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Measurements of ultrasonic wave velocities have been made between room temperature and the melting point
in single crystals of indium, the fct 11.5-at.%-T1 and 15-at.%-TI alloys and the fcc 27-at.%-T1 alloy. The
object has been to test Ida’s theory of melting on the basis of lattice instability and also suggestions that
melting may take place by a phonon-mode-softening process. Contrary to the predictions of the both these
hypotheses, it is found that for these materials longitudinal-acoustic modes stiffen somewhat near the melting
point, while transverse modes exhibit no measurable premelting effects. The temperature dependence of the
elastic stiffness tensor components of each material have been obtained. For the fct crystals the modulus
(Cy, — Cy,)/2 decreases as the temperature is raised: the [110], q || [1T0] acoustic-phonon mode in these
fet crystals is softening in the vicintiy of the Brillouin zone center, a result which is consistent with an
incipient martensitic transition, although the crystals melt before such a transition can occur. In the 15-at.%-
Tl alloy, which at its melting point is very close to the fcc-fct phase boundary, (C,; — C,,)/2 is very small: the
[110], § Il [1TO] mode is particularly soft. In all the fct crystals studied the modulus (C,;, — C,,)/2 tends
to zero not at the melting point but at a higher temperature; this convergence above the melting point is also
found in the elastic-constant pairs (C,, and C;;) and (C,, and Cg) (in a cubic crystal C;, = C;; and C,; = Cy).
It is concluded that acoustic-mode softening is not a prelude to melting in the way that it is to the martensitic

transition in these indium-thallium alloys.

1. INTRODUCTION

A number of mechanisms have been proposed
for melting. So far none has received general
acceptance. Laws and mechanisms of wide scope
and generality have yet to be framed. This aim
in itself may not prove possible: melting pro-
cesses may depend on the detailed structure of
crystals or on the nature of the interatomic binding
forces; if this is so, a diversity of laws and mech-
anisms must be expected.! One approach to the
problem stems from the Lindemann? proposal that
vibrational instability of solids leads to melting.
The Lindemann relation

T,=c,mV?3 o2 1)

(where V is the molar volume, m is the molecular
weight, and C;, is a constant) between the vibra-
tional melting point T,, and the characteristic
Einstein frequency®* w; (or in another formula-
tion the Debye frequency wp) corresponds to the
onset of melting when the mean square amplitude
of atomic vibration about the equilibrium positions
reaches a certain critical fraction of the atomic
separation.? The disappearance of low-frequency
shear modes in the liquid prompted Born® to sug-
gest that melting ensues when a solid becomes un-
stable to a long-wavelength shear mode. The
temperature dependence of (C,, — C,,) in rock-
salt (B1) structure halides supports® the hypoth-
esis’ that in these ionic crystals melting arises
from instability of the [110] acoustic shear mode
vibrating in the [110] direction. In CsCl (B2)
structure halides it is softening of the [110],

a I1{001] acoustic shear mode (which is manifested
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as a decrease in C,,) that is associated with ap-
proach towards the melting point.® Recently,
Jackson and Liebermann® have used the tempera-
ture and pressure dependence of elastic moduli to
calculate critical temperatures (T,.)p.o and their
pressure derivatives (87../8P)p, for the alkali
halides and have employed their results in an
assessment of the instability criteria for melting,
namely, C,;—~ C,, for the Bl structure and C4,—~0
for the B2 structure. They have verified that the
critical parameters (T,)p.o and (87T ./8P)p_, cor-
relate well with the melting temperatures (T,)p_o
and the derivative (87,,/8P)p., respectively.
Evidence is strong for the hypothesis that melting
occurs when the alkali halides lose elastic resis-
tance to shearing stress. From an application of
molecular-dynamics techniques to a Lennard-
Jones solid Dickey and Paskin'® found that at high
temperatures as the amplitude of the transverse
[111] mode is increased, the frequency decreases.
They proposed a model for fusion based on shear
instability; when a fluctuation in the distance be-
tween atoms is large enough, planes of atoms
slide past each other—the solid becomes unstable
to shear and melts.

