation, providing improved accuracy in lattice-parameter determi-
nation and a more reliable interpretation of crystallite size and microstrain effects.

Keywords: powder X-ray diffraction; rock-salt structure; face-centered cubic lattice;
Bragg law; atomic form factor; nanoparticles; structure factor; crystallite size;
Lorentz—polarization factor

1. Introduction

Determining the structure of a crystalline solid from its diffraction pattern is one of
the central operations in materials physics, solid-state chemistry, crystallography, and
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powder characterization. X-ray diffraction is especially powerful because the wavelength
of commonly used laboratory X-rays is comparable to interatomic distances in solids. X-
ray diffraction is especially powerful because the wavelength of commonly used labora-
tory X-rays is comparable to the characteristic interatomic and interplanar spacings in
crystals. This wavelength matching is essential for diffraction: when the wavelength is of
the same order as the periodic separation of scattering centers, waves scattered from suc-
cessive lattice planes can interfere constructively at well-defined angles. If the wavelength
were much larger than the lattice spacing, the atomic periodicity would not be resolved;
if it were much smaller, the diffraction geometry would be less directly matched to the
crystallographic length scale. For Cu Ka radiation, A is approximately 1.54 A, which is
comparable to the angstrom-scale d-spacings of common crystalline solids. Consequently,
the crystal behaves as a three-dimensional diffraction grating, and the observed diffrac-
tion angles can be related to interplanar spacings through Bragg’s law, 2d sin@ = nA. This
is the physical basis for using XRD peak positions to determine the unit-cell geometry and
lattice parameter. As a result, a periodic arrangement of atoms behaves as a three-dimen-
sional diffraction grating, and the angular positions of the diffracted beams encode the
geometry of the unit cell. The intensities and shapes of the diffraction peaks add further
information on the distribution of atoms within the unit cell, the finite coherence length
of the crystalline domains, microstrain, preferred orientation, and instrumental effects [1-5].

Sodium chloride is an ideal reference material for introducing structure determina-
tion by powder XRD. It possesses the rock-salt structure, which can be described as two
interpenetrating face-centered cubic sublattices displaced with respect to each other. In a
conventional description, Cl- ions occupy fcc lattice positions and Na* ions occupy the
octahedral holes, although the origin can be shifted so that the two assignments are inter-
changed. Each ion is six-fold coordinated by counterions, giving the well-known octahe-
dral local environment of the B1 structure type. The space group is Fm-3m, No. 225, and
the room-temperature lattice parameter is close to 5.640 A [6-8].

The present work uses NaCl powder not as an unknown material in the strict sense,
but as a controlled validation system. Because the expected structure is known, each step
of the analysis can be tested: peak fitting, Bragg d-spacing calculation, cubic indexing,
lattice-constant extraction, crystallite-size estimation, and structure-factor-based interpre-
tation of intensities. This makes the experiment pedagogically useful and scientifically in-
structive. Modern powder diffraction has moved far beyond simple peak indexing. Clas-
sical indexing algorithms and modern powder-pattern analysis tools have also played an
important role in transforming powder XRD from manual peak assignment into a more
systematic workflow for unit-cell search, profile inspection, visualization, and educational
interpretation [8-15]. Rietveld refinement allows entire diffraction patterns to be modeled
by simultaneously refining structural, instrumental, microstructural, and background pa-
rameters [9,12]. More recent work has introduced automated and data-driven approaches
for crystal-structure solution from powder diffraction patterns [13]. Nevertheless, the clas-
sical sequence of Bragg law analysis, indexing, and structure-factor reasoning remains
foundational. A researcher who cannot interpret a simple NaCl powder pattern by hand
will have difficulty judging the reliability of a more automated refinement.

The central objective of this paper is to present a publication-style analysis of a NaCl
powder XRD dataset. The rock-salt structure of NaCl is well established, and this manu-
script does not claim to discover a new structure. Instead, NaCl is used as a controlled
validation material to reconstruct a transparent laboratory powder XRD workflow, in-
cluding peak-profile fitting, Bragg d-spacing calculation, fcc indexing, uncertainty-aware
lattice-parameter extraction, Scherrer and Williamson—Hall line-broadening interpreta-
tion, structure-factor and Lorentz—polarization intensity analysis, and whole-pattern re-
sidual inspection. The analysis emphasizes the hierarchy of reliability among peak
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positions, peak widths, and relative intensities, thereby providing a critical bridge be-
tween classical powder diffraction instruction and publication-level crystallographic in-
terpretation.

Several previous studies and crystallography texts have used NaCl as a standard
rock-salt material for demonstrating Bragg diffraction, face-centered cubic indexing, and
lattice-parameter determination. The present work is similar to these studies in that it uses
the well-known NaCl structure as a reference system and applies the established sequence
of peak-position analysis, d-spacing calculation, and fcc reflection assignment. However,
the objective and scope of the present manuscript are broader than a simple phase-identi-
fication exercise. Here, NaCl is used as a controlled validation material to reconstruct the
complete reasoning chain of laboratory powder XRD analysis, including peak-profile fit-
ting, squared-sine indexing, uncertainty-aware lattice-parameter extraction, Scherrer and
Williamson-Hall line-broadening interpretation, structure-factor and Lorentz—polariza-
tion intensity analysis, and whole-pattern residual inspection. In this respect, the manu-
script differs from previous introductory treatments that typically focus on only one or
two of these steps, and it also differs from advanced Rietveld-focused studies by deliber-
ately showing how much crystallographic information can be obtained from a transparent
peak-by-peak workflow before applying full refinement. Therefore, the contribution of
this work is methodological and educational rather than the discovery of a new NaCl
structure; it provides a critical bridge between classical powder diffraction instruction and
publication-level structural interpretation.

The present study uses NaCl as a controlled reference system to establish a transpar-
ent and uncertainty-aware workflow for laboratory powder XRD analysis. Rather than
claiming the discovery of a new NaCl structure, the work integrates peak-profile fitting,
Bragg law conversion, fcc indexing, lattice-parameter determination, Scherrer and Wil-
liamson-Hall line-broadening analysis, structure-factor and Lorentz—polarization inten-
sity interpretation, and whole-pattern residual inspection. Its methodological contribution
is to demonstrate, within a single experimentally grounded framework, which diffraction
outputs are comparatively robust, particularly peak positions and the derived lattice pa-
rameter and which are more sensitive to instrumental and specimen-dependent effects,
including peak widths and relative intensities. The study therefore connects classical crys-
tallographic analysis with the critical interpretation required for publication-level powder
diffraction research.

2. Scientific Background and Literature Context
2.1. Powder Diffraction as a Structural Fingerprint

Powder diffraction differs from single-crystal diffraction in that the specimen con-
tains a large number of randomly oriented crystallites. For a given set of lattice planes
{hkl}, some crystallites will always satisfy the Bragg condition. Instead of observing dis-
crete spots in reciprocal space, a powder diffractometer records rings or their one-dimen-
sional projection as intensity versus 26. Each peak position corresponds to an interplanar
spacing, while each relative intensity depends on the multiplicity of the plane family,
atomic scattering factors, the structure factor, angular corrections, thermal factors, absorp-
tion, texture, and instrumental geometry (Figure 1) [3,13-17].
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Figure 1. Schematic illustration of the Bragg construction for X-ray diffraction from parallel lattice
planes. The incident X-ray wave is coherently scattered by the periodic electron-density distribution
of the crystal. Constructive interference occurs when the additional path difference between waves
scattered from adjacent planes equals an integer multiple of the wavelength, nA. The geometry
shows the lattice-plane spacing d, the Bragg angle 0, and the path-difference contribution 2d sin0,
leading to Bragg’s law, 2d sin0 = nA [10].

