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ABSTRACT : Using the ultrasonic interferometry on the single crystal MgO-periclase, adiabatic bulk
moduli were determined to be 163.2 GPa and 162.6 GPa from (100) and (110) lattice plane measure-
ments, respectively. Density was measured on polycrystalline MgO by the X-ray diffraction technique.
Results from this study were compared with the previously reported values. Further, the present results
were converted to the isothermal bulk moduli and, then compared with the published data available
including the energy dispersive X-ray diffraction result which was performed on the same single crystal
MgO. The principle and techniques of ultrasonic interferometry were introduced too.
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Introduction Zou, 1989; Chopelas, 1990), thermochemistry

MgO-periclase as well as MgSiOs-perovskite
is the major constituent in the lower mantle of
the Earth (Brown and Mussett, 1993). In view
of this importance, there has been a lot of
studies performed in the various properties on
MgO : thermodynamic properties (Anderson and

(Saxena and Zhang, 1990), equation of state
study by molecular dynamics (Kubicki, 1988)
as well as by the ultrasonic method (Spetzler,
1970) and energy dispersive X-ray diffraction
method (Manghnani er al., 1987), electrical prop-
erties (Wood and Nell, 1991), and elastic prop-
erties (Zouboulis and Grimsditch, 1991).
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Among these studies, employing the cubic
anvil apparatus interfaced with synchrotron ra-
diation and energy dispersive X-ray diffraction
(EDXRD) technique in the hydrostatic condi-
tions, MgO-periclase bulk modulus of 158.06
GPa was obtained using the Birch-Murghnan
equation of state with the assumed K¢' of 4.15
(Manghnani et al, 1987). MgO single crystal
used for the present study is the same as the
EDXRD compression experiment employed. Ob-
jectives of this study are the followings: (1) in-
troduce the principles and techniques of the
ultrasonic interferometry (2) measure the sound
wave velocity in a particular crystal direction of
MgO wusing the ultrasonic interferometry, (3)
calculate the density of MgO from measure-
ment of unit cell volume of polycrystalline MgO
sample by Debye-Scherrer method, (4) deter-
mine the elastic modulus of MgO from the
measurement of sound velocity and density with
some correction procedure, and (5) compare this
result with the previously reported values as
well as the EDXRD compression datum which
was performed on the same single crystal.

Experimental Methods
Sample Preparations

Single crystal MgO : Single crystal MgO
used in this study was provided by Mr. Edward
Fisher at the Argonne National Laboratory in
USA. This single crystal was grown along c-axis
and then cut along each crystallographic axis,
and polished on each crystal plane in the ground-
ing system with various resins manually.

In order to check the orientation of (100)
lattice plane, the prepared specimen was loaded
in the two-circle goniometer configurated with
Laue back-reflection camera. Laue spots were
examined in the Greninger chart, and the center
was turned out to be 2° off between the dif-
fraction pattern of (100) plane and the direct
beam of x-radiation spot. This center-off was
adjusted using two-circle goniometer. After this
adjustment, the position of the (100) crystal

plane was checked again to make it in right
position.

The adjusted side of (100) plane was aligned
parallel to the brass ring in order to make the
opposite side parallel to the adjusted side by
grinding. The brass ring mounted with sample
was ground by the automatic grinding machine,
and then polished by the appropriate diamond
pastes manually. The thickness of the sample
prepared such a way was measured to be 0.3849
inch. The (110) crystal plane was prepared us-
ing the same procedures described above, and
thickness was 0.2405 inch.

Polycrystalline MgO : For X-ray density mea-
surement, polycrystalline MgO was prepared
from single crystal pieces during the cutting of
the bulky crystal. These pieces were ground in
the agate mortar thoroughly, then crystalline grain
size was checked in the XRD camera.