Ida'! has also presented a lattice instability
theory of melting. He proposes that on account of
anharmonicity the energy of thermal vibrations
cannot exceed a critical value and that the lattice
becomes unstable at a corresponding critical tem-
perature identified with the melting point. To in-
clude the effect of anharmonicity he introduces an
effective elongation of the interatomic distance a;
this “vibrational elongation” @ is the time aver-
age of the fractional increase of the interatomic
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distance. Ida’s condition for melting is that the
vibrational elongation cannot exceed a critical
limit and he uses it to develop expressions for the
critical temperature of instability in terms of
atomic volume, elastic constants, and the
Griineisen parameter y. His sound velocity V de-
pendence upon temperature is

V=Vyexp{-blla-ag/a,+Ql},

where a, is the lattice spacing at 7=0, p=0,

(a - ag)/a, is the thermal expansion and the param-
eter b is approximately 3y. Thus the velocity of
sound should decrease as the temperature rises
and the rate of decrease should increase markedly
as the melting point is neared. Ishizaki, Bolsaitis,
and Spain'? have reformulated the critical condi-
tion for melting in terms of the dependence of the
elastic wave velocity v on the temperature and
have shown that Ida’s theory leads to the require-
ment that either

()

v—-0. (3)

or

The second condition turns out to be the same as
that given by Born® and thus to that pertaining to
softening of an acoustic-phonon mode near the
zone center. These conditions are tested directly
here by measurement of the ultrasound wave
velocities. There have been no previous measure-
ments of sufficient accuracy and reliability of the
ultrasound velocities in metals and alloys suffi-
ciently near the melting point to provide an ade-
quate examination of vibrational theories of melt-
ing in materials with metallic bonding. Here we
present the results of measurements of ultrasound
velocities between room temperature and the melt-
ing point in single crystals of indium-thallium
alloys and indium. Particular emphasis has been
placed on accurate determination of the tempera-
ture dependence of the ultrasound velocity, as it
is this property which evidences acoustic-mode
softening. Thus by determination of the ultra-
sound wave velocity dependence upon temperature
near to T,,, we have been able to test the pre-
dictions of the vibrational theories of melting.
Indium and its disordered alloys with thallium
are convenient sources of such data, for not only
do they possess just one atom per unit cell—thus
the problem is not obscured by the presence of
optic-phonon modes—but also the property that a
soft acoustic-mode phase transition'*~!¢ can oc-
cur at a temperature set by the composition. This
fce (high-temperature) to fct (low-temperature)
martensitic transformation takes place in alloys
containing between 15.5- and 31-at. % T1, with
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the transition temperature T, varying approxi-
mately linearly between 425 K (just below T,,) in
the 15.5-at. %-TI1 alloy and ~ 0 K for the

31-at. %-T1 alloy.!™!® A 22.5-at. %-T1 alloy
transforms at room temperature. The existence
region for solid and liquid-indium-rich thallium
alloys is narrow and the solidus and liquidus are
rather flat and therefore T,, is well defined and
does not depend upon the rate of warming. As a
consequence of the way in which, by adjustment
of the alloy composition, soft-mode effects can be
introduced at any temperature, we have been able
to determine with some confidence the effects to
be expected if mode softening were to occur near
to the melting point. A comparison between the ul-
trasound velocities near T, in alloys in which it
is known that there are no mode-softening effects
due to a martensitic transition and those in which
there are such effects reveals the extent to which
mode softening is responsible for melting. The
compositions used in this investigation were as
follows: (i) In-27-at. %-Tl. This alloy trans-
forms at 127 K, '® so that near to T, there is no
softening of the [110], q11[110] mode due to an in-
cipient martensitic transition. (ii) In-15-at. %-TlL.
This alloy does not transform: it is always fct
but near T, it is very close to the martensite-aus-
tenite phase boundary. Thus an approach towards
the melting point necessarily involves a mode
softening due to the nearing of T,. (iii) In-11.5-
at. %-T1. This is another fct alloy right up to T,.
However, the mode softening due to the incipient
martensitic transition will be less pronounced
than that for the 15-at. %-TI1 alloy. The results
from the 15-at. %-TI alloy are used to determine
the effects of an extant soft mode on the measured
ultrasound velocities near the melting point. We
then look to alloys (i) and (iii) to see whether soft-
mode characteristics are reflected in ultrasound-
velocity measurements near 7,. Now the mode
which softens at the fct-to-fcc phase transition is
that polarized [110] for a wave vector along [110]
and manifests itself in the tending to zero at T, of
the elastic modulus z(Cy; = Cy,). 1*~1¢ Although
3(Cy; = Cy) is the elastic modulus of particular
interest, in looking for a mode softening that could
give rise to melting, we must also consider the
possibility that other modes might soften either
instead of or in addition. Consequently, it has
been necessary to make ultrasound-velocity mea-
surements of a number of modes as a function of
temperature up to the melting point for indium
and each alloy.

