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Abstract: Different equations of state (EOS) have been used to study pressure as a function of volume compressions
at a given temperature. The critical test of EOS’ for solids under low compressions (<10GPa) by evaluating the
pressure-volume derivative properties viz., isothermal bulk modulus and its pressure derivative calculated for
BiFeOs. The elastic moduli such as bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio have been
calculated as a function of pressure. The values of elastic moduli have been obtained using compressional wave
velocity and shear wave velocity. Both compressional and shear velocities and poisson’s ratio are in accordance with
available experimental data. It is found that B-M EOS gives satisfactory result which is in good agreement with the
Stacey EOS.
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1. Introduction

The EOS is fundamentally important in studying the properties of materials at different pressure and at high temperature.
The knowledge of the P-V-T EQS of relevant standard materials is one of the most basic information needed for pressure
calibration. The B-M and Stacey EOS are intended to account for the volumetric properties of solid whose structural
configurations vary with pressure and temperature'?. The BM EOS is derived from the Eulerian strain theory * where
Stacey relates the reciprocal of K” with the ratio P/K *. For performing calculation s with the help of an EOS for a material
at high pressures, we need the parameters Ky,K’g, all at zero pressure .EOS can be made by studying the variation of
K’=dK/dP with pressure or compression(V/Vo) . The P-V relation ships reveal that the volume decreases continuously with
the increase in pressure .The bulk modulus also increases in pressure but its pressure derivatives K’ decreases with the
increase in pressure .By presenting a comprehensive analysis of thermodynamics of solids in the limit of extreme
compression , Stacey >° has given some basic criteria are satisfied by EOS for its validity and applicability In the limit if
infinite pressure (P —0) at extreme compression (V—0) the pressure derivative of bilk modulus K’ approaches a constant

value equal to K’,, such that;
IR 1)
K' K.,

Eq.(1) is satisfied at infinite pressure by all such equations of sate for which K’ is greater than zero.

Room-temperature multiferroic BiFeO3 (BFO) is one of the most intensively studied materials of the moment. Among
multiferroics, Bismuth ferrite BiFeO3 (BFO) is commonly considered as a model system’, and is perhaps the only material
that is both magnetic and ferroelectric with a strong electric polarization at ambient conditions. Bismuth ferrite BiFeO3
(BFO) is commonly considered to be a model system for multiferroics® , especially for ABO3 perovskites where the
ferroelectricity is driven by an A cation with 6s lone pair electrons. The perovskite BFO is one of the very few robust
multiferroics with ferroelectric and antiferromagnetic order well above room temperature: In bulk material BFO has an
antiferromagnet Néel temperature Ty of 380 °C and a ferroelectric Curie temperature T¢ of 830 °C.**® Even though BFO
attracts an important attention, the crystal structures of BFO as a function of temperature and pressure are still debated in
the literature ’. The effect of high pressure on perovskites is more complex. However, experiments on LaAIO3 ** and later
on other perovskites ***° revealed that some perovskites decrease their tilt angle and undergo phase transitions to higher-
symmetry phases on increasing pressure. A pressure-driven diffuse transition, occurring at room temperature in the 40-50
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GPa range, that involves a structural change, loss of magnetic order, and metallization has also been observed. The driving
force behind such transformations, tentatively attributed to a spin crossover of Fe 3+, remains to be clarified..The purpose
of the present study is to asses the validity of some important EOSs .A comparison of the result for P-V relationships, bulk
modulus and its pressure derivative has been presented with those obtained from Birch Murnaghan third order EOS and
Stacey EOS at less than 10 GPa In this paper, the EOS has been extended to calculate the theoretical values of both
compressional and shear velocities of BiFeO3 and comparing these with the available experimental data ° using
isothermal EOS . The other different elastic parameters viz., young’s modulus, shear modulus, and poison’s ratio are also
determined by using pressure —density relationship for bismuth ferrite. In section 2 , we present the analysis for the
variation of pressure with compression at room temperature. Analysis of elastic moduli is presented in section 3. Discussion
and conclusion are presented in section 4.