Experimental Techniques

Ultrasonic interferrometry : A schematic ul-
trasonic interferrometry diagram is shown in
Fig. 1. A frequency synthesizer is used to pro-
vide a carrier frequency of 20 MHz. Output of
the synthesizer is brought in to an pulsed oscil-
lator, which is operated as a gated amplifier.
These pulses control the on time of the 20-MHz
RF bursts. An isolation network consisting of
four diodes and an attenuator is used to protect
the pulse generator from back reflections. The
impedance between the isolation network and
quartz transducer is matched when necessary
with an air-coupled transformer. The return signals
from the transducer are applied without amplifi-
cation to the top trace of the oscilloscope. The
input of the tunable amplifier is protected by
the another isolation network. The main sweep
of the oscilloscope is triggered from dual pulse
generator. Each pulse from generator also trig-
gers a fast rise time pulse generator which pro-
vides the input signal to an time-interval count-
er. The time between the two RF pulses is thus
read on the time-interval counter and is equal
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Fig. 1. Schematic diagram of the ultrasonic interferometry system.

to twice the travel time through the sample.

In order to determine the phase shift at the
buffer-rod sample interface and at the free end
of the sample, following facts should be con-
sidered : The acoustic impedance of a substance
is defined as the product of velocity times den-
sity. Consider plane waves normally incident to
a plane boundary that separates two media, 1
and 2, having acoustic impedances R; and R,,
respectively. Let Ry be smaller than Ry ; a
sound wave traveling from medium 1 into
medium 2 will be reflected without any change
in phase of stress. On the other hand, if the
wave is incident from medium 2, the stress
wave reflected into medium 2 will show a
phase shift of 7 radians.

The buffer-rod sample system is illustrated in
Fig. 2. Let the impedance of the buffer rod and
the sample be R, and R», respectively. When
the buffer rod impedance is less than the im-
pedance of the sample, every reflection within
the sample causes a phase shift of 7. In the
case where the buffer-rod impedance is higher,

a phase shift of 7 within the sample is only
realized at the free end. If the case R; { Ry,
the total phase shift within the sample may be
written for the n™ echo that is received from
the free end, @n = [1 + 2021 - mA/ A)]x
where [ is the sample length, A is the acoustic
wavelength in the sample, and m is an integer
denoting the number of whole wavelengths with-
in 2/ Maximum or minimum interference between
the echo trains of the two applied pulses occurs
only if (2/ - mA) A is zero or half-integer.
Let (2] - m A ) Aequal to zero, which implies
that there is an integral m multiple of the
wavelength in 2/. All echoes are phase shifted
by an equal amount, and this addition results in
a maximum amplitude; i.e., the velocity can be
written as V = 2[f/m where f is the carrier
frequency where a maximum occurs. When (2/
-mAYA =12, @, = (n + Nrx, ie., the
phase shift between consecutive echoes alter-
nates by 7z, and a minimum in amplitude is
realized for an applied pulse spacing equal to
one round-trip time in the sample. In Fig. 2,
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Fig. 2. Schematic diagram of the buffer-rod sample system and phase shifts of stress waves in case of

Ri<Ra.

the phase shifts of wave are shown in the case
of R1<R2.

For the case where Ri>R», the phase shift in
the sample can be written as @, = nx [(I +
2(2fm A/ 4)]. In this case of periclase, however,
since impedance of MgO is larger than that of
buffer-rod, explanation where R;>R, is omitted
and representation of the phase shifts of waves
is not given in Fig. 2 either.

The sample with (100) crystal plane was
fixed on the buffer rod using the paste of Non-
ag stopcock grease and phenyl salicylate for
longitudinal and transverse velocity measurements,
respectively. The (110) crystal plane was pre-
pared by the same method for sound velocity
measurement. When you control the transducer,
you can generate cither longitudinal wave or
transverse wave. In one mode of waves, when
you can increase the number of whole wave-
lengths (i.e., m in the appendix & Table 2)
within the sample, you can get the frequency
values corresponding to the each number of

wavelength. Then, you can calculate the aver-
age frequency on each run (see appendix &
Table 2 for detail).