The positions of the peaks are usually the most robust part of a simple laboratory
experiment. If the wavelength is known and sample displacement is small, peak positions
can be used to determine d-spacings and lattice constants with high precision. Although
laboratory XRD does not provide direct real-space imaging with high spatial resolution,
its sensitivity to lattice spacing is exceptionally high because interplanar distances are ob-
tained from diffraction angles through Bragg’s law. This sensitivity is largely independent
of the macroscopic beam size: the beam may illuminate a relatively large specimen area,
but the measured peak position still reflects the average periodic spacing of the diffracting
lattice planes within the illuminated volume. Consequently, when the wavelength cali-
bration, specimen alignment, and peak fitting are reliable, XRD can determine d-spacings
and lattice parameters with sub-angstrom sensitivity, which is typically more precise than
direct measurement of interplanar distances by many routine microscopy-based methods.
Here, small sample displacement means that the powder surface is sufficiently close to
the diffractometer reference plane that any specimen-height error produces only a minor
20 shift relative to the peak-position uncertainty. In Bragg-Brentano geometry, a vertical
displacement of the specimen from the focusing plane can systematically shift the meas-
ured peak positions and thereby bias the calculated d-spacings and lattice parameter. The
narrow scatter of the peak-by-peak lattice parameters in the present NaCl dataset suggests
that such displacement-related errors are limited, although a more rigorous analysis
would evaluate them using an internal standard, calibrated reference material, or zero-
shift/specimen-height correction in whole-pattern refinement.

NaCl has historically been used as a standard example because its diffraction pattern
combines simplicity with important crystallographic lessons. Its fcc Bravais lattice im-
poses systematic absences for mixed-parity {hkl} values. At the same time, the NaCl basis
contains two chemically different ions, so the structure factor distinguishes even and odd
allowed reflections. Reflections for which #, k, and I are all even are controlled by the sum
of the two form factors, whereas reflections for which they are all odd are controlled by
their difference.

2.2. Rock-Salt Structure of NaCl

The rock-salt structure can be described using an fcc lattice with a two-ion basis. A
convenient origin places CI- at (0, 0, 0) and Na* at (1/2, 1/2, 1/2) in fractional coordinates.
The conventional cubic cell contains four formula units, Z = 4. Each Na* ion is surrounded

https://doi.org/10.3390/compounds6030048


https://doi.org/10.3390/compounds6030048

Compounds 2026, 6, 48

5 of 24

by six CI- ions at the vertices of an octahedron, and each Cl- ion has the same local coun-
terion coordination. This symmetrical arrangement is responsible for the high structural
simplicity of halite and makes the material a benchmark for powder XRD indexing [17-19].

Because the structure is cubic, the interplanar spacing is related to the lattice constant
by a simple algebraic expression. This is the key reason why the lattice parameter can be
recovered from a small number of peak positions without needing a full structural refine-
ment. If all indexed peaks give approximately the same value of a, the indexing is inter-
nally consistent. If the values drift systematically with angle, sample displacement, zero-
shift, or transparency errors may be present.

In the present analysis, the extracted values range only from 5.638 to 5.646 A, pro-
ducing an average of 5.642 A. This narrow spread is a strong sign that the peak positions,
wavelength assignment, and {/kl} indexing are mutually consistent.

3. Theoretical Framework
3.1. Bragg Law and D-Spacing

Constructive interference occurs when the path difference between X-rays coherently
scattered by the periodic electron-density distribution associated with adjacent lattice
planes is an integer multiple of the wavelength. In this sense, Bragg’s law provides a geo-
metrical representation of coherent elastic scattering from the crystal lattice, rather than a
literal mirror-like reflection from atomic planes [1-5,20].

2 dik sinB = nA 1)

Here dix is the spacing between the {1kl} planes, 0 is the Bragg angle, 7 is the reflection
order, and A is the X-ray wavelength. For ordinary powder XRD analysis, the first-order
condition # = 1 is normally used, so each observed 20 value can be converted into a d-
spacing:

dmi = A/(2 sinB) (2)

The experiment used an average X-ray wavelength close to A = 1.542 A, consistent
with Cu Ka radiation. The uncertainty in d-spacing is dominated by uncertainty in the
fitted peak center and any systematic zero-shift or sample-displacement error.

The geometrical origin of Bragg’s law is illustrated schematically in Figure 1, where
constructive interference occurs when the additional path difference between waves scat-

tered from adjacent lattice planes equals an integer multiple of the wavelength. The cap-
tion was also revised to explain d, 6, and the path difference 2d sin(0).

3.2. Cubic Indexing Relation
For a cubic structure, the interplanar spacing is related to the lattice parameter by:
1/(dmi)? = (h2 + k2 + [2)/a? 3)
Combining Equation (2) with Equation (3) gives the useful indexing relation:
4 sin20/A2 = (2 + k2 + 1) [a? 4)

If the first observed peak is used as a reference, the ratios of sin20 should be propor-
tional to the ratios of h? + k% + [2. In the present dataset, the sequence is consistent with the
fcc allowed values 3, 4, 8, 11, 12, 16, 19, 20, and 24, corresponding to (111), (200), (220),
(311), (222), (400), (331), (420), and (422) [21-25].
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3.3. Selection Rules and Structure Factor

The selection rule for a face-centered cubic lattice can be derived directly from the
lattice contribution to the structure factor. The conventional fcc cell contains equivalent
lattice points at (0,0,0), (0,1/2,1/2), (1/2,0,1/2), and (1/2,1/2,0). Therefore, the fcc lattice factor
is

Lee =1+ explire(k + )] + exp[ine(h + )] + exp[ire(h + k)] (5)

or equivalently,

Lie=1+ (—1)(k+l) + (_1)(h+l) + (—]_)(h+k) (6)

Here, h, k, and [ are the Miller indices of the reflection under consideration. The com-
binations k + 1, h + 1, and h + k are integer sums that enter the phase factors of the translated
fcc lattice points relative to the origin. If /i, k, and I are all even, all exponent terms are +1
and Lfc=4.If h, k, and [ are all odd, the sums h +k, h + 1, and k + [ are also even, so again
Lie = 4. However, if h, k, and | have mixed parity, two of the phase factors are -1, and the
total sum cancels, giving Lse = 0. Thus, diffraction from an fcc lattice is allowed only when
h, k, and [ are either all even or all odd, while mixed-parity reflections are systematically
absent.

For Na(l, the fcc lattice is combined with a two-ion basis. Taking CI- at (0,0,0) and
Na+ at (1/2,1/2,1/2), the structure factor can be written as:

Fit = L [fCl + fNa exp(in(h + k + 1))] @)

In this expression, fCl and fNa are the atomic X-ray scattering factors of chlorine and
sodium, respectively, at the corresponding scattering angle or scattering-vector magni-
tude. The fcc lattice factor first imposes the all-even/all-odd selection rule. For the allowed
reflections, the basis term then determines the relative intensity. When £, k, and [ are all
even, h+k +1is even and Fiu = 4(fCl + fNa). When h, k, and [ are all odd, h + k + 1 is odd and
Fix = 4(fCl - fNa). Therefore, odd allowed reflections are not forbidden in NaCl; they are
weak because they depend on the difference between the chlorine and sodium scattering
factors, whereas even reflections depend on their sum.

