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A new equation of state (NEOS) for Halides has been developed using the theory of lattice potential and the concept of volume
dependence of the short-range force constant. The derivation of this equation of state involved the use of the third-order approximation
of the lattice potential. A comparative analysis was conducted between the isothermal equations of state, including Vinet EOS,
Murnaghan EOS, Holzapfel EOS, Born-Mie EOS, Birch-Murnaghan EOS, and the newly derived NEOS. The NEOS was used to
analyze the compression behavior of Halides, and it was found that Vinet EOS and NEOS agreed with the experimental data for Halides
up to high compression. However, Murnaghan EOS, Born-Mie EOS, Holzapfel EOS, and Birch-Murnaghan EOS are usually less
sensitive to calculating pressure at high compression. It was also observed that for some Halides, such as NaBr and Nal, Vinet EOS
could not produce results consistent with experimental findings. In contrast, NEOS consistently produced results that matched the
experimental findings for all Halides samples, unequivocally demonstrating its reliability and accuracy.
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1. INTRODUCTION

Studying ionic and mixed crystals under non-ambient conditions is a crucial aspect of materials science. Owing to
their unique properties, ionic crystals and halides, in particular, are scientifically and technologically significant.
Researchers have focused on these materials to better understand their behavior under different conditions [1-3].

Understanding the compression behavior of materials is essential to their application in various fields. The equation
of state (EOS) is crucial to understanding this. Several potentials and equations of state have been developed to estimate
the compression behavior of solids and their thermoelastic properties. These properties are essential in condensed matter
physics, geophysics, and ceramic sciences [4-7].

The EOS formulations are based on three thermodynamic parameters: pressure (P), volume (V), and temperature
(T). In this research, we have tested the validity of different equations of state, including Vinet EOS, Murnaghan EOS,
Holzapfel EOS, Born-Mie EOS, Birch-Murnaghan EOS, and a newly developed isothermal equation of state (NEOS), to
calculate the pressure at different compressions [7-10].

Our research aims to provide a comprehensive understanding of the compression behavior of materials under
different conditions. We hope our findings will contribute to developing more accurate equations of state and potentials
for predicting the behavior of materials under non-ambient conditions [11, 12].

2. METHOD OF ANALYSIS
According to the essential thermodynamics relation [13], the compression-dependent pressure and bulk
modulus By are expressed as
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where By is the bulk modulus at constant temperature and Wis the crystal lattice potential energy, which can be expressed
as a function of the unit cell volume V. The volume of the unit cell in terms of interatomic separation r is given by

V =k’ ©)

where k is the geometrical factor depending on the structure of the solid. Using equation (3) in the equation (1) and second,
we get
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Using equation (1) and (4) in equation (5) then we get
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Using the standard definition of the short-range force constant A4in terms of the Laplacian operator can be given by
Born and Huang [14],
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Then equation (6) can be written as
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The short-range force constant can be expressed as a function of the interatomic separation and lattice volume, and
the volume derivative of 4have been used in studies on the pressure dependence of the dielectric properties [15]. Using
equation (3) and (8), equation (2) can be written as

A 4P
B, = 35233 +T ©))
Where By is the bulk modulus at temperature T.
BT

The pressure derivative of By represented by B, =

B'T: ii_l (Kﬁ_é).,_m_]) (10)
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To find the volume dependence of 4 we consider

obtained from equation (9) given below

A=4,f (11)

Where A, is volume independent constant and fis a function of V /V,. Now at P = 0,V = V,, we have from equations
(9)and (11)
AO B BOI/OIB
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Where By, is the value of the isothermal bulk modulus at P = 0 and f; is the value of f at V = V. Using the definition of
By and using equation (12) in equation (9), we get
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On integrating equation (13), we get
43 "
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Equation (14) is the basic equation that leads to the derivation of an EOS. [16]Shanker et al. have shown that the
above formulation is valid for all EOS for different types of solid material [17] that equation (14) yields the Born-Mie
EOS [18, 19-26] and the Brenan-Stacey EOS [27].

