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Investigations of thermoelastic properties for several types of solids is very important for researchers to
understand the earth’s lower mantle structure and core at high pressure range. The Griineisen parameter
(» plays a very important role in the study of thermoelastic properties as it provides the fundamental basis
regarding the frequency distribution of phonon spectrum in solids. In the present study, an attempt has
been made to theoretically compute the pressure dependent Grineisen parameter for wurtzite (B4) and rock
salt (B1) phases of bulk and nano zinc oxide (ZnO) up to about 200 GPa. The free volume expression for the
Grineisen parameter derived by Vaschenko and Zubarev and isothermal equations of state (EOS) are used
to numerate the values. We have found that the trend of variation of the Griineisen parameter against pres-
sure obtained for ZnO is similar to the trend obtained for other metals as per literature.
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1. INTRODUCTION

Among all semiconductor metal oxides, zinc oxide
(ZnO) is known to be one of the most widely studied
materials because of its unique structural, mechanical,
electronic and thermal properties. It is highly function-
al, versatile, favorable, inorganic, white solid powder
which shows a wide range of industrial and technologi-
cal applications in various fields. In the present pa-
per,the Griineisen parameter () of ZnO is analyzed. The
Griineisen parameter is the most valuable thermody-
namic quantity in geophysics, condensed matter physics
and solid-state physics as it is approximately constant
and dimensionless with a value close to unity which
varies slowly with pressure and temperature [1, 2]. It
has both microscopic and macroscopic definition. The
microscopic definition relates the vibrational frequen-
cies of atoms in a material, whereas the macroscopic
definition requires experimental measurements of
thermodynamic properties such as heat capacities, bulk
modulus and thermal expansion coefficient at high
pressure and high temperature [2]. The study of the
Grineisen parameter () is very essential in modern
technology for better applications of semiconductor
materials. It provides information about the lattice
anharmonicity of the forces acting in a crystal needed
for a fundamental understanding of the elastic con-
stants and the frequency distribution of the phonon
spectrum at high pressure and high temperatures [3].
The Grlneisen parameter can be considered as the ratio
of change in pressure to the corresponding increase in
energy density [1]. The study of the Grineisen parame-
ter plays a very important role in the exploration of
theoretical equations of state (EOS), geophysical mod-
els, ultrasonic measurements and melting of solids. The
knowledge of the pressure dependent Griineisen pa-
rameter is very useful in the diminution of shock-wave
data to isothermal data [4]. Due to the lack of proper
theory and the difficulties associated with experimental
evidence, there has been a long-standing interest in the
behavior of the Griineisen parameter at high pressure
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or compression, which provides a fundamental basis for
studying thermoelastic properties of solids [5]. The
logarithmic pressure derivative of the diffusion coeffi-
cient can also be determined by the Griineisen parame-
ter [6]. In the present study, an attempt was made to
theoretically predict the pressure dependent Griineisen
parameter for wurtzite (B4) and rock salt (B1) phases of
bulk and nano ZnO at high pressure range.

2. METHOD OF ANALYSIS

The vibrational Griineisen ratio (x4), according to
the microscopic definition of the Grineisen parameter,
can be defined as the logarithmic volume derivative of
the lattice phonon frequency w; [1] given as
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According to the macroscopic definition, Griineisen
parameter related to the thermoelastic properties can
be defined as [1],

aBV
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where « is thermal expansion co-efficient, B is isother-
mal bulk modulus, V represents volume of the unit cell,
Cvis heat capacity (per mass) at constant volume.

Using different approaches, many researchers have
derived various approximate expressions to study the
variation of Grineisen parameter theoretically with
high pressure and volume [7].

Vaschenko and Zubarev [3] proposed the free vol-
ume formula which relates Griineisen parameter with
the isothermal bulk modulus along with its pressure

derivative given by,
2 6 9B
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where P is the pressure, Bo is the isothermal bulk
modulus at zero pressure and B'o is the first order
pressure derivative of the isothermal bulk modulus.

An effort was made to compute the Griineisen pa-
rameter of ZnO using the Tait’s [8] and Vinet’s [3] EOS.

The Tait’s EOS, representing the relationship be-
tween pressure and volume at a fixed temperature, is
given by:

P= Bfil {exp{(Bé +1)[1—‘2]}—1} (4)

Based on the Einstein model, the universal EOS
proposed by Vinet, which shows the relationship be-
tween binding energy and interatomic distance in sol-
ids, is as follows:

P=3Bx*(1-x)exp[n(l-x)], ®)

1
where x = [“/{OJS , N =S(B;—1) .