The same procedure can be used to retrieve selection rules for other symmetries. In
general, the structure factor is written as Fii = Zj f exp [2mi(hxj + kyj + Izj)], where the sum
extends over the atoms or symmetry-equivalent lattice points in the unit cell. Systematic
absences occur when the phase terms cancel exactly for particular hkl combinations. Se-
lection rules are therefore a direct consequence of translational symmetry and phase in-
terference, rather than empirical indexing conventions [26].

3.4. Crystallite-Size Estimation from Peak Broadening

Diffraction-peak broadening may arise from finite coherent-domain size, microstrain,
instrumental response, and the selected profile function. The Scherrer equation provides
a first-order estimate of the coherent diffracting-domain length [27]:

D = KA/(B cos0O) 8)

Here, D is the apparent coherent-domain length, A is the X-ray wavelength, f3 is the
full width at half maximum in radians after broadening correction, 6 is the Bragg angle,
and K is the shape factor. A conventional value of K= 0.9 was adopted for approximately
equiaxed domains analyzed using FWHM-type peak widths. Because D scales linearly
with K and is derived from line breadth rather than direct imaging, it should not be inter-
preted as the external NaCl particle diameter.

For Gaussian-type profiles, the sample contribution may be estimated as Bsampie = (Sobs?
— Bins?)12, where Bors and Pinst are the observed and instrumental widths, respectively.
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Ideally, the instrumental width should be measured using a strain-free standard, such as
Si or LaBs, under identical instrumental conditions. In the present dataset, a representative
instrumental contribution was used only to assess sensitivity. Consequently, narrow weak
reflections, particularly (331), become highly dependent on the assumed instrumental
width.

The reported values are therefore described as apparent Scherrer coherence lengths.
Their accuracy is limited by the peak-profile model, background selection, shape factor,
unresolved Cu Ka1/Ka2 contributions, microstrain, instrumental correction, and fitting un-
certainty. A more rigorous separation of size and strain contributions would require a
standard-based instrumental profile together with Williamson-Hall or Rietveld line-pro-
file analysis [10-12].

3.5. Lorentz—Polarization Correction and Relative Intensities

The calculated relative intensity of a powder reflection can be approximated as a
product of multiplicity, structure-factor magnitude, and angular correction terms:

Ieqi(hkl) o< My |Fhk12| LP(6) )

Here muu is the multiplicity of the plane family, Fi is the structure factor, and LP(0)
is the Lorentz—polarization factor. The Lorentz—polarization factor represents the angular
correction required when calculated powder diffraction intensities are compared with
measured intensities. The Lorentz part arises from the geometry of the diffraction experi-
ment: during a 20 scan, different reflections remain in the Bragg-diffracting condition over
different angular intervals, so the recorded intensity depends not only on the intrinsic
scattering strength of the {hkl} planes but also on the scanning geometry. The polarization
part accounts for the fact that X-rays are electromagnetic waves and are scattered by the
electron clouds of atoms with an angular dependence related to the orientation of the elec-
tric-field vector relative to the scattering direction. Thus, the Lorentz—polarization factor
is not an arbitrary fitting parameter; it describes how the measured intensity is modified
by diffraction geometry and X-ray polarization. In the present work, this correction is used
to place the structure-factor-based intensity calculation on a physically meaningful com-
parative scale, while recognizing that a complete refinement would require instrument-
specific intensity corrections. One commonly used form for the angular factor in labora-
tory powder geometry is [28]:

LP(0) =[1 + cos%(20)]/[sin20 cosO] (10)

The relative intensities calculated from Equation (9) are idealized. The measured in-
tensities can deviate strongly if the powder is not randomly oriented, if the sample thick-
ness or packing is non-uniform, or if profile fitting and background subtraction introduce
systematic errors [27,28].

4. Methodology and Data-Analysis Protocol

Commercially available ACS-reagent-grade sodium chloride powder (NaCl, 299.0%
purity) was used as the reference crystalline material. Before XRD mounting, the NaCl
was gently hand-ground in an agate mortar and pestle for approximately 5 min to break
up large crystals/agglomerates and obtain a more visually uniform free-flowing powder
suitable for laboratory powder XRD analysis. No high-energy milling, chemical treatment,
sieving, or particle-size classification was applied. Therefore, the grinding procedure
should be regarded as a mild homogenization step rather than a controlled particle-size-
reduction process. The powder was then spread as a thin and visually uniform layer onto
double-sided adhesive tape fixed to a flat sample holder. Because the powder was not
size-classified, possible effects of non-uniform spreading, surface-height mismatch, and
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partial preferred orientation were considered when interpreting relative intensities and
fitted peak widths.

Powder X-ray diffraction measurements were performed using a laboratory powder
X-ray diffractometer equipped with a Cu Ka X-ray source. The average wavelength used
in the analysis was A = 1.542 A, consistent with Cu K. radiation. The diffraction pattern
was collected in conventional 26/6 scanning mode using continuous scanning over the
angular range of 20° < 20 < 90°, with a step size of 0.02°. The X-ray tube was operated at
40 kV and 40 mA. The instrumental configuration included a divergence slit of 1/2°, a
divergence height-limiting slit of 10 mm, a scattering slit of 1/2°, a receiving slit of 0.3 mm,
and a Kp filter to suppress unwanted Kg radiation. NaCl powder was mounted by spread-
ing a thin and visually uniform layer of powder onto double-sided adhesive tape. This
preparation method is simple and suitable for laboratory powder XRD demonstration;
however, it may introduce preferred orientation, slight specimen-height displacement, or
local thickness variations if the powder layer is not perfectly random, flat, and homoge-
neous. These possible effects were therefore considered when interpreting relative inten-
sities and peak broadening.

The diffraction data were processed by first extracting the peak centers, peak heights,
integrated areas, and full widths at half maximum from fitted peak profiles. Gaussian and
Voigt-type functions were used in IGOR Pro 8 to evaluate the sensitivity of the extracted
peak positions and widths to the selected profile model. Bragg’s law was then used to
convert the fitted 20 values into interplanar spacings, and the squared-sine ratio method
was applied to assign the allowed fcc reflections of the rock-salt NaCl structure. The lattice
parameter was calculated independently for each indexed reflection and subsequently av-
eraged to evaluate the internal consistency of the indexing procedure. The fitted peak
widths were further used for Scherrer-type coherence-length estimation, while the meas-
ured integrated intensities were compared with idealized calculated intensities based on
multiplicity, atomic scattering factors, structure factor, and Lorentz—polarization correc-
tion. In addition, the full diffraction profile was modeled by Gaussian peak components
superimposed on a polynomial background to inspect the residual distribution and vali-
date the consistency of the peak-by-peak analysis. The original XRD pattern and individ-
ual peak-fitting outputs are provided in the Supplementary Figures as Figure S1 and Fig-
ures S2-510, respectively. [21,29].

A representative schematic/photograph of the powder mounting procedure has been
added to clarify the sample-preparation geometry used for the NaCl powder XRD meas-
urement, Figure S11. The illustration shows the powder distributed as a thin layer on dou-
ble-sided adhesive tape fixed to a flat sample holder. This visual addition is intended only
to document the mounting configuration and improve experimental reproducibility. It
should not be interpreted as a quantitative assessment of particle morphology, powder
packing, or preferred orientation. As discussed in the methodology, adhesive-tape mount-
ing is a simple and useful preparation method for laboratory powder XRD demonstration,
but non-uniform powder spreading, surface-height mismatch, or partial texture can influ-
ence measured relative intensities and fitted peak widths.

