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Abstract: A simple theory based on Tait’s equation of state is applied to predict the effect of pressure on
nanomaterial (y- SisN,) which gets support from experimental and theoretical studies. We considered y- SisN, to
study the effect of pressure in the light of other formulations.viz.LDA and GGA. It is demonstrated that the
spinal structure of SizN4 nanocrystal initially exhibits an extremely high bulk modulus of 685 GPa but above 40
GPa, the bulk modulus is reduced to 415 GPa. Thus, a critical pressure of ~ 40 GPa, was determined that
signifies the onset of size induced weakening of elastic stiffness in SisN, nanocrystal.The results obtained in the
present study are found to present a good agreement with the experimental data as well as other formulations. A
good agreement between theory and experiment demonstrates the validity of the Tait’s equation of state in the
present approach.

PACS Numbers: 64.30.-t, 62.20.dq

I. Introduction

The nanomaterials are very sensitive to external parameters like pressure and temperature. The study of
nanoparticles under high pressure is considered as a possible path to expand the range of available solid state
materials .High pressure applications have the potential for the exploration of infinity of paths for
nanoassembling or phase transformation in a controlled way and constitute a unique route for the elaboration of
new materials. Over the past few years a large number of new materials with large hardness values have been
fabricated [1,2].A high shear modulus is related to high bond bending force constants and a small number of
internal degrees of freedom [2].Several candidate materials like boron nitride, silicon nitride and germanium
nitride crystallize in a hexagonal structure before transforming into a spinel-type high pressure
polymorph.Spinel may therefore be an important prototype for the design of novel materials of high hardness
[3].The expectation that high pressure may be a promising route to find novel super hard materials supported by
volume elasticity systematics which show higher elastic moduli for matter volumes in an isochemical series of
phases [4].

Silicon nitride is known to have excellent mechanical strength, low compressibility and high thermal stability
[5].Wang etal [6] have investigated the bulk modulus and some thermodynamic properties of y- SisN4 using the
analytic mean field method. Kuwabara etal [7] have calculated the bulk moduli and thermal expansion
coefficients of y- SizN4 using the theory of lattice dynamics. Recently Xu etal and Zerr etal [8, 9] have
investigated a- y and B-y phase transitions for the SizN, polymorphs. They have calculated some of the
thermodynamic properties such as thermal expansion coefficient, bulk modulus and Gruneisen parameters for
Si3N,4 crystal. The results obtained by these investigators are not, however, conformed with the experimental
data. Therefore, more studies are required to evaluate the elastic and compressional properties of y- SizN, with
higher reliability. Pressure application, as for bulk materials allows the continuous modification of the
interatomic interactions of the nano-object and constitutes a valuable tool to explore physic-chemical
interactions at the nanoscale and their link with physical properties of interest. During the past years, several
experimental studies have been performed to understand the high pressure behavior of nanomaterials including
the cubic structure of y phase of SizN,4 crystal which remains stable 15 GPa .However, the theoretical efforts are
lacking. Thus, it is legitimate and may be useful to present a simple theoretical method to study the high
pressure behavior of nanomaterials. In the present paper, we present a simple theoretical analysis to study
compression and elastic behavior of y- SisN, nanocrystal and compare it with some earlier formulations as an
example. The method of analysis is given in section 2.The results and discussion is given in section 3.

1. Method of analysis
In the present study we have employed the usual Tait’s equation of state to analyze the compressional and
elastic behavior of y- SisN, nanocrystal. The Tait’s equation of state is obtained by assuming the fact that the
product of thermal expansion coefficient (ar) and bulk modulus (Bt) is constant under the effect of pressure
[10], i.e.
a,B, = arBr = constant (1)
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Differentiation of equation (1) with respect to volume at constant temperature gives

dB d
a(g)r + B(g)r =0 )
Anderson — Gruneisen parameter is defined as
VvV . d
or = M (ﬁ)T 3

Where & is Anderson — Gruneisen parameter at constant temperature T.
From equation (2) and (3), we get

