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Abstract: - The present article deals with the attenuation of acoustic waves propagating through Ferrous
Oxide (FeO) based on a theory developed by W.P. Mason. The Second Order Elastic Constants (SOEC) of

the material have been used to find the Gruneisen constants (YiJ ) and its square average, using which the
non-linearity parameter D has been evaluated at different temperatures. The acoustic attenuation coefficient
per unit frequency square due to phonon—phonon interaction for longitudinal waves [oc/f?]; and shear
waves [«/f?]s, and that due to thermoelastic losses [o</f?],, are calculated along the <100 >
crystallographic axis, within the temperature range 373-673 K. The non-linearity parameters Dr. and Ds
which account for the anharmonicity of the material are found to be dependent on the temperature and
increase with it. The study shows that the magnitude of [c</f2] due to phonon-phonon interaction, for both
longitudinal and shear waves is of the order 10'® dbs?m™!, while, for thermoelastic losses, it is of the order
10'® dbs?m!. Thus, it can be observed that phonon-phonon interaction is the prominent cause of acoustic
attenuation of the propagating waves and the contribution due to thermoelastic losses is very small. The
study also shows that the longitudinal waves are more attenuated as compared to shear waves, as they
propagate through the solid medium and suffer more amplitude losses. This work can be useful for the
characterization and study of the anharmonic behavior of crystals as well as attenuation studies in other

similar oxide crystals.

Keywords: - Acoustic Attenuation, Akhiezer losses, Phonon-Phonon Interaction, Thermoelastic losses,

Ferrous Oxide.

1. INTRODUCTION

Acoustic attenuation studies have been carried out
in different solids like metals [1,2], semiconductors
[3,4], insulators [5] and dielectrics [6,7]. Propagation
of both longitudinal and shear waves and their
velocities as well as relaxation time are influenced by
the temperature of the medium([8,9]. Crystals that do
not obey Hooke’s law of elasticity exhibit
anharmonicity, and this anharmonic nature leads to
the attenuation of waves traveling through it. The
attenuation coefficient of acoustic waves traveling
through the medium depends on the non-linearity
parameters and Gruneisen parameters, which are
temperature and frequency-dependent [10,11].
Different studies have established that there are
various factors like phonon-phonon interactions
(Akhiezer losses), crystal defects, dislocations within
the crystal body, thermoelastic losses, and interaction
between electrons and phonon which contribute
towards decreasing the amplitude of propagating
high-frequency waves in solid. But the major cause of
attenuation of ultrasonic _wave is the interaction

between the lattice phonon within the solids, which is
popularly known as ‘phonon-phonon interaction’ and
the contribution due to thermoelastic losses and other
factors is very negligible [12,13]. Acoustic
attenuation studies are important as various useful
information regarding the ionic potentials and
deviation from harmonic behavior of crystalline
solids can be interpreted from it [14,15]. Besides,
these studies also find applications in non-destructive
testing of materials [10,16].

Attenuation studies in oxide crystals are very few
and are a developing field. In the present work
variation of ultrasonic attenuation with temperature
are investigated for Ferrous oxide (FeO), an inorganic
compound that occurs in mineral form wiistite. It is
insoluble in water and alkali but soluble in acids.
Oxide FeO constitutes approximately up to 10 % of
the Earth's mantle. It is used to produce materials like
plastics, heat-absorbing glass, ceramics, rubber, paint
coatings construction materials, etc. It is relevant to
study ultrasonic attenuation in FeO because of its
varied industrial and technological applications.
Acoustic attenuation studies have been done in a few
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metallic oxides like Calcium oxide, Zinc oxide,
Manganese oxide, etc., but to the best of the author’s
knowledge, acoustic attenuation studies have not
been carried out in Iron oxides.

Iron oxides occur in two different forms, where
iron atom exhibits Fe?* and Fe3* oxidation states. This
study deals with acoustic attenuations in Ferrous
oxide (FeO), with the Fe?* oxidation state of the iron
atom, and calculations are done for both shear and
longitudinal waves traveling along the direction of
<100> crystallographic axis. Ultrasonic attenuations
due to phonon-phonon (p-p) interactions and
thermoelastic losses are evaluated for temperatures
from 373 K to 623 K.

2. MATERIALS AND METHODS

Mason’s theory which makes use of temperature-
dependent non-linearity constant D has been
employed in the present theoretical study. Initially,
the Second Order Elastic Constants (SOEC) of the
material FeO were used to determine the velocities of

longitudinal waves [VL =,/C11/d ] and shear waves

[Vs =,/Cy4/d ] at different temperatures, where Cy;
and Cy4 are the SOEC and d is the density of FeO
crystal. The SOEC values were further used to

calculate the Gruneisen constants (Y]i) and its square
average, using which the non-linearity parameter D
has been evaluated at different temperatures. The
temperature-dependent values of DL and DS were
used in the calculations of attenuation coefficients per
unit frequency square [oc /f 2] due to phonon-phonon
interactions for longitudinal and shear waves
respectively. Similarly, the attenuation due to
thermoelastic losses was also calculated.

