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The CW technique, using a @-meter and also & sweep frequency ultra-
sonic spectrometer, has been employcd to measure all the elastic
constants in singlo erystal aluminium, and C,, and C,, in single crystal
copper in the temperature range, 77°K to 300°K. The details of the

instrumentation, and a comparison of the results with carlier works
im Al and Cu are given.

1. INTRODUOTION

Various experimental methods of increasing sophistication and versatility arc
heing developed for the measuroment of the elastic constants of solids. The now
commonly used methods can be grouped into three categories. The continuous
wave (CW) method, the pulse method and the C'W/pulse method (Truell et al
1969). All the methods are widely in usc. Using CW acoustic excitation, in
conoral, there are two methods of measurement of the elastic constants. One
s the @-meter technigque using which Bolef & De Klerk (1962) measured the olastic
constants of sovoral alkali halides. The other is the CW sweep frequency method.
In this, onc can use an acoustic probe of the reflection kind or the transmission
kind (Yee & Gavenda 1968). In this paper we will deseribe & CW sweop frequency
acoustic spectrometer using the reflection kind of acoustic probe and also prosent
some data obtained for the temperature variation of the elastic constants of alu-
mium and copper. We will also give some details of the @-meter experiment
done by us with one of the samples of aluminum.

2. GENERAL PRINCIPLE

In order to determine the elastic constants in solids one has to moasure the
velovity of sound. The elastic constants can be related to the velocity of sound
using the continuum elasticity theory. 1In cubic erystals there are three indepen-
dent elastic constants. These three eclastic constants can be determined by
moasuring the velocity of sound using appropriaie propagation direction and
proper polarization of the acoustic wave. The relations we will be using are

25[100] = (Cyy/p), v (1)

0r[100] = (Cyu/p), @)

and vrl111) = ((Cyy+203,+4C4) 30, (3)
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whero the subseript L or T indicates longitudinal or transverse mode of excitation,
the directional cosines of the propagation vector of the acoustic wave are given
in tho square bracket and p is the density of the solid. -

Thus if the velocity of sound with the above mentioned direction and modo
specifications is measured in a cubic crystal, all the threc elastic constants can
be determined. In order to measure the velocity of sound in CW oxperiment ong
has to measure the mechanical resonance frequencies of the composite resonator,
conyisting of the transducer, bond and the sample. The mechanical resonance
froquency is the froquency at which the composite resonator contains an integral
number of half wave lengths of the sound wave, and it is denoted by », where #
is the number of integral half wave lengths. The mechanical resonance frequency
v, and the separation between two successive mechanicl resonance frequencios
Av are related to the velocity of sound by the following relations (Bolef & De
Klerk 1963)

v = (2/n)[v,—(mz/ms)(vr—vy)] e (4)
and n = (vu[Av), o (B)

whero ¢ is tho length of the samplo, mr and mg aro the specific masses (i.0., gy,
whore p is the density) of the transducer and the sample respectively. The effect
of the bond which is usually small, has been neglected.

The general method of moasurement of velocity or its change with respect
to tomperature is as follows. First as many of the successive mechanical resonance
[requencies as possible of the composite resonator arc located and the average
separation Ay between two successive ones is ostimated. Then choosing the most
prominent of the mochanical resonances, the value of = is obtained from its fro-
quency v, using eq. (6). Eq. (4), is then used to obtain the absolute value of v.
To study the variation of v with temperature, the particular mochanical resonance
is tracked as the temperature of the sample is changed.

This being the general method, there are various ways of locating mechanical
resonances using CW technique. Two methods have been used by the present
authors viz., the Q-meter method (Bolef & De Klerk 1963) and the CW sweep
frequency spectrometer method. The former was used only to locate the mecha-
nical resonances and to make a rough ostimate of the velocity of sound. For
temperature variation study, the latter method was used.