_ V,da _ _V d_B
O = E(E)T - B (dV)T )
Assuming & to be independent of V,
dB '
or = (E)T = B, Q)
Anderson- Gruneisen parameter ¢ and n = V/V, (where V, is the initial volume) are related by the following
relation [11],
() =A ©
Where A is a constant for a given nanomaterial. In view of equation (6), equation (4) can be written as
L = [+ av )
B Vo V
Integrating eq. (7), we get
B v v
B—OZE epr[l—V—o] (8)
Where B is equal to
dpP
B=-V (E)T )
Using equation (8), equation (9) can be represented as
ZexpAlt—o| av= —dp (10)
BO VO
The integration of equation (10) gives
B, \%
P="22lexp A [1—V—0]— 1] 11)

Here B, is the bulk modulus at zero pressure and the constant A is determined from the initial conditions, i.e. at
V=V,
A=5)+1
On substitution of constant A in equation (11) and taking natural log, we get the following final form of usual
Tait’s equation of state,
Ve, To)/v(o’ ry=1 = olog[t+ {2 ] (12)

By+1

Where V(P,T,) is the volume of the material at pressure required to compress it, keeping the temperature
constant. \, is the initial volume at room temperature T,. B, and B, are the isothermal bulk modulus and its first
pressure derivative at T = T,

The above equation (12) provides a simple and straight forward approach to predict the relative compression in
v- SigN, at high pressures. To analyse the elastic behavior we have assumed the approximation that Anderson-
Gruneisen parameter 8 is equal to the first order pressure derivative of bulk modulus as considered by Anderson
[11]. In view of equations (4) and (5), Anderson-Gruneisen parameter & may thus be written as:

§ = —%(Z—ﬁ)T =B, (13)
The integration of equation (13) at constant temperature gives the following relation
B v\~Bo
B_o = (V_o) (14)
It has been discussed [12] that equation (14) may be generalized likewise:
-B,
=) (15)

Where M represents any of the elastic moduli, such as Cyj, Cip, Ca4, (C11-C12)/2, or (C11+2C1,)/3, M, refers to
their initial values at zero pressure. On the basis of equation (15), the expressions relevant to Cy1, Cq, and Cy,
can be written collectively as follows:

Ly _ (V)
Coij - (VO) (16)
Where (3;) are the Anderson‘s constants corresponding to Cj; and defined as [10]:
dacij
% = () a7
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Equation (16) can be used to determine the pressure dependence of Cj; provided that the corresponding values
of VIV, are known.

I11. Results and Discussion
A simple theory has been presented to predict the effect of pressure on y- SizN, nanocrystal. In the present
investigation the authors have determined the volume compression and elastic properties of y phase of SizN,4
crystal under the effect of high pressure by making use of Tait’s equation of state. The equation of state
employed in the present study consists of only two input parameters, viz. B, =339 GPa [13] and B, = 4 [13]
.We have compiled these data in table 1 along with their proper references [13, 15]. Since the studies on
compression and elastic behavior of y- SigN4 nanocrystal have attracted much attention in experimental studies
[5, 6], we have therefore considered y- SisN, crystal as an example to test the validity of Tait’s equation of state
in the present study. Equation (12) is used to study the compression behavior of y- SizN, nanocrystal .The
calculated results are shown in figure 1 along with the experimental data for the sake of comparison. The results
achieved by previous workers [13] using different methods are also shown in figurel.lt is found that the
compression values (V/V,) obtained by the authors presents a good agreement with available experimental data.
To analyze the elastic behavior of y- SisN, nanocrystal, we have determined the values of elastic moduli, Cyj,
Cy,, and Cy, as a function of pressure. The calculated values are reported in figure 2 - 4 and compared with those
determined by previous investigators using the different theoretical approaches. The trend of variation of elastic
constants vs. pressure is found same as the previous results obtained by using the LDA and GGA theoretical
approaches. It is noted from figure 2-4 that the calculated values of elastic constants follow the criteria of the
mechanical stability of Si;N, nanocrystal in y-phase under the conditions [16,17]: (8) C,, > 0, (b) C;; > Cy5, ,
(c)Cyy +2C,, >0,where Cyy = Cpy —P (00=1,4),C;, = Cy +P.
On the basis of overall descriptions, it may thus be emphasized here that a simple and straight forward
theoretical method is capable of explaining the compressional and elastic properties of nanomaterials under high
pressure satisfactorily. Due to simplicity and applicability, this may be of the current interest to the researchers
engaged in the study of elastic properties of nanomaterials under high pressure. The high pressure study of
nanomaterials is an appealing and highly expanding area of research for both applied sciences and
nanotechnology.