Here, V is the volume of the solid at pressure P and Vo
is the volume of the solid at zero pressure.

The isothermal bulk modulus derived from equa-
tions (4) and (5) is given as:

et R G

B=Bx™* [1 +(nx+1)(1 —x)J exp{n(l —x)} )

The corresponding zero pressure derivatives are de-
rived as follows:

' V !
B :(VOJ(BO+I)—1, (8)
o1 x(1-n)+2nx®
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3. RESULTS AND DISCUSSION

In the present work, the computation of the Griinei-
sen parameter as a function of pressure is carried out
for wurtzite (B4) and rock salt (B1) phases of bulk and
nano ZnO using Tait’s and Vinet’s EOS. The input
parameters required to compute the Grineisen param-
eter for both phases of bulk ZnO are tabulated in Ta-
ble 1 [9].

Table 1 - The input parameters used for the determination of
the Griineisen parameter for B4 and B1 phases of bulk ZnO

Material Bo [9] (GPa) B'o [9]
Zn0 (B4) 181 4
Zn0 (B1) 194 4.8

Using equation (3), we have computed the Griinei-
sen parameter for both phases of ZnO. Fig. 1 shows our
predicted results for the pressure dependent Griineisen
parameter for wurtzite (B4) and rock salt (B1) phases
of bulk ZnO using Tait’s and Vinet’s EOS, respectively.
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Numerical values were found with an error within the
permissible range.
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Fig. 1 - Grineisen parameter against pressure for both phas-
es of bulk ZnO using Tait’s and Vinet’s EOS

It is found from Fig. 1 that variation of the Griinei-
sen parameter against pressure reported for ZnO ma-
terial is almost identical to that of the Grineisen pa-
rameter observed for other metals as a function of
pressure as per literature [4, 10]. It is also concluded
that at zero pressure, the Grineisen parameter of rock
salt (B1) phase is greater than the Grineisen parame-
ter of wurtzite (B4) phase, so we can say that the ZnO
material for B1 phase is harder than for B4 phase.

It is observed that the trend of the Griineisen pa-
rameter as a function of pressure using universal
Vinet’s EOS is similar to the variation predicted using
Tait’s EOS. The Griineisen parameter of rock salt (B1)
phase is greater than the Grineisen parameter of
wurtzite (B4) phase. It is found that, as the pressure
increases, the Griineisen parameter reduces for Tait’s
EOS as well as for Vinet’s EOS. The reason for this
phenomenon is that, as we increase the pressure, the
internuclear separation between atoms of the material
(bond length) becomes shorter. The shortening bond
lengths benefits higher vibration constants which leads
to higher phonon frequency of the optical branch of the
material. As the Griineisen parameter is associated
with the phonon frequency distribution (Eq. (1)), it
reduces as the pressure increases.

The study of the Griineisen parameter as a function
of pressure for nano ZnO having two different particle
sizes (10 nm and 65 nm) using Tait’s and Vinet’s EOS
for both wurtzite and rock salt phases was also carried
out. The results for Tait’s EOS are reported in Fig. 2.
The input parameters used for the determination of the
Griineisen parameter for nano ZnO are listed in Ta-
ble 2 [11, 12].

Table 2 — The input parameters used in the determination of
the Grineisen parameter for nano ZnO for two different parti-
cle sizes for B4 and B1 phases

. Particle size | Bo [10, 11] | ,,,
Material (nm) (GPa) B'o [10, 11]
10 294 4
Zn0 (B4) 65 184 4
10 264 4
Zn0 (B1) 65 260 3.5

From Fig. 2, it is clear that the Griineisen parame-
ter at zero pressure for both particle sizes of ZnO in
wurtzite (B4) phase is found to be the same, but that is
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not true for rock salt phase. We can also conclude that
as the pressure increases, the Grineisen parameter
reduces for both particle sizes and for both phases.

13

— B4 phase for10 nm ZnO
— Bd phase for 65 nm ZnO

= Il —--B1 phase for 10 nm ZnO

; Bl phase for 65 nm ZnO

2 09 —

= =<3

s =T

= ~T

a T~ eIl

= e S

z 0.7 ~ —

: ~.