X-ray density measurement : Unit cell
volume of MgO powder was determined by
Debye-Scherrer XRD technique. NaCl powder
was mixed with polycrystalline MgO at the
ratio of 1:1 in volume. Mixture of powders
was inserted in the capillary tube, and positi-
oned at the center of the XRD camera as
closely as possible by hand manipulation. For
more precise measurement, NaCl was mixed
and its diffraction lines were used to correct
the geometry of the Debye-Scherrer camera.

Results and Discussion

X-ray density measurement is crucial for the
determination of the elastic constant in this pro-
cedure. Lattice parameter was determined from
four diffraction lines of (111), (200), (220) and

— 141 —



Young-Ho Kim

(222) of MgO polycrystalline sample. Using
these values, lattice parameter of MgO was
determined to be 4.215(1) A. This is fairly
good agreement with ASTM one (4-0829) of
4213 A. From this unit cell volume, x-ray
density of MgO was calculated to be 3.575
gr/em’ (c.f, 3.581 gr/em® of 4-0829 in ASTM).

The bulk modulus of MgO single crystal
were calculated using the relation K; = (Cy; +
2XCpp)/3 for (100) and (110) planes as
follows; Ks, 100y = 163.2 GPa and Ks, 1) =
162.6 GPa. For determination of this value in
(100) direction, correction was compulsory
because of 2° off at center. Therefore, 2° off
correction and the bulk modulus calculation
methods were given in appendix.

Comparison of this result with the previously
reported data were given in Table 1. Densities
of the previous studies are slightly higher than
the present one. This might be caused by the
synthetic processes of the MgO single crystal
as well as the systematic deviations in the XRD
measurements of densities or different density
measuring methods. However, Jackson and Nie-
sler (1982) and Yoneda (1990) reported the very
close values to the present result.

The present value indicates the adiabatic bulk
modulus. When you convert this to the isother-
mal bulk modulus, you can compare this value
with the compression results at high pressure on
either single crystal or polycrystalline samples.
The relationship between Ks and Ky is the
following : Ks = Ki{(1 + @ y T), where @ is

Table 1. Comparison of the bulk modulus of MgO

the thermal expansion coefficient, y is the
Gruneisen parameter, and T is the temperature
in Kelvin. With the reported values of both
thermal expansion coefficient, 31.2 X 10‘6/degree
(Suzuki, 1975), and Gruneisen parameter of 1.54
(Anderson er al, 1965) for MgQO, the iso-
thermal bulk moduli of 160.9 GPa and 160.3
GPa from the present data were calculated to
the (100) and (110) plane, respectively at ambi-
ent temperature. Drickamer et al, (1966) deter-
mined the bulk modulus of MgO using his own
Drickamer press up to 30 GPa and reported the
value of 178 GPa under the assumption of Ko
at 4.0 fitting his compression date to the Murg-
hnan equation of state. After this work, Mao
and Bell (1979) reported the bulk modulus to
be 159 GPa with Ko' of 4.7 from the poly-
crystalline MgO powder in the diamond anvil
cell. Using single crystal of MgO in the cubic-
anvil apparatus interfaced with synchrotron ra-
diation in the EDXRD mode, bulk modulus of
158.06 GPa was obtained by the fitting to the
Birch-Murghnan equation of state under the as-
sumption of Ko' to be 4.15 (Manghnani er al,
1987). From the latter two results, Drickamer's
value turned out to be rather high and this
result might be caused from both the apparatus
used in different style and the method which
determined the high pressure values. Comparing
Manghnani et al,'s with the present result
which the samples from same single crystal
were used, compression result appears to be
lower than that from the ultrasonic interfer-

Density ¢ Cn Cus Ci Ks References
3.581 297.4 156.2 95.6 162.8 Spetzler (1970)
3.584 294 155 93 160 Hearmon (1979)
3.584 296.8 155.8 95.3 162.5 Jackson (81‘92'2‘;' Niesler
3.584 297.8 155.8 95.1 162.7 Yoneda (1990)
3.575 297.5 156.2 95.5 162.6 This study, (110)
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ometrical determination. This difference might
be caused from systematic errors dependent on
the different apparatus environment used for mea-
surement. However, bulk moduli determined from
both elastic measurement and X-ray diffraction
techniques show the constant trend within their
own experimental errors.