2. Variation of pressure with compression at room temperature
The values of P,K; and K’+ has been obtained as a function of compression V/V, from two EQS for bismuth ferrite with

input parameters as K,=97.3GPa and K,’=4.6GPa[20] for pressure range upto 10GPa. The expressions based on different
EOS are given below:

B-M EOS:
3, (-7 5], 3, (2 }
P==—KoXx " =x"|1+=-Alx “ -1 2
2 0( [ 2 Al( ) @
Ky = % K0(7x_7 —5x_5)+§ KoAl(gx‘9 ~14x’ +5x_5), 3)
K'T = Ko (Ké) —4X81x_9 —98x " + 25x_5)+£(49x_7 o~ 25x_5) 4)
8Kt 3
Where x=(V/V,)** and A, = ( K’o-4)
Stacey EOS
In(iJ = K—% In(l— K;o Bj + K—,O e (5)
Vo K25 K Ko, K
Ko
K Py 2
— =|1-K,— | K 6
Ko ( ” K) ” ©

1 1 K P
P 1- -2 K (7)
Ko Ko
The results for P,Ky and K+’ as function of V/Vo down to 0.915 are given in table 1.The results obtained from B-M EOS
and Stacey EQS are found to present in general fair agreement with each other.
3. Elastic Moduli of BiFeO;

There are mainly two types of sound velocities Vp and Vs i.e. for compressional or longitudinal and shear or transverse
waves, respectively. These are related to bulk modulus (K) , shear modulus (G) and density ( p as givens below “?') as :

Vp =| —>— ®)
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Vs :(EJ% ©

Y2
The isotropic shear modulus (G) within the voigt limit® is as follows:
G= %(2(:S +3Cys) (10)
1
where CS = E(Cll — ClZ) (11)
The adiabatic bulk modulus for cubic solids is:
C 2C
K=[ 11+ 12} (12)
3
The Cauchy relation for elastic constant is:
(Crp —Caq)=2P (13)
Using Egs (10) to (13) , we find
G=§(K—2P) (14)

Using Eq.(14 ) , we can write the first pressure derivative of shear modulus dG/dP as :
3

According to static and dynamic elasticity, the Young’s modulus (Y) is related to compress ional and shear velocities as
follows:

g -3V}
Y=pNg| ———— (16)
We can rewrite Eq.(16 ) in terms of bulk modulus and shear modulus with help of Equations (8) and (9) as follows :
9KG

Y= —— @an

9K +2G
The Poisson’s ratio is determined by the following formula *:

3K +4P
o=| —— (18)

12K —4P

We make use of Eqgs (14) — ( 18) for calculating shear modulus , its pressure derivatives , Young’s modulus and Poisson’s
ratio with help of K and P as a function of density .The results for these elastic moduli and sound velocities from B-M and
Stacey at different compression for BiFeO; at different compression are presented in table 2 and table 3 respectively.(p, =
8.17 Kg/m®) @V

4. Discussion and Conclusion

For determining the values of pressure, isothermal bulk modulus and its derivatives, equations of state 1-6 have been used
exclusively. We have theoretically determined the variation of different elastic parameters viz., young’s modulus, shear
modulus, and poison’s ratio of bulk bismuth ferrite with compression. In this study we have employed the equations 7-11 to
calculate the young’s modulus, shear modulus, poison’s ratio and have been reported in table 1 and 2. It has been observed
that the pressure increases with decrease in compression of the material as depicted in Fig 1.The pressures calculated are
found to be in good agreement with experimental data®. It is also observed that the elastic moduli increase with increase in
pressure and density. Moreover the density determined from the above calculations mentioned in section 3 increases
linearly with the calculated pressures [Fig 2]. The nature of young’s modulus, shear modulus, poisson’s ratio with
compression have been predicted and tabulated. The dependence of sound velocities has been determined using the
pressure-density relationship [Fig 3]. Furthermore we have predicted the variation of shear and compression wave velocity
with different pressures as depicted in Fig 4.
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Our theoretical investigations are in accordance with existing literature and few evidences. The calculated Poisson’s ratio iS
in agreement with current studies '°. Most practical materials typically have poisson’s ratio v values between 0 and 0.5 *'.
Metal oxides usually have v values around 0.25. The shear sound velocity has agreed with previous literature *°. The rate
of increase of compression velocity with pressure is faster than shear velocity. The present work has predicted various
parameters for low pressures (~10 GPa). Nevertheless the experimental study is under investigation. The two EOS
employed in our study are found to be in accordance with each other over the whole analysis including all elastic

parameters.
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Fig 1.Variation of Pressure with Compression
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Fig 3.Variation of Reduced velocities with normalized density
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Fig 4. Variation of velocity with Pressure
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