5. Results
5.1. Peak Positions and Indexing

The fitted peak centers and corresponding {lkl} assignments are summarized in Table
1. 6o denotes the Bragg angle of the first observed/reference reflection; here, the (111) peak
at 20 = 27.40°. Therefore, (sin6/sinbo)? is the normalized squared-sine ratio used to com-
pare the experimental diffraction sequence with the allowed h? + k2 + [2 values for an fcc
lattice. The observed reflections match the expected allowed sequence for an fcc lattice.
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The assignment begins with (111), not (100), because mixed or forbidden fcc reflections
are absent. The appearance of (111), (200), (220), (311), (222), (400), (331), (420), and (422)
confirms that the pattern is compatible with the rock-salt NaCl structure rather than a
primitive or body-centered cubic lattice, as shown in Figures 2 and 3. The complete source
pattern is shown in Figure S1, while the fitted profiles of the first to ninth diffraction peaks
are presented in Figures 52-510.

Table 1. Fitted peak positions, d-spacings, indexing ratios, and {hkl} assignments.

Peak 20 (deg) O (deg) d(A)  (sinO/sinBo)? h2+ k2 +12 As{s;i;‘}ed
1 27.40 13.70 3.255 1.000 3 (111)
2 31.70 15.85 2.823 1.327 4 (200)

3 45.50 22.75 1.994 2.666 8 (220)
4 53.90 26.95 1.701 3.653 11 (311)
5 56.50 28.25 1.629 3.983 12 (222)
6 66.30 33.13 1411 5.327 16 (400)
7 73.10 36.55 1.295 6.324 19 (331)
8 75.40 37.70 1.261 6.668 20 (420)
9 84.10 42.05 1.151 7.992 24 (422)

Indexed NaCl powder XRD peak positions

100 A [
80 A
60 -
40 -
20 A
0l @ o ? ! o) L4
20 (degree)

Figure 2. Indexed NaCl powder XRD peak positions using normalized integrated experimental in-
tensities. The blue markers and vertical stems represent the normalized integrated intensities of the
assigned NaCl reflections. The red horizontal line indicates the zero-intensity baseline and is in-
cluded only as a visual reference guide; it does not represent an additional experimental or calcu-
lated dataset.
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—@— Experimental 3(sin6/sinBy)? =
B Assigned h?+k?+I?
20 A
]
Iv]
=
s
o 15 1
n
o
c /
.5 s
Y 10 1
= ;
5 “
5 10 15 20 25

Assigned h?+k?+12

Figure 3. Cubic indexing consistency for NaCl powder. The blue line and markers represent the
experimentally derived normalized sin?0 sequence, while the orange markers indicate the assigned
fcc h? + k2 + I2 values. The close agreement between both datasets confirms the face-centered cubic

indexing sequence of the rock-salt NaCl structure. [14-18,29].

5.2. Lattice-Parameter Determination

The lattice parameter was calculated using a = d(h? + k2 + [2)12. The peak-by-peak val-
ues are very consistent, indicating that the fcc indexing is reliable and that systematic
peak-position errors are small. The average value obtained from the nine reflections is a =
5.642 +0.004 A. The complete NaCl powder diffraction profile was further examined using
a whole-pattern fitting approach based on the raw experimental dataset. The diffraction
pattern over the range 20° < 20 < 90° was modeled using Gaussian peak components su-
perimposed on a polynomial background. Although this treatment is not a fully con-
strained Rietveld refinement, it provides an additional validation of peak positions, lat-
tice-parameter consistency, and residual distribution. The fitted profile reproduces the
main experimental reflections, while the residual curve remains low over most of the dif-
fraction range. Minor localized deviations near the strongest reflections are attributed to
peak asymmetry, unresolved Cu Ka doublet contributions, preferred orientation, and sim-
plified profile modeling. The experimental, calculated, and residual profiles are shown in
Figure 4. The uncertainty quoted for the average lattice parameter was estimated from the
dispersion of the lattice parameters calculated independently from the nine indexed re-
flections. The individual values range from 5.638 to 5.646 A, giving a conservative half-
range of +0.004 A around the mean value of 5.642 A (Table 2). The corresponding sample
standard deviation is approximately 0.003 A. Therefore, the uncertainty reflects the peak-
to-peak scatter caused by peak-position fitting, possible zero-shift or specimen-height ef-
fects, Ka-related profile asymmetry, and other small experimental uncertainties, rather
than the formal standard error of repeated measurements. Compared with the accepted
ambient value near 5.640 A, the percentage deviation is approximately 0.035% [21,29].
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Figure 4. Experimental, calculated, and difference (residual) XRD profiles of NaCl powder obtained

from whole-pattern fitting. Vertical ticks indicate the positions of the indexed fcc reflections.

Table 2. Lattice parameter obtained independently from each indexed reflection.

Peak {hkl} d (A) h2+ k2 +12 a(A)
1 (111) 3.255 3 5.638
2 (200) 2.823 4 5.646
3 (220) 1.994 8 5.640
4 (311) 1.701 11 5.642
5 (222) 1.629 12 5.643
6 (400) 1.411 16 5.644
7 (331) 1.295 19 5.645
8 (420) 1.261 20 5.639
9 (422) 1.151 24 5.639

The complete NaCl powder diffraction profile was further analyzed using a data-
driven whole-pattern fitting approach based on the raw experimental dataset. The diffrac-
tion pattern over the range 20° < 20 < 90° was modeled using Gaussian peak components
superimposed on a polynomial background. Although this approach does not represent
a fully constrained Rietveld refinement, it provides a robust validation of peak positions,
lattice-parameter consistency, and residual distribution. The refined lattice parameter ob-
tained from the whole-pattern fit is 2 = 5.64005 + 0.00078 A, which is in excellent agreement
with the accepted room-temperature value of NaCl. The difference curve (yobs = yealc) re-
mains low across most of the diffraction range, with minor localized deviations near the
strongest reflections. These deviations are attributed to peak asymmetry, Ko doublet ef-
fects, preferred orientation, and simplified profile modeling [6,7,21,29-32].

The peak-by-peak lattice parameters obtained from the independently indexed re-
flections are plotted in Figure 5. The values cluster closely around the experimental mean
value of 5.642 A and remain very near the accepted reference value of approximately 5.640
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A. This agreement confirms that the assigned fcc reflection sequence is internally con-
sistent and that the small deviations among individual reflections are within the expected
range for a laboratory powder XRD experiment. Therefore, Figure 5 provides a direct
graphical validation of the lattice-parameter consistency obtained from the indexed NaCl
reflections.

Peak-by-peak lattice parameter

5.646 A — = Mean =5.642 A
- Reference = 5.640 A

_5.645 -
<

< 5.644 -
5.643 -
5.642 -
5.641 -

ice parameter

5.640

Latt

5.639

5.638

1 2 3 4 5 6 7 8 9
Peak number

Figure 5. Peak-by-peak lattice-parameter values obtained from the independently indexed NaCl re-
flections. The connected data points show the lattice parameter calculated from each reflection, the
dashed line represents the experimental mean value of 5.642 A, and the dotted line represents the
accepted reference value near 5.640 A. The close clustering of the individual values around both
lines confirms the consistency of the fcc indexing and the reliability of the lattice-parameter deter-

mination.