8 -~

<] 0.5

0.3 '
0 50 100 150 200

Pressure (GPa)

Fig. 2 — Griineisen parameter against pressure for both phas-
es of ZnO for two different particle sizes (10 nm and 65 nm)
using Tait’s EOS

As we increase the particle size, the surface to vol-
ume ratio of the material increases, which gives rise to
an increase in the number of interior atoms of the ma-
terial. Therefore, this results in the increment of the
lattice energy of the cell, which leads to the decrement
of the Griineisen parameter. The predicted results of
the Gruneisen parameter as a function of pressure
using Vinet’s EOS for both particle sizes and for both
phases are shown below in Fig. 3.
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Fig. 3 — Griineisen parameter against pressure for wurtzite
(B4) phase of ZnO for two different particle sizes (10 nm and
65 nm) using Vinet’'s EOS

From Fig. 3, it is predicted that the Griineisen pa-
rameter at zero pressure is the same for both particle
sizes of ZnO for both phases using Vinet’s EOS. Also, for
both phases, as the pressure increases, the Griuneisen
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parameter reduces. From Fig. 3, it is also reported that
for the wurtzite phase of ZnO, as the particle size in-
creases, the Griineisen parameter reduces, whereas for
the rock salt phase, the Griineisen parameter is almost
the same for both particle sizes of ZnO as seen from the
above Fig. 3.

4. CONCLUSIONS

The study of the Griineisen parameter as a function
of pressure says that, as the pressure increases, the
Grineisen parameter reduces using Tait’s EOS as well
as for Vinet’s EOS for both bulk and nano ZnO materi-
als for both B4 and B1 phases. It is realized that the
variation of the Griineisen parameter versus pressure
reported for ZnO material is almost similar to that of
the Griineisen parameter against pressure observed for
other metals as per the literature. At zero pressure, the
Griineisen parameter of rock salt (B1) phase is greater
than the Griineisen parameter of wurtzite (B4) phase.
Hence, we can conclude that ZnO material in B1 phase
is harder than that in B4 phase. It is also observed that
the Griineisen parameter decreases as the particle size
increases for both phases of ZnO using Tait’s EOS. At
zero pressure, the Grineisen parameters are same in
the case of wurtzite (B4) phase, but this is not observed
for rock salt (B1) phase for nano ZnO using Tait’s EOS.
It is observed that the Griineisen parameter is the
same at zero pressure for both particle sizes and both
phases of ZnO using Vinet’s EOS. It is predicted that
for the wurtzite phase of ZnO, as the size of the particle
increases, the Griineisen parameter decreases, whereas
for the rock salt phase, the Griineisen parameter is
almost the same for both particle sizes of nano ZnO
using Vinet’s EOS.
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Hocainmxenna napamerpa I'proraiisena ZnO npu BUCOKUX THCKaX
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JlocaimreHHS TePMOIIPYKHUX BJIACTABOCTEH KIJIPKOX THUITB TBEPIUX TLI JAysKe BAYKIIUBO JJIS JTOCIITHHU-
KiB, 1100 3pPO3yMITH CTPYKTYpPy HUSKHBOI MaHTII 3eMul Ta siapa B Jiama3oHl BHCOKMX THUCKIB. [lapamerp
I'pronaiizena Bifirpae Jay:ke Ba:KJIMBY POJIb Y BUBUEHHI TEPMOIPY!KHUX BIIACTUBOCTEM, OCKIJIBKY 3abe3meuye
dyHIaMeHTaIIBHY OCHOBY IIO0 YACTOTHOIO PO3IOILILY (POHOHHOTO CIIEKTPY B TBEPAUX TLIAX. Y JOCIIIKEeHHL
OyJra 3pobsieHa cIpoda TEOPEeTUYHO OOUMCIINTH 3aJIeKHUM BiJ THUCKY mapaMeTp ['prooHaiisena mis ¢as Biop-
muty (B4) Ta xam'saoi cosi (B1) 06'emuoro Ta Hanookcumy muHKY (ZnO) mpubsmawuo mo 200 I'Tla. Bupas Bi-
JIbHOTO 00'eMy 11 mapamerpa ['pronaiizeHa, orpumannii Bamenkom 1 3ybapeBuM, Ta 130TepMIUHI PIBHAHHSI
crany (EOS) BuKOpHCTOBYIOTBCSA I OOUMCIEHHA MOro 3HaYeHb. My BUSBUJIM, 10 TEHICHIIISA 3MIHHU IIapa-
merpa ['proHaiisena Big Trcky, orpuMmana mia Zn0, momibHa 10 TeHAEHIN], OTPUMAHOI JJId METAJIIB 3T1IHO
JIITepaTyPHUX JIIKEePeIT.

Knrouogi ciora: ZnO, EOS, [Tapamerp ['pronaiizena, ®asu Brooprury Ta kam'sHol coutl, Tepmorpyskai Bia-
CTHUBOCTI.
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