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Abstract

The present study is a theoretical calculation for the effects of high pressure on thermodynamic properties on GaN
up to 40Gpa at room temperature. Volume compression ratio (Vo/Vy), lattice constant (a) and elastic bulk
modulus(B) have been established. Furthermore, lattice frequencies and disruptions function by analyzing phonon
frequency spectrum (PFS) at (0 K). The entire calculations rely on using of two equation of state (EOS) "Birch-
Murnaghan and modified Lennard-Jones" equation of state and with the integration of Griineisen approximation
theory. From the considered equations of state, formulation of bulk modulus was derived, that predicts a rising trend
of bulk modulus. The large bulk modulus value of GaN has made a small fraction of change in volume (less than
15%) of the material even under an extreme pressure up to 45Gpa. It was also found that the results of phonon
frequency spectrum obtained from Birch-Murnaghan equation of state in a better agreement with the experimental
data than that of modified Lennard-Jones equation of state. Given that the Birch-Murnaghan equation of state
developed according to Eulerian strain theory accounted as a universal equation of state. Moreover, good agreement
between theoretically present calculations and experiment data of phonon frequency spectrum, reveals the validity

of the equations of state used in the present study.
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1. Introduction

The semiconductor materials represent today’s basic
building blocks of emitters and receivers in cellular,
satellite, and fiberglass communications. Ill-nitrides, for
example, are nowadays the most widely used type of
semiconducting materials in the industry [1]. The HI-V
nitride: GaN has exhibited particular interest due to some of
its attracting properties such as large energy gap, high
thermal conductivity, large bulk modulus and the extreme
hardness. In addition, GaN has high melting point. These,
characteristics that are closely related to their strong (lonic
and covalent) bonding, they make the material very
promising for optoelectronic device applications [2]. The
zinc blende structured GaN has a higher saturated electron
drift velocity and a somewhat lower energy gap than GaN
[3]. Vibrational contribution of lattice frequencies are
represented by phonon frequency spectrum, which is found
to be volume or pressure dependent, then volume dependent
of vibrational modes are characterized by Griineisen
parameter.

High pressure research have been an interesting field
of condensed matter. Pressure induces vital structural
properties within crystalline solids, for example as high
pressure is applied, bulk modulus tends to increase, the
Griineisen parameter declines and also phonon frequency
spectrum alters [4,5]. As high pressure alters mechanical
and thermodynamic properties of solid crystalline, thus
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high pressure can induce new structural materials with
useful characterization.

Theoretical condensed matter research has developed
equations of state to predict numerically interesting
properties of material, for example, thermal-pressure
equation of state which demonstrates the thermally
generated pressure due to lattice vibrations [6] and
isothermal equation of state which is the main approach in
the current study.

In the present work, the bulk modulus (B), compression
volume (VP/Vo), lattice constant and phonon frequency
spectrum (pfs) of a GaN compound under the influence of
high pressure were calculated using the "Birch-Murnaghan
and modified Lennard-Jouns™ EQOS. The calculated results
have been compared with experimental data, which
confirms the validity of the present equations of state. The
Griineisen parameter variation assumption has improved the
results of phonon frequency spectrum under compression.

2. Theoretical Details

Equation of state (EOS) of crystalline materials is a
straight forward mathematical expression relating high
pressure P applied to compress the solid isothermally from
initial volume V, to V. Thus, equation of state is analogue
to general gas equation PV=nRT. EOSs are cost effective
and time saving method, though which and without any
laboratory, various outstanding properties of solid phase
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can be found. Depending on various assumptions, variety of
EOS have been developed in the literature. Current study
focuses on using of two familiar equations that are
presented in the following sections:

2.1 Birch-Murnaghan equations of state (B-M EQS)
Eulerian strain represents the strain relative to the
strained state, it has widespread applications for
understanding high pressure behavior of solid matter.
The Eulerian strain (fe) is given by:

fo=2[E)" -] @

where Vy is the volume at atmosphere pressure and V;, is the
volume at pressure P.

The B.M EOS is obtained by expanding a series of
powers of the Eulerian strain. The 2nd, 3rd and 4th order
isothermal B.M EOS, they are functions of two measurable
parameters, and isothermal bulk modulus (Bo) at P = 0, so
that P = f(X, Bo), where X=V,/V, .The B-M EOS at the 2nd
order when it varies as function of pressure is [7]:

P = % (n-7/3_n-5/3)(1 "‘%(Bb '4)(71_2/3'1)) 2)

where n denotes Vp/Vo.