5.3. Peak Width and Apparent Scherrer Size

The fitted FWHM values were converted to radians and used in the Scherrer analysis.
Because the Cu Ka1/Ka2 components were not explicitly deconvoluted, the fitted widths
represent effective profile widths rather than purely intrinsic sample broadening. This ap-
proximation has little effect on peak-position-based indexing and lattice-parameter deter-
mination but can significantly influence high-angle peak widths. The resulting values are
therefore interpreted as apparent coherent-domain lengths rather than absolute crystallite
or particle sizes.

Including all nine reflections gives an average apparent Scherrer coherence length of
approximately 41.6 nm. However, the weak high-angle (331) reflection yields an anoma-
lously large value and is especially sensitive to background selection, fitting-window
choice, unresolved K. splitting, and the assumed instrumental width. Excluding this un-
stable reflection gives a more representative uncorrected average of approximately 36.1
nm. After applying a representative instrumental-broadening correction of finst = 0.10°, the
apparent coherence lengths range from about 25.0 to 149.2 nm; the upper value again cor-
responds to the (331) reflection, whose observed width is close to the assumed instrumen-
tal contribution and is therefore not considered reliable for particle-size interpretation.

Table 3 reports the observed FWHM values, uncorrected and corrected Scherrer es-
timates, and a reliability assessment for each reflection. These values should be regarded
as first-order XRD estimates of coherent diffracting-domain length along the scattering
direction. They may differ from the external particle size because defects, subgrain bound-
aries, microstrain, local lattice distortions, and small orientation changes can interrupt
phase coherence within a larger particle. The uncertainty also depends on the profile
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model, FWHM definition, shape factor, instrumental correction, and fitting procedure.
Accordingly, the Scherrer results are used here to describe relative line-broadening be-
havior rather than to claim an absolute NaCl particle size (Figure 6) [8,9,11,12,30-35].

Table 3. Peak broadening and apparent Scherrer coherence lengths for all indexed NaCl reflections.
Both uncorrected and instrument-corrected values are shown to illustrate the sensitivity of the

Scherrer estimate to instrumental broadening, especially for weak or narrow reflections.

Peak {hkl} FWHMobs. (deg) B (tad) Duncorrected (nm) Bt = (l,), 1(’)’d*e”g (am) Comment
1 (111) 0.240 0.004 35.50 37.5 Stable
2 (200) 0.200 0.004 43.10 47.7 Stable
3 (220) 0.210 0.004 42.50 46.7 Stable
4 (311) 0.240 0.004 38.70 40.9 Weak but usable
5 (222) 0.270 0.005 35.00 36.0 Stable
6 (400) 0.250 0.004 39.40 41.4 Stable
7 (331) 0.120 0.002 86.00 149.2 Unstable; width close to Binst
8  (420) 0.360 0.006 29.10 29.1 High-angle, broad
9 (422) 0.440 0.008 25.30 25.0 High-angle, broad

Apparent Scherrer size D (hm)

Apparent coherent-domain size

== Mean = 41.6 nm

Figure 6. Apparent Scherrer coherence length calculated for each indexed NaCl reflection. The
dashed line shows the arithmetic average obtained when all nine reflections are included. The high-
angle weak (331) reflection gives an anomalously large apparent value and is therefore interpreted
cautiously because its FWHM is sensitive to unresolved Kai/Ka splitting, background subtraction,
and profile-fitting choice. The Scherrer values should be regarded as apparent coherence lengths

rather than absolute particle sizes.

5.4. Williamson—Hall Size-Strain Analysis

To complement the Scherrer analysis, the peak broadening was further examined us-
ing the Williamson-Hall (W-H) approach, which separates the size-related and strain-re-
lated contributions to the full width at half maximum within a simplified uniform-defor-
mation approximation. In this treatment, the broadening term is expressed as f cos6 =
KA/D + 4¢ sin6, where § is the FWHM in radians, 0 is the Bragg angle, K is the shape factor,
A is the X-ray wavelength, D is the apparent coherent-domain size, and ¢ is the apparent
microstrain parameter [36]. Figure 7 presents the Williamson-Hall plot constructed from
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the fitted NaCl diffraction peaks. The vertical axis corresponds to  cos0, while the hori-
zontal axis corresponds to 4 sin@. The linear regression gives  cos6 = 0.00299 + 0.00082(4
sin0), with R? = 0.691. From the intercept, the apparent coherent-domain size is estimated
to be approximately 46.45 nm, while the slope gives an apparent microstrain contribution
of about 8.22 x 10

The crystallite size obtained from the W-H analysis is broadly consistent with the
Scherrer-based coherence-length estimate, but the moderate R? value indicates that the
peak broadening is not fully described by a single uniform size-strain model. This behav-
ior is expected for a laboratory powder XRD dataset because weak reflections, background
selection, peak-profile choice, unresolved or partially resolved K« doublet effects, and in-
strumental broadening can all affect the fitted FWHM values. Therefore, the W-H-derived
size and strain should be interpreted as apparent size—strain parameters rather than abso-
lute microstructural constants.

The positive slope of the W-H fit indicates an apparent positive microstrain contri-
bution to the diffraction broadening. However, this should not be interpreted as direct
evidence of macroscopic tensile strain in the NaCl powder. In the Williamson-Hall for-
malism used here, the strain term represents an effective distributional broadening con-
tribution associated with variations in lattice spacing and other unresolved broadening
sources. Because the fitted FWHM values were not deconvoluted using a standard-based
instrumental profile and because the Ka1/Ka2 doublet was not explicitly modeled, the ex-
tracted microstrain is best described as an apparent distributional microstrain contribu-
tion.

The representative Binst = 0.10° correction used in the Scherrer analysis is retained only
as a sensitivity test to illustrate how strongly the apparent coherence length can depend
on the assumed instrumental width. It is not treated as a definitive instrumental-broaden-
ing correction. A rigorous W-H or size—strain analysis would require measurement of a
strain-free standard under identical instrumental conditions, explicit treatment of the in-
strumental profile, and preferably whole-pattern refinement or dedicated line-profile
analysis. Accordingly, the Williamson—Hall plot is used here as a qualitative and semi-
quantitative extension of the Scherrer analysis, not as proof of a uniquely determined ten-
sile strain state.

The comparison between Scherrer and Williamson-Hall analyses shows reasonable
order-of-magnitude agreement. The Scherrer analysis gives an apparent mean coherence
length of approximately 41.6 nm when all reflections are included, or approximately 36.1
nm when the unstable (331) reflection is excluded, whereas the W-H intercept gives an
apparent size of approximately 46.45 nm. This agreement supports the general con-
sistency of the line-broadening analysis, but the values should remain interpreted as ap-
parent coherence-length and size-strain indicators rather than definitive microstructural
constants.
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Williamson-Hall Plot for NaCl Powder
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Figure 7. Williamson-Hall plot for NaCl powder based on the fitted XRD peak widths. The intercept
represents the apparent size-related broadening contribution, while the slope represents an appar-
ent distributional microstrain contribution. The extracted values are D = 46.45 nm and ¢ =8.22 x 107
these values should be interpreted as apparent size—strain indicators because the instrumental pro-
file and Cu Kal/Ka2 doublet were not fully deconvoluted.

5.5. Calculated and Experimental Relative Intensities

The calculated intensities were normalized to the strongest calculated peak, and the
experimental integrated intensities were normalized to the strongest measured peak. The
strongest reflection in both cases is the (200) reflection, indicating that the overall struc-
ture-factor hierarchy is captured qualitatively (Table S1). However, the relative intensity
values differ substantially for several peaks. These deviations are not unexpected in sim-
ple powder preparation. Preferred orientation, imperfect randomization, adhesive-tape
substrate effects, non-uniform sample thickness, background choice, and peak-profile se-
lection can all affect integrated intensities (Figure 8). Accordingly, the discrepancy be-
tween calculated and experimental intensity ratios should be interpreted partly as a diag-
nostic indication of specimen-preparation and texture effects rather than as a failure of the
fcc indexing or rock-salt structural assignment [2-5,19,20,36-38].