Geophysically, MgO in the lower mantle plays
important role in whether would be adapted
either olivine series or pyroxene series of the
Earth mantle model. As a simple cubic crystal
structure, elastic properties of MgO have some
implications for the propagations of the longi-
tudinal and transverse waves in the lower man-
tle where the perovskite structured silicate in
the orthorhombic crystal system is dominated.

The present study can be summarized
as follows : Using ultrasonic interferometry on
the single crystal MgO, bulk moduli were deter-
mined to be 163.2 GPa and 162.6 GPa from
(100) and (110) lattice plane measurements,
respectively. Density of MgO was determined
on MgO powder from same single crystal using
XRD technique. Adiabatic bulk moduli at the
present experiment were converted to the
isothermal ones, and both values were
compared with the reported data, respectively.
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Appendix

In order to correct the 2° center-off in Laue
pattern, consider the Cartesian coordinate system,
and directional cosines of / = cos @, m = cos (90
+6)=-singd and n = n

We can express the relation of the coordinates
axis change as follows;

coo;(:ilsate x v 7
X' cosf * [/ |-sinf * [/ M
Y' sin & cos d
VA 0 0 1

The general equations of motion, in the absence
of damping are '

d’u dX, dx, dX,
-5 = + +
dt dx dy dz

with

similar expressions for v and w.

This equation can be written in terms of u, v, w
and directional cosine, by introducing new moduli
I';i, which are functions of the elastic constants
Cuk, and of I, m, n.

du du dv d*w
= I'n + I'p + 'z
dt’ ds” ds’ ds’

o)

with similar expressions for v and w, and where s
=[x + my + nz

I'; can be written by Christoffel equation as
follows :
' = ]2C11 + m2C66 + n2C55 + 2mnCsg +
2nlCsy + 2ImCig
[ = PCe + mCxy + n*Cas + 2mnCyy +
2nlCs¢ + 2imCog
I3 = 12C55 + m2C44 + n2C33 + 2mnCyy +
2nlCss + 2ImCss
I's3 = PCss + m’Cas + #’Caq + mn(Cas+Cas) +
nl(C45+C36) + lm(C46+C25)

31 = PCis + m’Cys + n’Css + mn(Cas+Css) +
nl(C31+Css) + Im(Cse+Cha)
Tz = PCis + m*Cas + n’Cas + mn(Cag+Cas) +

nl(CsstCra) + 2im(Ci2tCes)

The solution of Christoffel equation can be

written by
' -q I I
I'n I'n-q Iz =0 @
I I I's - q

where q is the stiffness factor.
From (1), we can rewrite (2) like

I'n-q I 0
I I'n - q 0 =0 3)
0 0 I'ss - q

where I'yy = Ciy +c0s° @ + Cu-sin° @, I'm =
C44 . 0052(9 + C11 . sin2<9, F33 = C44 and

Iy =-s5in@ -cosfd - (Cix + Cug) ®

Solving (3) with substituting (4) and then
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q=Cy + Cu +- [0.9952(Cyy - Caa)’ +
0.0049(C1, + Cas)’1"*

From the relationship in (100) plane,

oVE=Cu, oVi’ = Cu, oV’ = Cus

and, from the measurements of frequency for

longitudinal wave (see Table 2),

&)

Vi

(6) From

Vo =2flm =2 *254 *0.3849 * 0.4663(MHz)

= 0.91175 * 10° cm/sec
= 2972 * 10" gr/em - sec’.