2.2 Modified Lennard-Jones equation of state (mL-J
EOS)

This equation which proposed two-parameter EOS
based on the generalized Lennard-Jones (GLJ) potential
which given by [8]:

B n
p= FO(VO V)"0V 1Vp)# - 11 ©)

1
where, n =—Bj
3
By : First pressure derivative of bulk modulus, and

oB
mathematically Bj = (j . Where B is bulk modulus.
P )7

ML-J EOS is just a two-parameter EOS, and the precision
is higher than those for several popular EOSs.

2.3 Bulk modulus

The bulk modulus which is a physical constant of solid
that indicates their properties when they are under pressure
over their entire surfaces is defined as:

oP

B=——_
oV

(4)

From derivation of equations (2 and 3) with respect to
volume and substitute them into the equation (4),
expressions of pressure dependence of bulk modulus are
formulated as given in egs.5 and 6:
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2.4 Lattice constant
Lattice constant change with pressure was calculated
using equation (7) [9,10]:

1
3By
a, =a,|1+By — (7
BO

where ap, is lattice parameter at ambient condition.
ap, is lattice parameter under compression.
According to Murnaghan EOS [11]

V. Ve
1+ By — represents
B V

0

the expression

, Then eq. (7) is written
o]
as:

a4 T | T ®)

3 Calculation and Results
3.1 Evaluation of Vp/V, of GaN

The compressibility of GaN was calculated using the B-
M and mL-J equation of state (eq.2 and 3) show in Fig. 1.

In which the input parameters are; By and By, listed in

Table 1. Under the application of high pressure, the
material compresses and the volume of the unit cells tends
to shrink as expected by the EOSs and seen in the Fig.1.
Due to the high bulk modulus B, (200Gpa) of GaN, 45Gpa
of pressure is required to reduce the volume of the sample
to 85% of its initial value. The Vp/V, curves obtained with
B-M EOS and ML-J EOS are inline so that no divergence is
observed.

102 T T T T T T T T T
—&—mL-JEOS
1 —&—B-MEOS

5 10 15 20 25 30 3F 40 45 50
Pressure (Gpa)

Figure 1. Variation of compressibility with pressure.
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Table 1. Values of GaN parameters, at atmosphere
pressure and room temperature

Parameters Values References
Bo 200Gpa [12]
B('J 44 [12]
ao 4.5A [13]
Yo 1.17 [14]

3.2 Evaluation of Bulk modulus

Equations (5 & 6) represent linear increase in bulk
modulus of solid material with reducing volume.
Substituting parameters in Table 1 into eqgs. (5 &6)
variation of bulk modulus is calculated and depicted in
fig.2. Both EOSs predict that as applied pressure reaches
45Gpa or V,/V,=0.85, bulk modulus grows to an enormous
value as 380Gpa.
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Figure 2. Variation of Bulk modulus with pressure

according to the two EOSs.

Moreover, the effect of pressure on lattice parameter has
been demonstrated in fig.3 with implement of equation (8),
as shown in the following.

LATTICE PARAMETER WITH PRESSURE FOR GaN
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Figure 3. Variation of lattice parameter with pressure
according to the two EOSs.

3.3 Phonon frequency spectrum under high pressure pfs

The high pressure produce change in (Ve/V,) ratio,
where high pressure changes the equilibrium position of
lattice points and then produces the change in "pfs" as well
[15], the equation that describe the "pfs" under high
pressure is given by [13]:

v, )
Vp :VO V— (9)
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0
where vp: frequency at pressure (P).
vo: Frequency at atmospheric pressure.
Yo: Griineisen parameter at atmospheric pressure.
Ge (ve,Vp) :Phonon density of state at pressure (p).
0(vo,Vo) :Phonon density of state at atmospheric pressure.

3.4 Evaluation of PFS for GaN under high pressure
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Figure 4. phonon frequency spectrum for
atmospheric pressure and '0 K' [16]
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Figure 5. phonon frequency spectrum for GaN under
pressure P=15 GPa using a- B-MEOS b-mL-JEOS
compared with [16].
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Figure (4) represents 'pfs ' for GaN at atmospheric
pressure and '0 K'. This section involves calculation of the
effect of high pressure on pfs at different values of pressure
15Gpa and 30Gpa, using two equation of state "B-M EOS
and mL-J EOS".

Given that value of (Vp/V,) under pressures (15Gpa and
30Gpa), has already known in fig.1. Then combing the data
of fig.4 with egs. (9 and 12), the results for variation of
"pfs" for GaN under high pressure using two equations” B-
MEQS and mL-JEOS" has obtained and shown in figs. (5-
6).
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Figure 6. phonon frequency spectrum for GaN under
pressure P=30GPa using (a) B-MEOS (b) mL-J EOS,
compared with experimental data [16].