3. THE @-METER TECHNIQUE

In this method the instruments required are a Q-meter and the associated
variable frequency oscillator. A standard coil is used, leaving the capacitor
terminals of the @-metor open, to bring the resonance frequency into the range of
the transducer response peak by tuning the capacitor control of the @-meter. At
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sesononce, the @-meter will show a peak value of @, say Qmuz. Then the composite
resonator is connected to the capacitor terminals keeping the oscillator frequency
unchanged and the capacitor control is retuned for Qmaz. Tho value of Quaz
now as compared to its value without the composite resonator will be smaller,
Now the frequency of the oscillator is slowly changed all the time tuning the capa-
citor control so that the @-meter reads Qupay. Thus Quq is studied as a function
of fl‘c;‘]llcncy. When the frequency of the oscillator, is equal to one of the mecha-
nical resonance frequencies of the composite resonator, there will be a sharp peak
in the value of @mez. This fact can be deduced (Bolef & De Klerk, 1963) from a
simple analysis of the @-meter circuit and the electrical equivalent circuit of the
composite resonator circuit given in figure 1. Thus the mechanical resonances
can be locatoed.
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. 1. Kleetrieal equivalent circuit of the composite resonator. €, = static capacitance
of the transducer plate and tho stray capacitance.

This method was used to study a single crystal sample of aluminium. The
details of the sample are given in the next section. The @-meter used was Marconi
listruments Type TF1245. The oscillator was of model TF1246. The frequency
of the mechanical resonance was measured by a frequency counter of Hewlett
Packard type 524D. The experiment was done at room temperature only.
Several mechanical resonances were located but as the frequency moves away from
the transducer resonance peak, the measurement becomes more uncertain. So
in figure 2 only three resonances are shown. The average separation botween
the mechanical resonances was 185 KHz. Using eq. (1), the velocity of longi-
fidinal sound wave along [100] direction in Al, at room temperature is obtained as

6.06X10° cm/sec. This value is in reasonable agreement with the established
results,

As described by Bolef & De Klerk (1963), from the knowledge of Quqz at the
mechanical resonance frequency and the value @, at the same frequency without
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the composite resonator in the circuit, the resonant resistance of the composite
resonator Rg can be estimated. This Rg is a measure of the acoustic losses in
the sample and hence is rolated to the attenuation coefficient a, and the width of
tho mechanical resonance line. The attenuation coefficient obtained is a =
2.35x10-% em~-! and the width of the mechanical resonance line is obtained to
be Avg = 2.64 KHz. Taking this value of Avg a Lorentzian line shape is drawn
in figure 2 for the mechanical resonance line of frequency 9.893 MHz

R=7660
= 2:35x10 SCm
B=1.32KHz
a=3.74x10%

9-:393 —+ Y(MH2)
Phonon-mode with » (31)=9.893MHz

I |3§ KHz
; | |
Nk
9.893 10.028 10.163 Y(MH2)

Transducer-response is not shown;R

corresponds to transducer resonance
peak.

Fig. 2. Acoustic phonon modes in aluminium single crystal, gy, [100].

4. CW SwrpeP FROQUENCY SPECTROMETER METHOD

The block diagram of the instrument is shown in figure 3. The sweep
frequency oscillator, the r.[. amplifiers, tho detector and the audio amplifier are
built as a combinod system and the circuit diagram is shown in figure 4. The
double triode 5670 is the oscillator tube. In the grid of the tube, apart from the
tuning condenser and a coil. a varicap is connected in paralle]l. A sawtooth
voltage is applied 1o the varicap to have a frequency sweep. The sawtooth is
taken from the Tektronix type 162 wave form generator. This gives a fixed
sawtooth voltage of +207 to 41307 at variable repetition_frequencies. In
order to have a coutrol over the range of frequency sweep an attenuator is inter-
posed between tho wave form generator and the varicap. The maximum sweep
obtained was about 300 KHz around 10 MHz.

