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Abstract

Binding energy is an important parameter that governs the structural characteristics, lattice behavior, and
thermophysical properties of ionic solids. In this investigation, the binding energies of alkali halides are rigorously
determined using analytical interatomic potential equations and first-principles density functional theory (DFT), and
the results are compared with experimental data. Binding energy closed-form expressions are obtained from Born-
Mayer, Varshni-Shukla, Gaussian, and Logarithmic (L5) potential functions under the conditions of equilibrium and
stability. We discuss in depth the effects of equilibrium intermolecular separation and force constant on binding energy.
Calculations of DFT for representative alkali halides of the rocksalt structure based on the generalized gradient
approximation are taken to give an intrinsic quantum-mechanical reference. The binding energy and equilibrium
separation are inversely related, indicating the importance of Coulombic interactions in ionic bonding. Among the
analytical models, the Logarithmic (L5) potential shows the best agreement with experimental results, whereas the
Born-Mayer and Varshni-Shukla models are more biased toward overestimation, and the Gaussian model is biased
toward underestimating the binding energies. DFT results closely model the experimental binding energies and can
serve as a reference for evaluating analytical models. Through the joint analytical-DFT approach, it can elucidate the
mechanisms by which intermolecular separation, lattice stiffness, anharmonicity, and electronic effects govern the
binding energy of ionic solids.

Keywords: Binding energy; Alkali halides; Interatomic potentials; Density functional theory; Lattice dynamics; lonic
bonding

1. Introduction

Alkali halides are prototypical ionic solids that have been of fundamental importance in solid-state physics, lattice
dynamics, and materials science. Because they adopt easy-to-maintain crystal structures (primarily rocksalt (B1))
under ambient conditions, they can be used to study fundamental interatomic interactions [1-4]. The alkali halides are
well established and exhibit several physical properties despite their basic structure, such as well-developed lattice
vibrations, strong ionic bonds, and pressure- and temperature-dependent thermodynamic responses. Among these
properties, binding energy is the most relevant because it closely correlates with the stability of the crystal lattice and
determines mechanical strength, melting point, and vibrational properties [5-8].

The ionic solid binding energy is the energy needed to separate the constituent ions from their equilibrium
configuration into isolated entities. Binding energies can be measured experimentally using thermochemical cycles,
spectra, and lattice-dynamical data. However, the experimental confirmation is generally indirect and sensitive to both
vibrational and thermal contributors [9-12]. Therefore, conceptual modeling is important for explaining and predicting
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the dependence of binding energies on structural parameters. lonic solids have long been described using analytical
interatomic potential models based on the interatomic solid concept, which is relatively straightforward and
computationally inexpensive. Classical potentials, e.g., Born-Mayer and Varshni-Shukla forms, involve long-range
Coulomb attraction plus short-range repulsive interactions caused by overlapping electron clouds [13-16].

Gaussian and Logarithmic potentials (more elaborate models) have been proposed to better capture anharmonicity and
effective screening [17-18]. These models permit closed-form expressions for binding energy to be obtained by applying
equilibrium and stability conditions, thereby clearly connecting binding energy to equilibrium separation and force
constant. Nevertheless, the validity of such models largely depends on the functional form of the short-range interaction
and on the extent to which many-body and electronic effects are implicitly included in the model [19-21].

Recently, first-principles density functional theory (DFT) has been considered a robust and powerful tool for studying
the structural and energetic response of solid materials [22-23]. In contrast to empirical potentials, DFT treats the
electronic structure self-consistently and inherently accounts for charge reallocation, polarization, and exchange-
correlation effects. For this reason, DFT is an essential quantum-mechanical benchmark to evaluate the validity of
analytical models of ionic materials based on electronic screening [24-26].

The overall purpose of this work is to conduct a thorough, physically transparent comparison of analytical interatomic
potential models and DFT for predicting the binding energy of alkali halides. The work will integrate closed-form
analytical expressions with ab initio calculations and experimental data to provide insights into intermolecular binding
energy and the importance of equilibrium intermolecular separation, force constant, lattice stiffness, and

anharmonicity. This multifaceted approach not only increases the precision of the quantitative test but also yields a
deeper understanding of ionic bonding in various solids.

2. Computational Methodology

2.1. Interaction Potential Model:

The binding energy of an ionic solid is defined as [27]:

D, =-N,U(r,) (1)

Here, Na represents Avogadro’s number, while I, corresponding to the equilibrium molecular (atoms) distance

between atoms.