Calculated and experimental relative intensities

100 A BN Calculated
W Experimental
$ 80
>
i~
0
c 60
[J]
s}
£
0]
> 404
=
©
&
20 A

Figure 8. Calculated versus experimental relative intensities. The disagreement reflects the greater

sensitivity of intensity analysis to specimen preparation and profile modeling.
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6. Detailed Discussion
6.1. Why the Pattern Proves an Fcc Rock-Salt Structure

The strongest structural conclusion of the experiment is the fcc nature of the NaCl
lattice. In a primitive cubic lattice, reflections such as (100), (110), and (210) would be al-
lowed. In a body-centered cubic lattice, the allowed sequence would follow & + k + [ even.
The observed sequence instead follows the fcc rule: 4, k, and [ must all be odd or all even.
The first allowed value of h? + k2 + 2 is therefore three, corresponding to (111). The second
is four, corresponding to (200), and the third is eight, corresponding to (220), [2-5,14—
18,39].

The presence of the (111) reflection is especially important. In a monatomic fcc lattice,
the lattice factor would permit (111), but in a two-sublattice basis the intensity depends
on how the two atom types interfere. For NaCl, the reflection is not completely extin-
guished because the scattering factors of Na* and Cl- are different. However, because odd
reflections depend on fCl - fNa rather than fCI + fNa, they are weaker than many even
reflections. This explains why the first peak is present but much less intense than the (200)
peak.

The analysis therefore distinguishes two different levels of extinction. The first is the
fec lattice extinction, which removes mixed-parity reflections entirely. The second is the
NaCl basis modulation, which changes the relative strength of allowed reflections de-
pending on whether 1 + k + [ is even or odd. Confusing these two effects can lead to incor-
rect statements such as treating all odd reflections as forbidden. In NaCl, odd allowed fcc
reflections are not forbidden; they are weakened by destructive interference between two
chemically distinct sublattices.

6.2. Zero-Error and Specimen-Displacement Limitations

The measured lattice parameter of 5.642 A agrees extremely well with the literature
values near 5.640 A. This level of agreement is notable because the sample was prepared
by a simple powder-on-tape method rather than by a carefully packed capillary or low-
background specimen holder. The result shows that peak positions can be robust even
when intensities are imperfect [14-18,33—40].

In Bragg—Brentano powder diffraction geometry, a residual zero offset or a small dis-
placement of the powder surface from the diffractometer focusing plane can introduce a
systematic shift in the measured 20 positions. A constant zero error shifts all peak centers
by nearly the same angular amount, whereas specimen-height displacement produces an
angle-dependent contribution that is commonly proportional to cos0. Such effects can
slightly bias the calculated d-spacings and lattice parameter if they are not refined or cor-
rected using a calibrated standard or a constrained whole-pattern method.

In the present study, zero-shift and specimen-displacement/sample-height parame-
ters were not refined because the analysis was intentionally performed using a transpar-
ent peak-by-peak workflow rather than a full Rietveld or Le Bail refinement. This limita-
tion does not change the main crystallographic conclusion, because the observed sequence
of allowed reflections and the narrow peak-to-peak scatter of the independently calcu-
lated lattice parameters remain consistent with fcc NaCl. Nevertheless, the absolute lattice
parameter and the small differences among individual peak positions should be inter-
preted with awareness of possible residual zero and sample-height errors.

In a more advanced refinement, the lattice parameter would be obtained by whole-
pattern fitting rather than by peak-by-peak calculation. A Rietveld refinement would re-
fine zero-shift, background, scale factor, lattice parameter, peak-shape parameters, and
possibly preferred orientation simultaneously [6,7,25-28]. Nevertheless, the present peak-
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by-peak result is already sufficiently accurate to identify the phase and validate the struc-
ture.

6.3. Meaning and Limitation of the Scherrer Size

The average Scherrer value of about 41.6 nm does not necessarily mean that the NaCl
powder particles are physically 41.6 nm in diameter. XRD peak broadening measures co-
herent diffracting-domain size along the scattering direction because each diffraction peak
is produced by constructive interference from a finite sequence of lattice planes normal to
the corresponding scattering vector. For a given {hkl} reflection, the relevant periodicity is
the spacing and phase correlation of the {lkl} planes along the direction perpendicular to
those planes. If many consecutive planes remain regularly spaced and phase-correlated,
their scattered waves add coherently over a long distance, and the diffraction maximum
is narrow. If this periodic sequence is interrupted by a crystallite boundary, subgrain
boundary, dislocation, stacking imperfection, local strain field, or small misorientation,
the coherent addition of scattered waves is limited to a shorter distance and the reciprocal-
space peak becomes broader. Thus, peak broadening is physically linked to the finite
length over which the crystal can scatter coherently in the direction probed by that reflec-
tion. The Scherrer equation expresses this inverse relationship between angular peak
breadth and coherent-domain length. Different reflections may therefore give different
apparent sizes because the (111), (200), (220), and other peaks probe coherence normal to
different lattice-plane families. For this reason, the Scherrer-derived value is a reflection-
dependent apparent coherent-domain length along the scattering direction, not a direct
measurement of the external particle diameter. A single particle may contain several co-
herently diffracting domains, or a larger crystalline grain may produce broadening due to
microstrain, instrument resolution, or defects. Therefore, Scherrer analysis provides an
apparent crystallite size, not a direct particle-size distribution.

The present Scherrer calculation uses the observed FWHM without explicit subtrac-
tion of instrumental broadening. This typically underestimates the true size. If the instru-
mental FWHM were measured using a standard reference material and deconvoluted
from the observed peak widths, the corrected f values would be smaller, and the calcu-
lated crystallite sizes would be larger. Moreover, the seventh peak gives a much larger
size than the others because its fitted width is small; this may reflect weak peak statistics
rather than a true anisotropic domain size. It should be emphasized that the Scherrer-
derived value is not directly equivalent to the particle size that would be obtained from
microscopy. Microscopy measures the external particle or grain dimensions, whereas
XRD peak broadening probes the coherent diffracting-domain length and is additionally
affected by instrumental broadening, microstrain, K« doublet effects, profile-function
choice, and specimen preparation. A single NaCl particle may contain several coherent
domains, and therefore, the microscopy particle size and the Scherrer coherence length
need not coincide. In the present work, the Scherrer and Williamson-Hall analyses are
used as methodological demonstrations of peak-width interpretation rather than as a
complete particle-size characterization. A direct microscopy-based particle-size distribu-
tion would be a valuable complementary measurement in an extended study, but it is
outside the scope of the present XRD-focused educational analysis.

A publication-level microstructural analysis should therefore use at least one of the
following improvements: instrumental-broadening correction, Williamson-Hall analysis
to separate size and strain contributions, multiple profile functions, or full Rietveld line-
profile refinement. The value reported here remains useful as a laboratory estimate, but
the language should remain cautious [8-12,29-31,41].
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6.4. Why Intensity Agreement Is Poorer than Lattice-Constant Agreement

Relative intensities are more sensitive than peak positions because they depend on
many experimental variables beyond the crystal structure. The calculation assumes a ran-
domly oriented powder with ideal counting statistics, correct background subtraction,
and appropriate angular corrections. Real powder on adhesive tape is unlikely to satisfy
these assumptions. NaCl often forms cubic or faceted grains, and such grains may prefer-
entially rest on low-index faces. This preferred orientation changes the number of crystal-
lites satisfying the Bragg condition for particular plane families and therefore alters meas-
ured intensities.