The equation of state can be derived by taking the short-range potential function as inverse or exponential form. In
the case of the exponential function, the range force remains finite to the limit of substantial compression (i.e. V /V, —0)

but inverse power function gives infinitely large force. Here, we consider the exponential function f (V/ VO) as
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f:;expo{l—gj (15)
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The integration of f is so complicated then by the approximation f can be written as
f=0+y+y*+y)exp(ay) (16)
AtV =V,, f = f, =1and = 0. Using equation (15) in the (14) then we get
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Where B, bulk modulus at zero pressure.
Integrating equation (17), we get a new EOS as
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Using the boundary condition By = Bjat P = 0and V =1V, inequations (11) and (15), then we obtain
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The Vinet EOS, Murnaghan EOS, Holzapfel EOS, Born-Mie EOS and Birch-Murnaghan third order EOS [25-34]
are as follows

P=3B,x7 (1-x)exp{n(1-x)} (19)
Where, x:(V/VO)é and nz%(B(; -1) |
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The expression given above for P based on different EOS has been used in the present study to obtain the results
discussed in the following section.

3. RESULT AND DISCUSSION
The present work has derived a new equation of state using the concept of third-order approximation of lattice
potential energy, which is given in equation (18). We extended the calculations to the high compression value to validate
our result.
Equations (19), (20), (21), (22), and (23) give the equations of state for Vinet, Murnaghan, Hozapfel, Born-Mie, and
Birch-Murnaghan, respectively.
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To estimate the compression behavior of Halides and test the validity of said EOS, we have taken NaF, NaCl, NaBr,
and Nal samples whose experimental results are available. For computing the compression behavior of different halide
samples, we need the input values of isothermal bulk modulus at zero pressure (B,) and its pressure derivatives (Bg),
which are given in Table 1 [32, 33].

Tablel. Values of input data B, (GPa), By (GPa) all at P=0 [32,33].

Solids By By
NaF 46.5 5.28
NaCl 24 5.39
NaBr 19.9 5.49
Nal 15.1 5.59

The computed results using different EOS for the selected samples of halides are tabulated in Table 2. For further
clarity, we have also calculated the deviation of results obtained from different EOS with respect to the available
experimental results [34, 35]. The variations of compression corresponding to different pressure P (GPa) for other
samples, such as NaF, NaCl, NaBr, and Nal, are shown in Fig. 1, Fig. 2, Fig. 3, and Fig. 4, respectively.
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Figure 1. Compression behavior of NaF with pressure

Figure 2. Compression behavior of NaCl with pressure
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Figure 3. Compression behavior of NaBr with pressure Figure 4. Compression behavior of Nal with pressure

It has also been compared with the experimental results in the respective figures. Deviation plots for different EOS
for corresponding samples are shown in Fig. (5-8), respectively. Based on a comparative analysis of various equations of
state (EOS), it has been observed that the Vinet EOS and New EOS produce pressure values that are closer to the
experimental results than the Murnaghan EOS, Holzapfel EOS, Born-Mie EOS, and Birch-Murnaghan EOS. The analysis
also revealed that the Vinet EOS is only suitable for some samples, while the new EOS consistently works for all the
samples compared to other EOS. In conclusion, the new EOS is recommended for accurate pressure calculations.

From the close observation of results obtained from different equations of state for NaF, it is evident that all the
results are almost the same as experimental values below 14 GPa. Still, above this pressure, the results obtained using all
equations of state deviate from experimental values except Vinet EOS and NEOS. The same situation is observed for
NaCl. However, when observed in the case of NaBr and Nal at higher pressure, the Vinet EOS also deviates from the
experimental results. At the same time, the NEOS is still consistent and very close to the experimental results. The
consistent validity of NEOS is based on the fundamental concept considered during its derivation. The NEOS has been
derived by considering the third-order approximation of lattice potential energy, while in the other EOSs, only up to
second-order approximation has been considered. The choice of third-order approximation not only includes the
vibrational behavior of lattice parameters but also gives it the choice of odd and even numbers of higher degree
approximations to include the change in the material's behavior at their atomic and molecular level at higher compression.
Thus, the consistent NEOS can also be applied to predict the compression behavior of those halides for which the
experimental results are still awaited.
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Figure 5. Percentage deviation of calculated value using Figure 6. Percentage deviation of calculated value using
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Figure 7. Percentage deviation of calculated value using Figure 8. Percentage deviation of calculated value using
different EOS with experimental value NaBr different EOS with experimental value Nal
4. CONCLUSIONS