II. EXPERIMENTAL TECHNIQUES

Single crystals of 11.5 and 27 at. % indium-
thallium alloys have been grown by the horizontal
zone method starting from 99.999% pure indium
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and thallium.'® Each as-grown boule was a crys-
tal of size about 3.5%1.6%0.8 cm®, Back-re-
flection Laue photographs showed well-defined,
unsplit spots, indicating little strain and no twin-
ning. Of particular interest in this respect was
the lack of twinning in the 15-at. %-T1 alloy crys-
tals. Doubt has surrounded the form of the phase
diagram in the region where the fcc-fct phase
boundary meets the solidus; the diagram given in
Hansen!® shows a small temperature range over
which the 15-at. %-TI1 alloy is cubic, whereas that
of Pollock and King!” indicates that this alloy is
always fct. The present work substantiates that
of the latter workers. The lattice parameters at
room temperature, obtained by the Nelson-Riley
extrapolation on Debye-Scherrer powder photo-
graphs, were a=4.67+0.02 f&, c=4.92:0.02 A,
¢/a=1.05 for the 11.5-at.%-TI alloy and
a=4.72+£0.02 A, ¢=4.9120.02 A, ¢/a=1.04 for
the 15-at. %-TI1 alloy.

The crystals were aligned by Laue back-reflec-
tion to within + 3° of the required crystallographic
direction and cut by spark erosion. End faces on
the ultrasonic specimens were spark planed to a
parallelism better than 3x10™* rad X- and Y-cut
quartz transducers operated at their fundamental
frequency (10 Mhz) were used to generate and re-
ceive the ultrasound; they were bonded to the
alloy crystals with either a silicone oil of vis-
cosity 6000 centistoke or Nonaq vacuum grease.
Ultrasound wave transit times were measured by
the pulse superposition method: the repetition
rate of the rf pulses applied to the transducer is
increased until the time between pulses has been
reauced to a small multiple of the ultrasound

J
Cubic
Ciy Cip Cp O 0 0 Cn
Cp Cy Cpp O 0 0 Ciz
Cip Ci2 Cyy O 0 0 Cis
0 0 0 Cy4 O 0 0
0 0 0 0 Cy4 O 0
0 0 0 0 0 Cu 0

To determine the elastic constant set, it is nec-
essary to measure the velocities of a sufficient
number of modes; the solutions of the Christoffel

equations
(Lip - pv®0;) g, =0 (i=1,2,3) (5)