Tho output of the oscillator is taken from the cathode and is fed to the first
r.{. amplifier, E180FT. Tn the plate load of this amplifier, apart from a 300Q
resistor, the matching network and the sample are included,, the details of
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which are shown in figure 5. This unit presents a frequency dependent impe-
dance. When the fraquency of the r.{. voltage is equal to the mechanical resonance
frequoncy, the composite resonator presents an impedance minimum. Tho
matching network consists of a double tuned over coupled system which inverts
the impedance of the composite resonator so that the minimum of impedanco in
the latter is reflected as a maximum in the primary coil of the transformer which
is in the plate circuit of the amplifier. If the frequency sweep covers any mecha-
nical resonance, the output of this amplifier will exhibit a reduction in the r.f.
amplitude at the mechanical resonance froquency. This is amplified by another
stage r.f. amplifier, E180F TI. Hero a facility for auxilary output is provided for
display on the oscilloscope.

RF AMPLIFIER STAGE [
WITH COMPOSITE RF ANPLIPIER
REGONATOR AS STAGE T
PLATE LOAD

GWEEP FREQUENCY
OSCILLATOR,

LARGE TIME CONSTANT FEED BACK

SAWTOOTH HOR DOUBLE BEAM DETECTOR
OSCILLOSCOPE aND AUDIO
BEAM 1 | amPLIFIER

BEAM I

FREQUENCY
METER

Fig. 3. Block diagram of the CW ultrasonic speetrometer.
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Fig. 4. Circuil diagram of tho CW sweep frequency oscillator-detector systom.

The output of tho r.f. amplifier is detected by tho OA72 diode and the audio
output is amplified by the two 12ATT tubes, The final signal output is taken from
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the eathode follower. The audio foed back provided in the cireuit ensures a long
time constant amplitude stability. The system in the present configuration gave
a stablo performance between 8-12 MHz.
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Fig. 6. Matching network. Ly — 2.4uH, L; = 2.17uH, R4 = 9.4KQ, P-probe with tho
transducer and the sample.

The oulput of the audio amplifier is displayed on the Philips double beam
oscilloscope model No. PM3230. The horizontal sweep of the oscilloscope is the
same as the sweep given to the varicap so that the time base of the oscillofcope
is converted into a frequency scale. The oscilloscope display is photographed

and i given in figure 6.  An explanation of the observed shape is given by Miller
& Bolef (1969).

Fig. 6. Mechanical rogsonance signal in aluminium single crystal, as displayed on the
oscilloscope,
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To measuro the frequency of tho mechanical resonance, a frequency meoter,
Bendix radio BC221-M was used. Tho antenna of the frequency meter picks up
the signal from the oscillator. The frequency meter has its own oscillator, the
frequency of which can be varied. When the frequency of the oscillator is equal
to the one the frequency meter picks up, a peep is emitted by the frequency meter.
This peep is displayed on the other beam of the oscilloscope. By visual synchro-
nisation of the peep from the frequency meter and the mechanical resonance signal,
the frequency of tho latter can bo measured. The oscilloscope display of the necha-
nical resonance along with the synchronisod peep is shown in figure 7.

Fig, 7. Mechunical resonance signal in aluminium along with the peep from the froquency
meter.

5. SAMPLES AND MEASUREMENT

Experiments were performed on three samples, two aluminium and ono copper
singlo crystals. The two aluminum single crystals are oylindrical in shape with
the axis of the eylindor parallel to [100], (sample 1), and [111], (sample 11) directions
respectively. The length of sample I along tho cylinder axis is 2.243 cm and that
of sample Il is 2.473 cm at room temperature. The sample I was used in the
@-motor experiment. The copper single crystal (sample III) is in the shape of a
cube. The edge of the cube is oriented along [100] direction. Tho accurate
length of the cubo in the direction in which the sound wave is passed is 1.023 om.
All the three samples are purchased in the properly cut, oriented and polished form
from Semi-elements Inc. USA. The quoted purity of the samples is 99.999%,.