4. Griineisen parameter

"The Griineisen parameter (y) is of considerable
importance to earth scientist because it sets limitations on
the thermo elastic properties of the lower core and mantle
[16]. It is dimensionless and used for wide range of solid, it
has an approximately constant value and varying slowly
with high pressure [17]as will be seen later in fig.6.

4.1 Griineisen parameter under high pressure

The microscopic definition of Griineisen parameter
describes the vibrational motion of atoms. As the oscillation
of atoms changes with high pressure so does the Griineisen
parameter. High pressure dependence of Griineisen
parameter is expressed by the following relation [19]:
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1)

where vy, : Griineisen parameter at atmospheric pressure.

vr : Griineisen parameter under high pressure.

q: Second Griineisen parameter, q has been considered to
equal unity.

Using v, value in table 1 and combining Vp/Vo value
from fig.2 in to eq. (11), we get yp Which declines slowly
with increasing pressure. As it can be observed that even at
the highest pressure (45Gpa), the Griineisen parameter is
reduced to approximately 1.

—&—mL-JEOS
116 —8—B-MEOS |7

/p
=
[ax)

1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50
Pressure (Gpa)

0.98 . L :
0

Figure 7. Variation of Griineisen parameter with high
pressure.

4.2 Calculation of pfs, using effect of pressure on
Griineisen parameter

Accounting the effect of pressure on "y,", we can get the
theoretical results in calculating pfs, which approach to the
experiment data [16] better than in the above calculation
when we assumed "y, is pressure independent.

Figs (5 & 6) show the different results for "pfs" under
high pressure using two different equations of state "B-M
EOS and mL-J EOS". Combining equations (9 and 10) with
with yp in eqg. (11) to get two new form of equations for
evaluating veand g (ve, Vp):

(12)

VP ~7p
gpy (fovp) =0, (Voivo) V_ (13)

0

Egs.(12 and 13) are implemented to obtain improved results
for analyzing pfs, under strong compression.
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Figure 8. phonon frequency spectrum for GaN under
pressure P= 15 GPa using (a) B-M EOS (b) mL-J EOS on
considering the effect of pressure on vy, and compared with
experimental data [16].

5. Discussion

The current study implements the use two universal
EOS to describe, influence of pressure the volume
compression ratio, bulk modulus and phonon frequency
spectrum of GaN semiconductor. The results of V/Vo, Bulk
modulus and y parameter, calculated with the two EOSs are
viewed to be similar and the curves are fit on each other due
to very small divergence of their data, over the entire
pressure range up to an enormous level 45Gpa.
Accordingly, the two equations of state are seen as a two
identical EOSs. However, when the result of volume
compression ratio from fig.1 was combined with eg.12 and
eq.13, for calculating pfs, the two EOSs have given
different results as can be observed from figs.8 & 9.

It is clear that the y pressure dependence considerations
has effects on the trend of pfs variations. When y was
assumed pressure dependent, the obtained results of pfs
with the EOSs indicated in figs 8-9, were improved and
fitted the experimental data better than that of figs.5-6.

By comparing of the results in the present work with
experimental result [16] we got an excellent agreement for
evaluation "pfs" under high pressure up to 15GPa by using
the above two equations, but when the pressure was
exceeded to 30GPa, we got different results. Consequently,
we treated this concern by assuming the effect of pressure
onvy.
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Figure 9. phonon frequency spectrum for GaN under
pressure P=30GPa, using (a) B-M EOS. (b) mL-J EOS,
where y is assumed pressure dependent. Compared with
experimental data represented with blue line [16].

6. Conclusion

The variation of "pfs" for GaN has been evaluated by
using two equation of state for solids "B-MEOS and mL-
JEOS", one time with y without effect of pressure Figs.
(4,5), and second time with effect of pressure on y up to 30
GPa Figs. (7,8). The present work displays that BM EOS is
more suitable and give very good agreement results with
(Herriman et al. 2018) compared with mL-JEOS for range
of pressure up to 30 GPa when using vy, Figs. (7,8), the
reason of the different conclusion between results of two
equations that B-M EOS based on mechanical properties of
solid but mL-JEOS based on inter atomic potential.

7. Nomenclature

GaN Gallium arsenide

Ve/Vo Volume compression ratio

Vo Volume at ambient condition

Vp Volume under high pressure

EOS Equation of state

a Lattice parameter

Yo Griineisen parameter

YP Griineisen parameter

Bo Bulk modulus

0o(Vo, Vo) Phonon density of state at ambient condition
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ge(ve,Vp) Phonon density of state at high pressure
pfs phonon frequency spectrum
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