The interaction potential model can be used to calculate the binding energy of a diatomic molecule. Born-Mayer
potential model gives a generalized formula for short-range repulsive interaction, which can be expressed as [27]:

U(r)=—$+?exp(—£} (2)
Y

The Gaussian Coulomb interaction potential model given by Varshani-Shukla can be expressed as [28]:

2

U(r):—eT+aexp(—gr2) 3)

The Logarithmic potential model is expressed as [29]:

U(r):q{—$+§log(l+rﬁmﬂ (4)

The Gaussian potential model is expressed as [29-30]:
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2

U(r) = _eT + e o )

In equations (2), (3), (4), and (5), ¢, v, a, €, &, B, x, and Q are the potential parameters, and nj and m are constants. Here,
n=1 and m=4 for the L5 model.
The calculation of interaction potential parameters has been done by using the boundary conditions given by [30]:
U (r,)=0 (6)
U'(r,)=k (7)

Where U '(re) and U "(re) are the first and second derivatives of U (r) at r=r, and ke is the force constant. Using

boundary conditions (5) and (6) on potential models (2) to (4), we get the expression for binding energy as:

e2| kr’ -
D =N, 1—(?+2J 8)
2 [ 3 -1
D =N, 1—[%%} ©)
r, e
e? 1 4
D, =N, —|1- log ; (10)
r, [ Kk r3j K.r,
3 = 1+
me e
2 -1
kr
D =N, 1-(9—;+3) (11)
r, e

We have calculated the binding energy of alkali halides using equations (8), (9), (10), and (11), and using the input
values from Table 1, and the charge of an electron is 1.6x10-1° Coulomb.

2.2. First-Principles (DFT) Calculations

To supplement the analytical interatomic potential method and to provide an independent quantum-mechanical
benchmark value of the binding energy of alkali halides, first-principles density functional theory (DFT) calculations
were performed. The alkali halides (NaF, KCI, KBr, CsCl, CsBr, and Csl) were simulated from their stable rocksalt (B1)
crystal structures, which are the observed natural phases under ambient conditions. DFT calculations were done using
a plane-wave pseudopotential formalism in the generalized gradient approximation (GGA), and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional was employed [31-32].

The interaction between valence electrons and ionic cores was described using projector augmented wave (PAW)
pseudopotentials. A plane-wave kinetic energy cutoff of 500 eV was employed to achieve total-energy convergence. A
Monkhorst-Pack k-point mesh of 8 x 8 x 8 for the primitive unit cell was employed to perform Brillouin-zone
integrations. Structural optimization was performed by fully relaxing both lattice parameters and atomic positions until
the residual Hellmann-Feynman forces on each atom were less than 0.01 eV A™* and the total energy converged to
within 1076 eV. A series of compressed and expanded unit-cell volumes (+6-8% around equilibrium) was used to obtain
equilibrium structural and energetic parameters, and the corresponding total energies were calculated. Using the third-
order Birch—-Murnaghan equation of state, the obtained energy-volume data were fitted to derive equilibrium volume
and cohesive (binding) energy [34-36].

The DFT binding energy of each alkali halide was evaluated as [37]:
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DiDFT = ESolid _z Elsolated ions (12)

where Eg, is the total energy of the optimized crystalline solid and E | ..q ions TePresents the energies of the

corresponding isolated constituent ions. These DFT-derived binding energies serve as an ab initio reference to assess
the accuracy and physical reliability of the Born-Mayer, Varshni-Shukla, Gaussian, and Logarithmic (L5) interatomic
potential models used in this study.

Table 1 Calculated binding energies of alkali halide molecules obtained using Born-Mayer (BM), Varshni-Shukla (VS),
Logarithmic (L5), and Gaussian (G) interatomic potential models, together with density functional theory (DFT) results
and available experimental values. The corresponding force constants (K,) and equilibrium intermolecular separations

(r.) are taken from Ref. [27], while experimental binding energies are from Ref. [28]. All binding energies are expressed
in k] mol™?

Molecules | ke x 107 (dyne/cm) | re (A) | Di Di (VS) | Di(L5) | Di(G) | Di Di (Exp.)
[38] [32] (BM) (DFT) | [39]
Csl 0.5429 3.3151 417.84 | 417.84 | 413.18 | 372.91 | 405.6 412.9
KI 0.6107 3.0478 45448 | 454.48 | 434.54 | 411.97 | 422.3 429.35
CsBr 0.653 3.0722 450.87 | 450.87 | 442.24 | 407.16 | 430.1 427.4
KBr 0.6968 2.8207 476.63 | 476.63 | 456.26 | 441.7 | 447.8 445.8
CsCl 0.7476 2.9062 491.07 | 491.07 | 469.74 | 433.95 | 4589 459.3
KClI 0.8568 2.6666 519.45 | 519.45 | 491.21 | 468.63 | 475.6 480.5
RbF 1.2923 2.2703 610.13 | 610.13 | 565.25 | 547.33 | 552.4 548.9
NaF 1.7596 1.9259 719.24 | 719.24 | 617.27 | 635.33 | 598.7 603.98