An additional limitation is the absorption assumption used in the idealized intensity
calculation. For a thick, randomly packed powder specimen, the diffracted intensity may
approach a condition in which absorption effects are treated in a simplified way. How-
ever, this condition is not guaranteed for a thin powder layer supported on adhesive tape.
In the present geometry, part of the beam may interact with the adhesive substrate or pass
through regions of low powder coverage, and the effective absorbing thickness may vary
across the illuminated area. Consequently, incomplete absorption and sample transpar-
ency can change the measured relative intensities. This effect is expected to influence in-
tegrated peak areas much more strongly than peak positions, which explains why the lat-
tice parameter and fcc indexing remain reliable while the intensity agreement is only qual-
itative.

Peak fitting contributes a second source of uncertainty. Integrated area is more sen-
sitive to the chosen background and profile function than peak position. Gaussian, Lo-
rentzian, and Voigt functions can give similar peak centers but different integrated areas,
especially for weak or overlapping peaks. Therefore, the large discrepancies in normal-
ized intensity should not be interpreted as evidence that the phase identification is wrong.
Instead, they demonstrate that a simple peak-intensity comparison is insufficient for
quantitative structure refinement unless specimen preparation and profile modeling are
carefully controlled.

The calculated intensity model also neglects or simplifies several corrections that may
be relevant, including absorption, incomplete sample absorption, sample transparency,
temperature factors, instrumental polarization details, preferred orientation, Cu K. dou-
blet separation, substrate/background contributions, and instrument-specific geometry. A
Rietveld refinement using an appropriate specimen model and measured instrumental
parameters would allow some of these effects to be treated more consistently. The present
calculation is therefore retained only as a qualitative structure-factor/Lorentz—polarization
comparison, because it captures the expected hierarchy of strong and weak NaCl reflec-
tions without claiming quantitative agreement [2-5,19,20,42].

7. Advanced Publication-Level Analysis
7.1. Peak-Profile Functions and Fitted Parameters

One of the important differences between a routine laboratory report and a publica-
tion-level powder diffraction analysis is the treatment of peak-profile functions. In the
present work, individual NaCl reflections were fitted using Gaussian and Voigt-type func-
tions to extract peak centers, peak heights, integrated areas, and full widths at half maxi-
mum. This procedure is suitable for obtaining the principal quantitative parameters re-
quired for indexing, lattice-parameter calculation, intensity comparison, and first-order
line-broadening analysis. However, the observed diffraction profile should not be inter-
preted as a purely sample-derived function. In a real laboratory diffractometer, the meas-
ured peak shape is a convolution of instrumental and specimen-related contributions, in-
cluding instrumental resolution, axial divergence, Ka doublet effects, sample
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transparency, specimen displacement, finite coherent-domain size, microstrain, and pos-
sible low-angle asymmetry.

The choice of profile function affects different fitted parameters to different degrees.
Peak centers are generally more stable than FWHM values and integrated areas because
the centroid or maximum position of a well-isolated peak can remain reliable even when
the tails are not perfectly modeled. This explains why the present analysis gives a con-
sistent lattice parameter from the indexed reflections, whereas the measured relative in-
tensities and peak-width-derived coherence lengths require more cautious interpretation.
By contrast, FWHM and integrated area depend strongly on the selected profile model,
background subtraction, fitting range, and treatment of the peak tails.

Gaussian, Lorentzian, Voigt, and pseudo-Voigt functions may therefore yield very
similar peak centers but different widths and integrated areas. A Gaussian component is
often associated with instrumental resolution effects or distributions of lattice spacings,
whereas Lorentzian-like contributions are commonly associated with finite-size and
strain-related broadening. Voigt and pseudo-Voigt profiles are more flexible because they
combine Gaussian-like and Lorentzian-like behavior and can therefore approximate the
mixed broadening usually observed in laboratory powder XRD. For this reason, the
widths obtained in the present analysis should be regarded as effective fitted widths. They
are appropriate for a first-order Scherrer-type estimate, but they do not by themselves
prove that finite crystallite size is the only source of broadening.

An additional consideration is the use of Cu K. radiation. Because laboratory Cu Ka
radiation contains Ka1 and Ke2 components with slightly different wavelengths, unre-
solved doublet contributions can broaden or slightly distort the fitted profile, especially at
higher diffraction angles. This effect has limited influence on the main fcc indexing and
phase-identification conclusions, but it becomes more important when precise FWHM
values, integrated areas, and crystallite-size estimates are reported. A more rigorous pub-
lication-level treatment would therefore require instrumental-profile calibration using a
standard material and, ideally, whole-pattern refinement or profile modeling that treats
instrumental and sample-related broadening separately [21,29-31,36-45].

7.2. Reflection-by-Reflection Interpretation

The first reflection at approximately 27.4° is assigned to (111). Its presence confirms
that the first allowed fcc family is observed, while its weak relative intensity is a direct
consequence of the NaCl two-ion basis. For odd allowed reflections, the NaCl structure
factor contains the difference between the chlorine and sodium atomic scattering factors,
Fru = 4(fa — fna), rather than their sum. Because fa and fna are not equal, this difference
does not vanish, and the odd reflection remains observable. However, because |fc — fnal
is much smaller than [fa + fxal, the corresponding odd reflections are much weaker than
the even reflections, for which Fnu = 4(fa + fna) [2-5,14-18,45].

The (200) reflection at approximately 31.7° is the strongest experimental peak. This is
expected because it is an all-even reflection controlled by the sum of the atomic scattering
factors. It also has a favorable angular correction and high experimental area. The domi-
nance of this peak is the reason it was used as the normalization reference for both calcu-
lated and experimental intensities.

The (220) peak at approximately 45.5° is another strong all-even reflection and pro-
vides a robust contribution to the lattice-parameter average. Its calculated relative inten-
sity is large, but its experimental relative intensity is smaller. This discrepancy suggests
that texture or specimen-preparation effects influence the measured pattern. Because the
peak position remains correct, the difference should not be interpreted as a failure of in-
dexing.
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The weak (311) reflection at approximately 53.9° is again an odd, allowed reflection.
Its intensity is expected to be low because it depends on the difference in form factors.
Weak peaks are especially sensitive to background subtraction, and a small uncertainty in
fitted area can produce a large percentage error. Therefore, the intensity mismatch for
weak odd reflections is less alarming than an error in angular position would be.

The (222), (400), (420), and (422) reflections represent higher-order even families.
Their positions strengthen the cubic indexing because they extend the h? + k2 + [2 sequence
to higher values. Higher-angle reflections are especially valuable for refining the lattice
constant because small errors in d-spacing become more visible. However, they are also
more affected by K« doublet separation and reduced intensity.

The (331) reflection at approximately 73.1° gives an anomalously large apparent
Scherrer coherence length in the present dataset. This result should not be interpreted as
evidence that the crystallites are physically larger in the (331) direction. Rather, it reflects
the high sensitivity of the fitted FWHM to the selected background, fitting window, peak-
profile model, instrumental-broadening assumption, and unresolved Cu Ka1/Ka2 doublet
separation at higher diffraction angles. Because the Scherrer equation depends inversely
on the fitted FWHM, even a small underestimation of the width can produce a dispropor-
tionately large apparent coherence length. Therefore, the (331)-derived value is retained
for transparency but treated as a fitting-sensitive outlier, not as proof of crystallite-size
anisotropy.