for the chosen propagation directions ([100], [110],
[001], and [011]) are listed in Table I. Allthe con-
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double transit time. The pulse repetition fre-
quency is set by a stable (1 in 10%) frequency
synthesizer, and since the coincidence of a re-
ceived ultrasound pulse with the transmission of
the next rf pulse can be determined to an accuracy
of better than 1 part in 10°, it is possible to de-
termine changes in sound velocity with a similar
precision. This is important as it is these ve-
locity changes which can be used as evidence for
or against mode softening. A detailed descrip-
tion of the errors involved in the system has been
given elsewhere.!®? The data were taken with the
sample immersed in a thermostatically controlled
(£0.1°C) oil bath. To enable corrections to be
made for changes in the sample length with tem-
perature, the components &, and a,; of the ther-
mal expansion tensor of each fct sample were mea-
sured as a function of temperature by a strain-
gauge method. Indium was found to become very
soft at high temperatures, a problem which has
caused us to reduce the emphasis on the element
during the course of the work. Fortunately the
alloys did not exhibit this drastic material soften-
ing; and the [110], q1[110] transverse acoustic
mode is softer in the fct alloys than in indium at
any temperature: for the present purposes the
alloys are the more important materials to study.

III. EXPERIMENTAL RESULTS

Indium and its alloys with less than 15-at. %-TI,
having the point group 4/mmm, belong to the 4/mmm
Laue group and hence their elastic properties can
be described by six independent elastic constants,

while cubic crystals require only three. In Voigt
notation the matrix forms are
Tetragonal
Cyy Cy3 O 0 0
Ch Ci3 O 0 0
Cyz Cy3 O 0 0 ) @)
0 0 Cyu 0 O
0 0 0 Cy4 O
0 0 0 0 Ceg

stants except C,; can be determined from velocity
measurements for waves propagated along the first
three of these directions for which the modes are
pure. C,; can be obtained by propagation in any
direction for which the direction cosine n; and
either n, or n, are not zero. There is an acci-
dental pure mode direction, which depends upon
the elastic constant values of the material in
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FIG. 2. Ultrasonic wave velocities at higher temper-
atures in indium single crystals.

perature when the objective was to study the mar-
tensitic transition in that alloy.® It has proved
possible to measure directly the velocity of the
[110] polarized, transverse mode propagating in
the [110] direction. For the 11.5-at. %-TI alloy
this was achieved up to 423 K (melting point 427 K)
but in the case of the 15-at. %-Tl material a direct
measurement could only be made up to 390 K;
these results, together with those for the fcc 25
and 27-at. %-T1 alloys are given in the form of

the modulus 3(C,; = Cy,) in Fig. 4. The pulse-
superposition method used here measured ultra-
sound velocjty changes with considerable preci-
sion. This is the reason for the very small scat-
ter in the velocity data presented in Figs. 1-3,
and 5 and in the elastic constant data in Figs. 4
and 6—-8. The absolute accuracy of each elastic
constant determination is better than 1% (except
for C,; since this modulus must be calculated by

difference methods) and is indicated by the error
bars. The inherent inaccuracies involved in ultra-
sonic pulse techniques preclude more accurate
measurements of elastic constants than this.

It is worth stressing, however, that the con-
clusions reached on mode softening depend direct-
ly on the ultrasound velocity and in particular on
the temperature dependence of velocity. The
velocities of a number of modes have been mea-
sured to 4.2 K. High attenuation levels at low
temperature precluded measurements by the
pulse-superposition technique for all the modes
studied. However, just one result need be pre-
sented here (Fig. 5) to illustrate the fact that
away from the vicinity of either T, or T, the tem-
perature dependence of sound velocity is that
usually found in crystalline solids: the slope
(8v/8T)p tends to zero as the temperature T ap-
proaches 0 K and is almost linear above about 20
K. The slopes (8v/8T)p also vary with orientation
and mode of propagation. For the 11.5-at. %-T1
alloy, (3v/8T)p ranges between 3.45%10? cmsec™
K™ for the shear wave velocities (v, v5, vg) Which
depend solely on C,, and 1.88%10° cm sec™!? K™
for the slow shear mode (v;); for the 15-at. %-T1
alloy the corresponding gradients are 2.85x10?
and 2.0%10° cm sec™? K‘l, respectively. The
slope (8v/87)p reflects the anharmonicity in the
binding forces appropriate to the particular mode.
The finding that v, (the velocity of the soft mode)
has the steepest slope indicates that the atomic dis-
placements associated with this mode are those most

210+ v, 1100

230~
T

2.28¢ ‘;\WLM
.