3. RESULTS AND DISCUSSIONS

The attenuation of waves traveling through solids
is  temperature-dependent and the thermal
conductivity of the medium affects the attenuation
process. Interactions between the quantized lattice
waves, which are also known as phonons, are the
most important cause of energy loss for such
propagating waves through the solids[17,18]. A
progressing wave causes compression of some part of
the medium and the region adjacent to it gets
expanded. Alternate compression and expansion
within the solid produce a temperature gradient which
results in the flow of thermal energy. Hence energy
absorption takes place in the solid and the amplitude
of the progressing wave decreases, causing its
attenuation[19]. Most of the attenuation studies are
related to the anharmonicity of the solids and take
place due to the Akhiezer mechanism where a thermal

phonon drains out energy from the propagating high-
frequency wave by phonon-phonon interaction. This
mechanism occurs when the condition wt << 1 is
satisfied, here t is thermal phonon relaxation time,
and w= 2xf, f denotes the frequency of the acoustic
wave [20,21].

The attenuation of a propagating wave due to
phonon-phonon interaction is given as [4]

w?TEyD
= 1
o 3dv3(1+w?212) (1

The above equation in the Akhiezer region
(wt << 1) reduces to [10]
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Equation (2) and (3) give attenuation coefficient
per unit frequency square. D is the non-linearity
coupling constant. Parameters for longitudinal waves
are denoted by the suffix ‘L’ and those for shear
waves by ‘S’. The density and thermal energy density
of the crystal are given by d and E respectively, v; is
the velocity of the longitudinal wave and vg the
velocity of the shear wave, thermal relaxation time t
is related to thermal relaxation time for shear waves
(ts) and thermal relaxation time for longitudinal
waves (t;) as [10]

_m g
r=lo =2 )

where 7, C,, and k denote Debye's average velocity,

specific heat per wunit volume, and thermal
conductivity respectively. ¥ is given by [10]
1
_ 1 2] 3
7=+l ®
Non-linearity parameter D is obtained as [22]
) j\2
D =o)Ll ©)
Eg

(Yi] ) and (Yij 2) are average and square average
Gruneisen numbers.
Ultrasonic attenuation due to thermoelastic losses
is given as [23]

i

(Yij ) is zero for shear waves, hence [%] = 0, which
th

2M2KT(Y/)?

indicates that shear waves do not show attenuation
due to thermoelastic losses.

The physical parameters for FeO, like the thermal
energy density of crystal Eo, the density of crystal d,
thermal conductivity k, and specific heat per unit
volume C, which are required for the calculation of
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attenuation coefficient are taken from the references
[24,25]. The longitudinal and shear wave velocities
and Gruneisen parameters (Yi] y at different
temperatures are calculated from the knowledge of
second-order elastic constants (SOEC) for the oxide
material. The calculated velocity values show a good
agreement with the experimental values of velocity
reported in [26]. The thermal relaxation time T, non-
linearity parameter Dy and Ds at different

temperatures have been computed by using equations
(4) and (6) and presented in Table 1. Acoustic

attenuations per unit frequency square [%] due to

phonon-phonon interactions, and the thermoelastic
losses were obtained for different temperatures within
the range 373-623 K, using equations (2), (3), and (7)
and are given in Table-2.

. 2
Table 1. Data for shear wave velocity (Vs), longitudinal wave velocity (V1), average (¥;) and square average (¥; )
Gruneisen numbers, non-linearity parameter D and Ds thermal relaxation time t for Ferrous Oxide (FeO) at different

temperatures
Temperature | Vs x10° | VL x 10° i ) 2 Tx10712

K ms! ];n g <Y1]> (YLJ L (Yl] )s Dr Ds sec
373 6.218 6.724 0.625 8.525 2.580 8.884 5.251 9.40
423 6.110 6.718 0.580 8.782 2.675 8.965 5.434 8.86
473 5.992 6.702 0.531 8.875 2.756 9.362 5.676 8.25
523 5.668 5.990 0.486 8.942 2.792 9.680 5.820 7.46
573 5.436 5.884 0.434 9.215 2.854 9.921 6.256 6.54
623 5.224 5.640 0.442 9.364 2.904 10.575 6.860 5.56

o

Table 2. Acoustic attenuations [ 2

] in FeO due to phonon-phonon interactions and thermoelastic losses[th] at different

temperatures. [L= Longitudinal wave, S= Shear wave]

Templiramre [%]L x 107'® dbs’m’! [%]s x 10 1% dbs’m™! [%]th x 107"® dbs’m’!
373 3.427 1.278 0.653
423 3.610 1.640 0.716
473 4.884 2.072 0.735
523 7.815 2.775 1.268
573 9.084 3.632 1.272
623 11.665 4.761 1.678

The theoretically computed values of non-
linearity parameters Dy and Ds are reported in Table
1 and shown graphically in Figure 1. It is observed
that the value of non-linearity parameters Di. and Ds
increases with the temperature which can be
attributed to the decrease in the value of the average