The transducers woere quartz plates of proper cut and they are suitably gold.-
plated (purchased from BEL, Bangalore), and bonded to the samples with DC200
silicone oil of viscosity 30,000 CS at 25°C. The sample was then mounted in a
probe described earlier (Ghatak & Sinha 1974).
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The method of measurement was to locate, at a definite temperature, as many
mechanical resonances as possible and find out the uverage separation between
thom. Thus Av is known. The frequoncy of the most prominent mechanical
resonance is measured. Fromn these two data » is determined using cq. (5). 'The
velocity of sound is determined using eq. (4). For temperature variation, only
this particular mochanical resonance is tracked with the help of the peep from
the frequency meter so that v, is known at all tomperatures. Sinoce n is known,
the velocity of sound at all tomperatures is dotormined. The temperature of the
sample was varied from liquid nitrogen to room temperaturo. The temperature
was moeasured using copper constantan thermocouple.

6. Resurrs anp Discussion

For aluminum samples, the longitudinal velocity along [100] (sample 1) and
along [111] (sample 11) and the transverse velocity along |100] was measured.
Those three measurements, as can bo seen from eq. (1) to eq. (3), are sufficiont
to determine all three independent clastic constants. In the case of copper,
only tho longitudinal and the transverse volocities along | 100] direction wore mea-
surod.  So only two clastic conslants could be determined.  Another erystal with
a difforont orientation would have enabled us to determine the third one. The
tomperature variation of the clastic coustants in aluminum are plotted in figure
8 and those in copper are plotted in figure 9. For aluminivm instead of €y, the
combination 1/3(Cy, +2C,4-4C,,) is plotted because that is what is actually
measured. The clastic constant vs. temperature curves are almost lincar for all
casos. In the case of aluminium, the percontage variation of clastic congtants

i LCn +2C53 04Ceq)

(1] S S SR ST WS VNS W WA WU TR S S

© 4 60 120 w0 200 260
Temperature in "k

Fig. 8. Temperaturs vs elastic constants in single orystal aluminium. Vertical co-ordi-
nate on the right hand side refers to Oyq.
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petween 80°K and 240°K is 4.54, 3.25 and 6.43 for Cy,, 1/3(Cy,+20,,+4C,,) and
Cy Tespectively. The percentage variation of Oy, is obtainéd to be 1.98. In
the case of copper, the percentage variation between 120°K and 240°K is obtained
to be 1.96 and 3.90 for C,, and C,, respectively. Since for aluminum all the three
elastio constants could be determined it is possible to determine the Debye tem-
perature. The Debye temperature is given by (Alers 1965)

Op = (h/kp)BN [4mV)'*(Cui/p)g,

N
E
Q
-
@
=
O
=v
o
e
Q 8.f
8.0
791 Cas
7.8
7.7 n n I i 1 1 R 1 " L 1 1 i 1 L
[ 40 80 120 160 200 240 280 32¢

Temperature in ‘k

Fig. 9. Tomperature vs elastic constants in single erystal copper.

whore % is the Planck’s constant, kp is the Boltzmann’s constant, (N/V) is the
conduction electron density and p is the density. The function g depends on two
variables % = (Op; —Cy,)/20;, and v = (0},/Cy,) and is plotted in tho article by
Alers (1965). From tho knowledge of Cy,, Cy, and C,, and by interpolation from
Alor’s plots, the value of g is determined. The elastic constants appearing in the
above formula are the zero temperature valucs. They have been obtained by
linear extrapolation of the C vs T' curves. The valuo thus obtained for the Debye
temperature of aluminium is 433.6°K.