2

Table 2. Velocity measurement data by ultrasonic interferometry

(M

the measurements of frequency for trans-

Longitudinal transducer Transverse transducer*
Frequency, MHz m A4f = fim Frequency, MHz m 4f = fim

29.855 64 0.4665 10.791 32 0.3372
30.322 65 0.4665 11.469 34 0.3373
30.781 66 0.4664 12.146 36 0.3374
31.268 67 0.4667 12.823 38 0.3374
31.716 68 0.4664 13.490 40 0.3373
32.165 69 0.4662 14.166 42 0.3373
32.652 70 0.4665 14.845 44 03373
33.116 71 0.4664 15.521 46 0.3374
33.600 72 0.4667 16.193 48 0.3374
34.051 73 0.4665 16.870 50 0.3374
34.508 74 0.4663 17.547 52 0.3374
34.985 75 0.4665 18.212 54 0.3374
35.446 76 0.4664 18.893 56 0.3373
35917 77 0.4665 19.568 58 0.3374
36.377 78 0.4664 20.252 60 0.3375
36.826 79 0.4662 20.926 62 0.3375
37.301 80 0.4663 21.599 64 0.3375
37.767 81 0.4663 22.273 66 0.3375
38.236 82 0.4663 22.953 68 0.3375
38.689 83 0.4661 23.620 70 0.3374
39.175 84 0.4664 24.294 72 0.3374
39.629 85 0.4662 24.970 74 0.3374
40.086 86 0.4661 25.639 76 0.3374
40.569 87 0.4663 26.315 78 0.3374
41.008 88 0.4660 26.989 80 0.3374
41.477 89 0.4660 27.666 82 0.3374
41.962 90 0.4662 28.337 84 0.3373
42.400 91 0.4659 29.014 86 0.3374
42.885 92 0.4661 29.687 88 0.3374
43.354 93 0.4662 30.367 90 0.3374
43.807 94 0.4660 31.036 92 0.3373
44.292 95 0.4662
44.745 96 0.4661
45.216 97 0.4661
45.69 98 0.4662
46.151 99 0.4662
46.625 100 0.4663
47.072 101 0.4661

Average 0.4663 Average 0.3374

*Due to the lengthy data points, even numbers were selected and shown in this table. At odd number of m (the

number of whole wavelengths), each frequency was measured.
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verse wave (Table 2),

Vr =2 * 2,54 * (0.3849 * 0.3374 (MHz)
= 0.65972 * 10° cm/sec (8)

> = 1.5559 * 10" gr/cm - sec’

o Vr

If, A9 = 0° then C;; = 2.972,

Cas = 1.5559 in Mbar )
However, (100) plane is 2° off and this
discrepancy is as follows;

q=20V.>?=2972 + 15558 + [0.9952
(Cit - Cag)® + 0.0049 (Ciz + Cag)]" (10)

From (10),

> = 2982 gr/em - sec®> — Vi

= 09133 X 10° cm/sec (11)

o VL

Comparing (11) with (7), AV = 0.002 x 10° cm/
sec. Therefore, ApVL2 = 0.013. This much
should be higher in Cy;. Ci;y = 2.985 in Mbar
(This is equal to 298.5 GPa).

And, 2oV’ = 3.1036 from the ‘-’ case in
equation (5) with (8) with similar procedure,

4oV = - 0.004, pVi = 1.5518 in Mbar
(ie., 155.2 GPa) (12)

From [110] plane measurements, of which plane
(110) is parallel perfectly, and thickness of 0.2405

inch, we can get the following results :

oV =3527x 107 =Ciy + Cy - C

-pVr' = 1.0098 x 10” = C (13)
-p Vi = 15618 x 10" = Cu
From (13),

Ci = 297.5 GPa, Cy = 156.2 GPa,
C' = 101.0 GPa, Cy; = C;;-2C' = 95.5 GPa (14)

Velocity measurement data for (110) plane by
both longitudinal and transverse waves are not
given, because of the similarity to the (100) plane
measurement.

The bulk moduli of MgO can be calculated
using the relation of Ks = (Ci; + 2Cp)/3 for
(100) and (110) planes to be 163.2 GPa and
162.6 GPa, respectively.
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