Comparabive binding energy vs equilibrium intermolecular separation
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Figure 1 Comparative bar chart of binding energy versus equilibrium intermolecular separation r,for alkali halides
using analytical potential models, DFT, and experiment, showing the systematic decrease of binding energy with
increasing r,
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Figure 2 Heatmap of percentage error in binding energy for different approaches (BM, VS, L5, Gaussian, and DFT)
relative to experimental values for alkali halides. Compounds are ordered by equilibrium separation r,

3. Result and Discussion

3.1. Comparative analysis of analytical and DFT models

Table 1 and Figure 1 present a direct, molecule-by-molecule comparison of the analytical binding energies obtained
from the potential-based expressions (Egs. 8-11) and the ab initio DFT benchmark (Eq. 12), relative to the experiment.
The outcome is that all models exhibit the appropriate qualitative trend - that is, when an equilibrium separation
increases, the binding energy decreases, with Eq. (1) and attractive edges of Egs. (2) - (5).

In contrast, the models differ systematically in quantitative accuracy because each treats short-range repulsion,
electronic screening, and many-body physics in distinct ways. Table 1 shows a clear hierarchy of accuracy, and Figures
1 and 2 support it. DFT results are the most consistent with experimental values across the entire dataset, with
deviations of #2% or less in a larger sample. For example, DFT underestimated the binding energy by less than 2% for
Csl and KI, whereas it showed nearly perfect agreement for CsCl.

This phenomenon is predicted by Eq. (12), which quantifies the binding energy obtained from a self-consistent
electronic-structure description and accounts for charge redistribution and screening effects that are absent in
analytical models. BM and VS models exhibit the largest and most systematic deviations in overestimating binding
energy. The error is particularly large for compounds with small equilibrium separations and high force constants, such
as NaF and RbF, as confirmed by Table 1 and large positive anomalies in Figure 2. This overbinding arises from
exponential and Gaussian repulsive terms, which are steep in Egs. (2) and (3), which, under the constraints of Eqgs. (6)
and (7), produce in their simulations an artificially deep potential minimum to reproduce such large lattice stiffness.

The Gaussian potential usually underestimates the binding energies of heavier halides since its short-range repulsion
is too fast to balance the Coulomb attraction near equilibrium. Although it performs reasonably well in some
compounds, such as RbF and KBr, the Gaussian potential is overall unsatisfactory, as it cannot maintain the correct
potential depth across the entire ion-size range. Logarithmic (L5) potential outperforms the other analytical models
overall. It exhibits weaker short-range divergence, offering a better compromise between lattice stiffness and the depth
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of the surface potential well. Hence, the L5 binding energies are always closer to the experimental value in the overall
series as visualized by the smaller deviation observed in Figure 2.

One of the major physical observations of this comparison is the contribution of equilibrium separation re and force
constant ke. Because the parameters of each model are fixed at equilibrium (Egs. (6) and (7)), large force constants make
the interaction potential artificially deep in stiff models, particularly at small re. DFT prevents this bias, as curvature and
energy depth do arise from the same electronic basis. The comparative study results show that although analytical
potentials are effective for capturing trends and improving computational efficiency, their quantitative reliability
depends, to some extent, on the short-range functional form. Across these methods, the Logarithmic (L5) model
provides the most moderate description, whereas DFT serves as the most physically valid benchmark for binding energy
in alkali halides.

3.2. Agreement hierarchy and bias structure

In the dataset, all methods reproduce the correct qualitative ordering of binding energies (NaF > RbF > KCl > CsCl =,
KBr > CsBr = , KI > Csl), consistent with the inverse dependence of ionic attraction on separation. However, the
quantitative ranking of model reliability is clear: DFT shows the smallest overall deviations; among analytical models,
L5 is generally closest to experiment; Gaussian typically underbinds heavier halides; and BM or VS show systematic
overbinding, especially at short re. This systematic nature is important for interpretation: it means the deviations are
not random numerical noise but originate from identifiable physical approximations embedded in Egs. (2) - (5).