Gruneisen  parameter (Yij ) with increasing
temperature, as mentioned in the references [27]. The
increase in the values of Dy and Ds are about 19.0 %
and 30.4 % respectively, within the temperature
range. The ratio of Dy to Ds for FeO lies between 1 to
2, which is similar to that observed for other metals
and metal oxides[28-30]. Thermal relaxation time t
decreases with temperature, but it attains saturation
value at higher temperatures. The Acoustic

attenuations [%] due to phonon-phonon interactions

and thermoelastic losses calculated for FeO oxide
crystal at different temperatures within the range 373-
623 K for longitudinal as well as shear waves are
given in Table 2. Variation of acoustic attenuation
due to phonon-phonon interactions and thermoelastic
losses for different temperatures is plotted in

Figures 2-4. [%] is found to be temperature-dependent

and increases with the temperature. It is observed that
the magnitude of [e</f?] due to phonon-phonon
interaction, for both longitudinal and shear waves is
of the order 107" dbs*m’!, while, its value due to
thermoelastic losses is of the order 10-'® dbs’m’!. The
attenuation of the propagating waves due to phonon-
phonon interaction is greater than that due to
thermoelastic losses by a factor of about 10%. Such
results have been reported in previous studies for the
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attenuation of a few metals[2], rare-earth
chalcogenides[28], semiconductors[31], and metal
oxides[29].

The graphs between acoustic attenuation per unit
frequency square and temperature for both
longitudinal and shear waves show that the variation
is a non-linear curve. Acoustic attenuation due to
thermoelastic losses also exhibits the same nature of
the graph. Figures 2-4 show that at lower
temperatures the magnitude of attenuation of the
propagating wave is small, but, as the temperature
increases the attenuation of the acoustic waves also
increases. It is observed from Figure 2 and Figure 3
that the magnitude of attenuation is less for shear
waves as compared to that of longitudinal waves.

The attenuation coefficient has the least value in
case of attenuation due to thermoelastic losses as seen
in Figure 4. Two mechanisms are mainly responsible
for the attenuation of acoustic waves traveling
through solids. The first mechanism is phonon-
phonon interactions. The second mechanism is
thermoelastic losses which arise due to heat energy
exchange between the adjacent regions of
compression and expansion produced alternately in
the solid medium, as the acoustic or ultrasonic wave
propagates through it. The calculations show that the
magnitude of [«/f2?] due to phonon-phonon
interaction, for both longitudinal and shear waves is
of the order 10!% dbs’m™!, while, for thermoelastic
losses, it is of the order 1078 dbs?m™'. Thus, it is seen
that the contribution of thermoelastic losses to
attenuation is nearly one hundred times less as
compared to attenuation due to phonon-phonon
interactions [32,33]. Hence, we can conclude that
phonon-phonon interactions are largely responsible
for high-frequency acoustic attenuations in the
Ferrous oxide crystal.
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Figure 1. Variation of Non-Linearity Parameter D with
Temperature.

The magnitude of the attenuation coefficient
[x/f?] obtained for FeO crystal agrees with
previously reported attenuation studies in other metal

oxides like ZnO [34], MgO [29] and CaO [35], where
the attenuation coefficient per unit frequency square
reported was of the order of 107'® dbs’m for
longitudinal and shear waves. It is evident from
Figure 2 and Figure 3 that the Longitudinal waves
suffer more energy loss and hence are more
attenuated as compared to shear waves as they
propagate through the FeO crystal.
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Figure 2. Attenuation of longitudinal waves propagating
along (100) axis. [phonon-phonon interaction]
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Figure 3. Attenuation of shear waves propagating along
(100) axis. [ phonon-phonon interaction]
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Figure 4. Attenuation of Acoustic waves due to
thermoelastic losses for waves propagating
along the (100) axis.
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4. CONCLUSION

The behavior of acoustic attenuation in Ferrous
Oxide, for both Longitudinal and shear waves is
investigated within the temperature range 373-673 K,
based on Mason’s theory. It can be concluded that
acoustic attenuation in Ferrous Oxide is temperature-
dependent, and it increases non-linearly with the
temperature. The increase in the values of attenuation
coefficient per unit frequency square can be attributed
to the increase in values of temperature-dependent
non-linearity parameter D. As the non-linearity
parameter takes into account the anharmonic
behavior of the material, it can be concluded that
attenuation of acoustic waves is mainly due to
anharmonicity, which arises due to deviation from
perfect elastic behavior of the crystal.

A major cause of acoustic wave attenuation is
phonon-phonon interaction and contribution due to
thermoelastic losses to the wave attenuation is
negligible. Longitudinal waves are more attenuated
than shear waves as they propagate through the solid.
Work presented here may find application for wave
attenuation  studies in  metals, insulators,
semiconductors, dielectrics, and metal oxides of
similar nature. Results obtained can be useful for
various industrial and technological purposes,
particularly in the transmission and absorption of
acoustic waves and where paint coatings, surface
polishing, and acoustic insulations are employed.
Future work may include attenuation studies in other
Iron Oxides and similar metal oxides useful for
various industrial and scientific applications like
surface coatings, thermal and electrical insulations,
and thin film applications.
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