There are several earlier measurements of the elastic constants of alaminium
and copper both for the absolute values and the variation with temperature.
Sutton (1953) used a composite oscillator technique to measure the elastic cons-
tants of aluminium from 63°K to 773°K. Pulse echo technique has been used
by many workers to study aluminium. Lazarus (1949) and Schmunk & Smith,
(1959) have studied the pressure dependence of elastic constants of aluminum at
room temperature. Vallin et al (1964) measured the elastic constants at 4.2°K,
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77°K and 300°K. Kamm & Alers (1964) measured elastic constants between
4.2°K and 300°K. Recently Ghatak & Sinha (1974) measured C;; and 1/3 (Cy,+
20,,+4C,,) for aluminium from 77°K to 300°K using CW [pulse technique. In
the literature there are theoretical calculations available. Local pseudopotential
theory has been used by Wallace (1970) to calculate the phonon frequencies in
aluminum. The elastic constants were then' obtained by using the method of
long waves. Suzuki (1971) obtained the elastic constants using the method of
homogeneous deformation. The elastic constants obtained theoretically are the
zero temperature values. Some of theso results are given along with the values
obtained in the present work for aluminum in tables 1 and 2. Table 1 contains
the absolute magnitude and table 2 the percentage variation with temperature.
The absolute values obtained in the present work agree resonably well with those
of Ghatak & Sinha, Kamm & Alers as well as with those of Vallin ef al. All

Table 1 : Comparison of the present results with the earlier works "1
for aluminium (Cy; in units of 101! dynes/cm?)

Reforence Tempglr{ature Cu #Cyy +jO’m Cy (o}
Present: 80 10.8964+109, 11.726+10% 2.956 +109% 6.2284109,
Ghatak &

Binha (1974) 80 11. 395 12.110

Kamm &

Alers (1964)) 80 11.373 3.128 6.101
Vallin et al (1964) 7 11.42 3.06 * 6.032
Sutton (1953) 77 12.225 3.063 7.07
Wallaco (1969) 0 7.98 3.46 4.21
Suzuki (1971) 0 11.13 6.03 5.59

Table 2 : Percentage variation of the elastic constants in aluminium
in the range of 80°K-240°K

Reference On 301, +2C;2 Ou Oy
-+4Cy,)
Present 4.544-10% 3.254-10%, 6.434+109% 1.88+109
Ghatak &
Sinha (1974) 4.27 4.69
Kamm &
Alers (1964) 4.46 7.09 1.15

Sutton (1963) 5.47 6.8 4.1
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these values are in disagreement with those of Sutton. The percentage variaton
of the elastic constants between 80°K and 240°K obtained from the present mea-
gurements is in good agreement with that of Ghatak & Sinha and Kamm & Alers
for Oy, and Cy,. But the percentage variation of Cy, is in between the values given
by Sutton, and Kamm & Alers. The errors quoted in the present measurement
take into account the inaccuracies in the measurement of frequency as well as
temperature.

The elastic constants of copper were measured by Overtone & Gaffney (1955)
and by Caine & Thomas (1971). Overtone & Gaffney measured the elastic cons-
tants of Cu from 4.2°K to 300°K. Caine & Thomas measured at room tempera-
ture. Lazarus (1949) measured the elastic constants at room temperature and
studied their pressure dependence. Theoretical calculations were performed by
TFuchs (1935), White (1958) and Sinha (1966). The experimental results of the
above mentioned workers and the present results are given in table 3. Also
given in table 3 are the theoretical values of Fuchs, White & Sinha. The present
rosults agree with thoso of Overtone & Gaffney at 120°K. The percentage varia-
tion of the elastic constants in the range from 120°K to 240°K for the present
results and the one calculated from Overtone & Gaffney are given table 4.
They agree quite well.

Table 3. Comparison of the present results with earlier works for
copper (Cyy in units of 101* dynes/om?)

Reference Temgeﬁatm'e Cn Cyus
Present 120 17.364109, 8.0764-109,
Overton & Gaffney (1955) ' 120 17.441 8.013
Lazarus (1949) 300 17.10 7.66
Fuchs (1935) 0 17.6 8.9
Whito (1958) 0 17.66 7.66
Sinha (1966) —_ -_— 7.64

Table 4. Percentage variation of the elastic constants in copper
in the range of 120°K-240°K
Reference On Ou

Present 1.96 3.90
Overton & Gaffney (1955) 2.22 3.79
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