3.3. Physical Origin of Binding-Energy Overestimation in Born-Mayer and Varshni-Shukla Potentials: Role of
Stiffness-Depth Coupling

Born-Mayer (BM) and Varshani-Shukla (VS) yield identical Di values and, given the same equilibrium conditions (Egs.
(6) and (7)), are enforced with the same input re and ke, effective parameterization implies that they have approximately
the same well depth for the same compound set as before. The main physical reason they overestimate binding energy
is the ‘stiffness-depth coupling’ introduced by steep repulsive walls. The attractive Coulomb term (a long-range
characteristic of ionic crystals) is countered by the repulsive term, which corresponds to Pauli exclusion-driven overlap
repulsion and is highly nonlinear at short distances. The exponential BM form (Eq. 2) and the VS short-range component
(Eq. 3) are also very stiff near equilibrium, so fitting them to reproduce a large curvature (large ke via Eq. (7)) tends to
deepen the minimum more than reality, overestimating Di in Eq. (1). This is why the largest BM or VS errors arise for
the smallest separations and largest force constants (NaF and RbF), where electron density overlap and repulsion
increase sharply and where real solids also possess stronger screening and polarization that soften the effective
repulsive interaction.

3.4. Physical Origin and Robustness of the Inverse D;-r, Relationship

The monotonic decrease of binding energy with increasing equilibrium separation (Figure 1) is the most robust and
physically transparent result. From Eq. (1), Di is tied to the potential depth at equilibrium; because the dominant
attraction in ionic solids scales approximately as —1/re (Coulomb), smaller re strengthens attraction and increases the
magnitude of the cohesive (binding) energy. This explains why NaF (small re) binds much more strongly than Csl (large
re). Importantly, this trend persists regardless of the chosen short-range repulsive model (Egs. 2 - 5) because the long-
range Coulomb attraction sets the leading-order dependence. What differs among models is how the repulsive term
balances this attraction at short and intermediate separations, which controls the quantitative offset relative to
experiment.

3.5. Role of the Force Constant K ,and Lattice Stiffness: Curvature-Driven Physics of the Interatomic Potential

Force constant (ke) is not only a matter of empirically being used, but it is also literally the second derivative of the
interaction potential at equilibrium, namely, the curvature d*U/dr? at r = re (Eq. 7). Lattice-dynamical language would
imply that greater ke implies higher characteristic vibrational frequencies and a stiffer lattice response to small
displacements. When the analytical models are constrained to satisfy both the first-derivative condition (equation 6)
and the curvature condition (equation 7), ke affects both the fitted repulsive parameters and, consequently, the
predicted binding energy via Egs. (8) - (11). It is this very reason that compounds with larger ke tend to have larger
model-to-experiment errors in the case of stiff repulsive forms: matching curvature forces the model to enter a regime
in which the repulsive term dominates, and the minimum gets too deep.
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3.6. Superior Performance of the Logarithmic (L5) Potential: Physical and Mathematical Advantages

The L5 potential (Eq. 4) outperforms BM/VS for most compounds because its short-range behavior is less singular (i.e.,
less steep) near re, reducing the stiffness-depth coupling described previously. With the same equilibrium constraints,
the model can reproduce curvature without artificially deepening the well. In practical terms, L5 offers a more balanced
partition between long-range attraction and short-range repulsion, which is why the percentage errors of L5 in Figure
2 are comparatively smaller and more uniform across both heavy (Csl, CsBr) and light (KCl, NaF) halides. This behavior
indicates that L5 is superior at reproducing the effective screened interaction in ionic solids, in which polarization
diminishes the ‘bare’ repulsive stiffness experienced by ions.

3.7. Limitations of the Gaussian Potential Leading to Underbinding in Heavy Halides

The Gaussian form (Eq. (5)) seems to understate the binding energies for heavier halides (e.g., CsI) because the repulsive
term decays rapidly with distance and can yield a well that is too shallow at the relevant equilibrium separations. Since
heavy halides have larger, more polarizable ions and more extended electronic clouds, attraction and repulsion must
extend to a larger spatial region. A rapidly decaying Gaussian short-range term may not generate sufficient repulsion at
intermediate separations, thereby shifting the energy balance and reducing the predicted cohesive energy magnitude.
The reasonable performance of G for some mid-range separations (e.g., KBr, RbF) suggests that its parameterization can
be local enough, but its functional form is less portable for the whole range of re values compared with L5.

3.8. Accuracy and Robustness of Density Functional Theory Compared to Analytical Models

DFT (Eqg. (12)) is most reliable as it does not assume a fixed empirical shape for the short-range repulsion. Instead, it
solves for the ground-state electronic density self-consistently, so screening, charge redistribution, and polarization
emerge naturally. These are the same effects that analytical two-body potentials must approximate through an effective
repulsive term. Consequently, DFT reproduces experimental binding energies with the smallest overall deviations and
exhibits minimal systematic bias, as shown in Figure 2. Residual differences (often small underbinding) are consistent
with the known limitations of the PBE functional for absolute cohesive energies; importantly, the trends with re remain
accurate, and the close agreement indicates that the ionic bonding picture in the analytical framework is physically
consistent.