The Present study concludes that Vinet EOS and NEOS help calculate the pressure at different compressions. They
agree with experimental results at the low-pressure range (< 14GPa) at the higher compression, the Vinet EOS deviates
from experimental results. Still, the pressure calculated by NEOS is very close to the experimental values at high
compressions. Thus, NEOS is the best EOS for the theoretical prediction of pressure at high compression for Halides.
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MMPOIHO3YBAHHS 3MIHU TUCKY B I'AJIOIJAX I CTUCHEHHAM
Aoxaii lpakam UlpiBacrasa?, Bpiem Kymap IManpeii®, Mykem Ynaax'sisn
“Kagpedpa ¢izuxu, Incmumym cyyacnux mexnonoeit P. P., Jlakxnay, Inois
bKagedpa ¢izuxu ma mamepianoznascmea, Texnonoziunuii ynieepcumem MMM, Fopaxxnyp (UP), Indis
‘Kagheopa ¢hizuxu, Ilisniuno-Cxionuii pecionanonuil incmumym nayku i mexronozivi (NERIST),
Hipoxcyni (Imanazap) Apynavan-Ilpadew, Inois

Hoge piBusianst crany (NEOS) st ranoreHiziB 6ysio po3po6iieHo 3 BUKOPUCTAHHSIM TEOPii MOTEHIialy IPaTKH Ta KOHLEMNLil 06’ eMHOT
3aJIeKHOCTI KOPOTKOif040i CHIIOBOI MOCTIHOI. BuBeneHHS LbOTO piBHSAHHS CTaHy mepeadadano BUKOPHCTAHHS TPETHOTO TMOPSAKY
HaOJIIKEHHS OTEHLIATy TPAaTKH. Byio mpoBeaeHo MOpIBHAIBHUN aHATi3 MiXK i30TepMIYHUMHE PiBHSAHHSAMHE CTaHy, BKIodaroun EOS
Bine, EOS Mypnarana, EOS Xonsnangens, EOS Bopua-Mi, EOS Bepua-Mypnarana ta HemonasHo orpuMmany NEOS. NEOS
BHUKOPHCTOBYBABCS ISl aHANI3y IOBEIIHKM CTHCHEHHS rajoreHifiB, i Oymo BusBieHo, mo Vinet EOS 1 NEOS ysromkyorbes 3
CKCTIICPUMEHTAIBHUMH JTAHUMH JIJIsl TAJOTCHIAiB 10 BHcOkoro crucHeHHs. Omnak EOS Mypuarana, EOS Bopua-Mi, EOS
Xonbuangens ta EOS bepua-MypHarana 3a3Buuaii MEHII YyTJIMBI JO OOYHMCIICHHS TUCKY IIPHU BHCOKOMY CTHCHEHHI. Byno Takox
MOMIYeHO, LIO /Ul JEsKUX rajoreHiniB, takux sk NaBr i Nal, Vinet EOS He Moxxe patu pe3yibTaTd, sKi BiAIOBiZalOTh
eKcIepuMeHTaNbHUM BuUCHOBKaM. Hasmaku, NEOS mnocnioBHO [aBaB pe3ynbTaTH, sKi 30iraaucst 3 eKCIEepHUMEHTAIbHUMHU
pe3yabpTaTaMu IS BCiX 3pa3KiB rajoifiB, HEIBO3HAYHO JEMOHCTPYIOUH CBOKO HaIIHHICTh 1 TOUHICTb.

Kurouosi cinoBa: pisnauna cmany (EOS); Vinet EOS; Murnaghan EOS; Holzapfel EOS; Born-Mie EOS, bipu-Myprnazan EOS, Hosuil
EOS (NEOS); eanoiou