References

[1] D.M.Teter, MRS Bulletin, vol.23, 22 (1998).

[2] J.Haines, L.M.Leger, and G.Boequillon, Annual Review of Material Science, vol. 31, 1 (2001).

[3] J.E.Lowther, Journal of American Ceramic Society, vol. 85, 55 (2002).

[4] A.Martin-Pendas, A.Costales, M.A.Blanco, J.M.Recio, and V.Luaria, Physical Review B, vol. 62, 13970 (2000).

[5] P.Mori-Sanchez, M.Marques, A.Beltran, J.Z.Jiang, L.Gerward, and J.M.Recio, Physical Review B, vol. 68, 064115 (2003).

[6] L.G.Wang, J.X.Sun, W.Yang, and R.G.Tian, thermodynamic properties of a-,p-,y- Acta Physica Polonica A ,vol. 114, 807
(2008).

[7] A.Kuwabara,K.Matsunaga and I.Tanaka , Phys. Rev B ,vol. 78(6), 064104 (2008).

[8] B.Xu, J.Dong, P.McMillan, O.Shebanova and A.Salamat, Phys. Rev B, vol. 84, 014113 (2011).

[9] A.Zerr, G.Miche, G.Serghou, M.Schwartz, E.Kroke, R.Riedel, H.Fueb, P.Kroll, and R.Bochler, Nature (London), vol. 400, 340
(1999).

[10] M.Singh, P.P. Singh, B.R.K.Gupta and Munish Kumar, High Temperture-High Pressure, vol. 33, 199 (2001).

[11] O.L.Anderson, Equation of state for Geophysics and Ceremic Science, Oxford University Press, Oxford (1995).

[12] J.L.Tallon, Phys.Chem.Solids, vol. 41, 837 (1980).

[13] B.Keifer, S.R.Shieh, T.S.Duffy, T.Sekine, Physical Review B, vol. 72, 014102 (2005).

[14] Z.W.Wang,Y.Zhao, D.Schiferl, C.H.Jha, R.T.Down, and T.Sekine, Applied Physics Letters, vol. 83, 3174 (2003).

[15] A. Bhatt, R.Kumar, V.Ballabh, V.Joshi, and M.Kumar, High Temperture-High Pressure, vol. 41, 1 (2012).

[16] G.V.Sinko and N.A.Smirnov, Journal of Physics:.Condensed matter, vol. 14, 6989 (2002).DOI:10.1088/0953-8984/14/29/301.
[17] X.R.Chen,X.F.Li, L.C.Cai ,and J.Zhu ,Solid state Communication, vol. 139, 246 (2006). DOI: 10.1016/j.ssc.2006.05.043.

Table captions:
[1] Values of input parameters used in the present work for y- SizN, nanocrystal
Figure captions:
[1] Figure 1: Variation of V/Vo vs. P for y- SisN4 nanocrystal
[2] Figure 2: Variation of C11/Cqyy; vs. P for y- SisN4 nanocrystal
[3] Figure 3: Variation of C1,/Cqyy, vs P for y- SizN, nanocrystal
[4] Figure 4: Variation of C44/Cqs4 Vs P for y- SizN, nanocrystal
Table 1: Values of input parameters used in the present work for y- SisN, nanocrystal

S.No. Nanomaterial B,[GPa] B, do11 0012 [ om Ref.
1. v- SizN, 339[13] 4[13] 2.9 4.18 14 Present
work
2.7 412 1.2 [15]
5.22 3.38 1.69 [13]
5.24 3.42 2.11 [13]
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Figure 1: Variation of V/Vo vs P for y- Si;N, nanocrystal
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Figure 2: Variation of Cy;/Cqy; vs. P for y- SizN4 nanocrystal
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Figure 3: Variation of C1,/Cyy, vs P for y- SizN, nanocrystal
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Figure 4: Variation of Cy/Cgy4 vs P for y- SizN, nanocrystal
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