3.9. Role of Anharmonicity in Governing Lattice Vibrations

An analytical model deviates from the experimental data because Egs. (8) - (11) are obtained by enforcing harmonic-
like constraints at equilibrium (Egs. 6 and 7). In real ionic crystals, anharmonicity exists: as temperature and vibrational
amplitudes rise, the effective potential is sampled asymmetrically, and the average restoring force differs from the
harmonic approximation. Anharmonicity is stronger when the potential is steep (large ke) and at short separations,
which again accounts for the difficulty of NaF and RbF for stiff repulsive forms. DFT, commonly computed at 0 K static
lattice, captures electronic contributions accurately, but does not automatically include finite-temperature anharmonic
free-energy effects unless phonons or quasi-harmonic methods are added. Thus, the remaining minor discrepancies
between DFT and experiment may also partly reflect the vibrational zero-point and thermal contributions present in
experimental cohesive energies.

3.10. Concluding comparative statement

In conclusion, Table 1 and Figures 1-2 demonstrate that the analytical potentials exhibit the correct physical
dependence of binding energy on equilibrium separation; however, their quantitative success depends on how
realistically the short-range repulsion mimics screened overlap interactions. BM or VS are systematically too stiff near
equilibrium and overbind; Gaussian is often too shallow for heavy halides, whereas L5 yields the best trade-off among
analytical forms. DFT also provides the most consistent quantitative characterization, using electronic screening and
polarization that it self-consistently incorporates, making it a robust reference for calibrating or choosing analytical
potentials for ionic solids.

Table 1 provides a direct, molecule-by-molecule benchmarking of the analytical interatomic potential (IMP) models
(Born-Mayer (BM), Varshni-Shukla (VS), Logarithmic (L5), and Gaussian (G) against an ab initio DFT reference (Eq. 12)
and experimental binding energies. The analytical results are based on the closed forms in Egs. (8) - (11), which are,
themselves, derived from the assumed potential shapes in Egs. (2) - (5) subject to the equilibrium and curvature
constraints in Egs. (6) - (7). Hence, the comparison is not only a numerical one, but rather a physics test of how well
each of the assumed short-range repulsion and functional form reproduces (i) the depth of the potential well (which
controls Di through Eq. (1)) and (ii) the curvature at equilibrium (which is related to the force constant ke and lattice

1307



International Journal of Science and Research Archive, 2026, 18(03), 1301-1310

stiffness). The net trend-level comparison is shown in Figure 1, whereas the percentage errors in Figure 2 indicate the
model-specific bias patterns.

4., Conclusion

Binding energies of alkali halides have been quantitatively analyzed for all compounds using analytical interatomic
potential models and first-principles density functional theory, and the results have been directly compared with
experimental data. Binding energy was characterized using the Born-Mayer, Varshni-Shukla, Gaussian, and
Logarithmic (L5) potentials for equilibrium stability, enabling a clear comparison of binding energy, equilibrium
intermolecular separation, and force constant. A strong inverse relationship between binding energy and equilibrium
separation is observed across all components, indicating that intermolecular distance plays an important role in ionic
stability.

Analytical models effectively capture this qualitative tendency, yet they exhibit systematic quantitative deviations. The
Born-Mayer and Varshni-Shukla models overestimate binding energies that occur because short-range repulsion is too
stiff, while the Gaussian model underestimates binding energies that are more or less constant, especially for heavier
halides. Among the analytic strategies employed, the Logarithmic (L5) potential provides the most even representation
and the closest correspondence to experimental evidence. The DFT-based binding energy predictions show very good
agreement with the experimental result and little systematic bias, indicating that the explicit treatment of electronic
structure, charge redistribution, and screening effects is imperative for precise quantitative predictions.

This comparison highlights the effects of lattice stiffness and anharmonicity, as well as lattice integrity, particularly for
compounds with small equilibrium separations and high force constants. This work confirms that analytical potential
models remain useful for material interpretation and fast prediction of binding energies in physical interactions, and
binding energies (wherever applicable, but their reliability greatly depends on the functional condition, which is closely
related to the functional form. Having DFT as a standard significantly increases the confidence in the analytical
framework and better characterizes ionic bonding. The analytical and DFT methodologies are readily transferable to
other ionic and partially ionic solids to estimate theoretical properties and thermodynamic properties.
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