7.3. Reliability of Conclusions from Different XRD Observables

Rather than comparing numerical errors among different physical quantities, the pre-
sent analysis emphasizes the reliability of the conclusions drawn from each type of XRD
observable. Peak positions provide the most robust information in this laboratory dataset
because they are directly linked to interplanar spacings through Bragg’s law and give a
consistent fcc indexing sequence and lattice parameter. The small scatter of the peak-by-
peak lattice constants supports the reliability of the rock-salt structural assignment and
the extracted average lattice parameter.

Peak widths provide useful but more conditional information. Their interpretation
depends on the fitted profile, instrumental broadening, Ka-related profile effects, mi-
crostrain, and the assumed Scherrer shape factor. Therefore, the Scherrer and Williamson-—
Hall results are retained as apparent coherent-domain and size-strain estimates rather
than as absolute particle-size values.

Relative intensities are the most specimen- and instrument-sensitive part of the anal-
ysis. Although the structure-factor calculation correctly explains the qualitative hierarchy
of strong even reflections and weak odd allowed reflections in NaCl, exact intensity agree-
ment requires better control of powder randomization, preferred orientation, absorption,
surface flatness, background subtraction, and instrument-specific corrections. Accord-
ingly, the most reliable conclusions of the present work are the fcc indexing and lattice-
parameter determination, whereas peak-width and intensity analyses are presented as
educational, physically informative, but more model-dependent interpretations [3-5,25—
28,46-49].

8. Toward a Full Rietveld Refinement of the NaCl Dataset

For simple cubic NaCl, the peak-by-peak procedure used above is sufficient to
demonstrate phase identification, fcc indexing, lattice-parameter calculation, and the qual-
itative interpretation of intensities and line broadening. However, this approach is not
sufficient as a general method for extracting the structure of more complex crystalline ma-
terials. In lower-symmetry structures, multiphase specimens, distorted lattices, or materi-
als with strongly overlapping reflections, individual peak fitting can become ambiguous
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because several reflections may contribute to the same observed peak envelope. In such
cases, the appropriate procedure is whole-pattern refinement, most commonly through
the Rietveld method.

In Rietveld refinement, the complete measured diffraction pattern is modeled rather
than only selected peak positions or integrated intensities. The calculated intensity at each
measured point can be written in simplified form as:

Veale(20:) = bg(20;) + Zppa S Lgt |Fral® @ (26; — 26411) Py Ana (11)

where yual is the calculated intensity at the i-th data point, y is the background contribu-
tion, S is the scale factor, mu is the reflection multiplicity, LPw is the Lorentz—polariza-
tion/angular correction, Fiu is the structure factor, Phi is the peak-profile function, P may
represent preferred-orientation effects, and Am may include absorption, thermal, or other
correction terms depending on the refinement model. The Bragg positions 20 are deter-
mined by the unit-cell parameters and the wavelength, while the structure factors are de-
termined by the atomic coordinates, occupancies, and atomic displacement parameters of
the assumed crystal structure.

The refinement proceeds by adjusting model parameters to minimize the weighted
difference between the observed and calculated profiles:

M=Xiwi [YObs(zei) - YCalc(ZQi)]z (12)

where wi is the statistical weight assigned to the i-th data point. In practice, the refined
parameters may include scale factor, zero-shift or specimen displacement, background
coefficients, unit-cell parameters, peak-profile parameters, preferred-orientation parame-
ters, atomic coordinates, occupancies, and displacement parameters. The key advantage
is that all reflections are constrained by one structural model. For example, changing the
lattice parameter shifts all calculated peak positions consistently; changing atomic coordi-
nates or occupancies changes the structure-factor amplitudes and hence the relative in-
tensities; and changing the peak-profile parameters affects the width and shape of the
complete set of calculated reflections.

This explains why Rietveld refinement is much more powerful than isolated peak
fitting. It uses all data points in the diffraction pattern, treats overlapping peaks naturally,
couples the measured pattern to a crystallographic model, and allows instrumental and
specimen-related effects such as background, zero-shift, peak asymmetry, preferred ori-
entation, and size—strain broadening to be refined explicitly. For the present NaCl dataset,
the structural model is simple and already validated by the fcc indexing sequence and the
lattice parameter obtained from individual reflections. Therefore, a full Rietveld refine-
ment would mainly improve the treatment of background, peak shape, zero-shift, pre-
ferred orientation, and residual distribution rather than change the structural assignment.

Nevertheless, Rietveld refinement should not be treated as a black-box procedure. A
low residual or visually good fit does not automatically prove that the structural interpre-
tation is correct. Overparameterization, incorrect background modeling, unrecognized
texture, uncorrected instrumental broadening, or use of an inappropriate structural model
can produce a misleading refinement. For this reason, the manual analysis presented in
this work remains important: it provides the crystallographic logic needed to evaluate
whether a subsequent whole-pattern refinement is physically meaningful. Thus, the NaCl
example serves as a transparent bridge between introductory peak-by-peak powder XRD
analysis and the more general Rietveld approach required for complex crystal structures.

9. Conclusions

Powder XRD analysis confirmed the face-centered cubic rock-salt structure of NaCl
through the indexed sequence of the (111), (200), (220), (311), (222), (400), (331), (420), and
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(422) reflections. The systematic absence of mixed-parity reflections and the relative weak-
ness of the allowed odd reflections are consistent with the fcc lattice and the two-ion NaCl
basis. The average lattice parameter obtained from the independently indexed reflections
was a=5.642 +0.004 A, while whole-pattern analysis yielded a = 5.64005 + 0.00078 A. Both
values agree closely with the accepted room-temperature value and demonstrate that the
peak positions and crystallographic indexing constitute the most reliable quantitative out-
comes of the analysis.

The peak-width and relative-intensity results require more cautious interpretation.
The Scherrer and Williamson-Hall values represent apparent coherent-domain and size—
strain parameters rather than absolute particle-size or microstrain measurements because
the instrumental response and Cu Ka1/Ka2 contributions were not independently and fully
deconvoluted. The calculated intensities reproduce the qualitative hierarchy of strong
even reflections and weak odd reflections, but quantitative differences from the experi-
mental intensities remain because of preferred orientation, powder mounting, surface-
flatness variations, background treatment, and simplified profile modeling. Thus, peak
positions provide the strongest evidence for structural identification, whereas peak
widths and intensities remain more model- and specimen-dependent [8-12,29-31,38,49].

The main contribution of this work is the integration of manual peak-by-peak crys-
tallographic reasoning with whole-pattern validation and uncertainty-aware interpreta-
tion in a single laboratory workflow. More rigorous microstructural characterization
would require a strain-free reference standard measured under identical instrumental
conditions, explicit treatment of the Cu K« doublet and instrumental profile, and con-
strained Rietveld refinement. These refinements would improve the quantitative separa-
tion of size, strain, texture, and instrumental contributions without changing the principal
identification of the NaCl rock-salt structure.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/compounds6030048/s1, Figure S1: Original X-ray diffraction
pattern of the NaCl powder sample; Figures S2-5S10: Fitted X-ray diffraction profiles of the first to
ninth NaCl peaks, respectively; Figure S11: Representative schematic/photograph of the NaCl pow-
der mounting procedure used for laboratory XRD analysis; Table S1: Normalized calculated and

experimental relative intensities.
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