2.26

{ units of 10° cm sec’ ).

velocity

v, [100),9% [001)

Ultrasound

090} T

- —d_
50 300 350 400
Temperature (°K).

FIG. 3. Ultrasonic wave velocities between room
temperature and the melting point in the fcc 27-at. %-T1
alloy.
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subject to anharmonic forces. The elastic stiff- The attenuation in indium has been measured
ness constants of indium are compared in Table II near the melting point (Fig. 9). The general be-
with those given at room temperature by other havior observed is that the attenuation begins to
workers. rise as T,, is approached. This effect has been
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FIG. 5. Velocity between 4, 2 °K and the melting point of the longitudinal ultrasonic wave propagated in the [110]
direction in In—15-at, %-T1 alloy.
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noted before in In,Bi and for that material has been
attributed to enhanced phonon interactions ensuing
from increased anharmonicity. 2

IV. DISCUSSION

Inspection of the phase diagram!™!® indicates

that as the temperature is raised the fct alloys
and indium get closer to the fcc-fct boundary;
these materials melt and do not transform to the
fcc phase although the elastic stiffness moduli
change with temperature in a way which suggests

TABLE II. The elastic stiffness constants in units of 10'' dyncm

indium,

that a transformation would take place if it were
not for the prior melting. This behavior is ram-
ified in two ways:

(i) While a TI tetragonal crystal has six elastic
constants, a cubic crystal has three; the relation-
ship between the moduli which correspond to these
two symmetries can be seen from the matrix
representations (4). The data for the fct alloys
in Figs. 6 and 7 demonstrate that the moduli con-
verse in pairs (C,; with C,3; C,4 With Cgg) as T, is
approached—in a cubic crystal the members of

2 in single-crystal

Temperature (°K)

300°K 300°K 300 K 350°K 400 °K
Chandrasekhar Winder and
Elastic stiffness Present and Rayne Smith Present Present

constant work (Ref. 21) (Ref. 22) work work
Cyy 4,57+0,01 4,535 4,44 4.40 4.20

Css 4,46+0.01 4,515 4,43 4,27 4,07

Cyy 0,65+0,01 0.651 0.653 0,61 0.58

Cee 1,20+0,01 1.207 1.22 1.09 0.99

Cyy 4,07+0.10 4.006 3.94 4.04 3.99

Cy3 4,16+0,15 4,151 4,04 4.14 4,17
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each pair are equal. Similarly the moduli C;, and
C,3 would also be expected to converge, but the
large experimental error in C,3 (which arises be-
cause differences in velocity are squared are in-
volved in its determination) prevents any definite
conclusion on this point. At a given temperature
the 15-at. %-T1 alloy is closer to the phase bound-
ary than is the 11.5-at. %-Tl; the elastic con-
stant pairs reflect this: near the melting point
the differences between C;; and C;3; and also be-
tween Cy4 and Cgg are smaller for the higher com-
position alloy than for that containing less thallium.
Also (Cy; — Cy,) is smaller (Fig. 4). Indium also
follows these general trends (Fig. 8). Since the
absolute error in the elastic constants except C,,
is less than 1%, the convergence of pairs of mod-
uli is well established by the experimental data.
(ii) Unlike the conditions Cy; =Cy3, Cy4y=Cgg, and
Cy5=Cy3, equality of Cy; and C,, is not required of
a cubic crystal (nor for a tetragonal one). Al-
though previous results for twinned samples of

fct indium-thallium alloys are consistent with the
decrease of 3(C,; — Cy,) towards zero as the mar-
tensitic transition is approached from the fct side,
the present results establish for the first time this
behavior of 3(C,, - C;,) in single crystals of the
fct phase. In alloys with less than 15.5-at. %-’I_‘_l
and in indium itself softening of the [110], q1[110]
acoustic-phonon mode takes place as the tempera-
ture is raised. Thus the experimental results are
consistent with the soft-mode mechanism. But
although the modulus 3(C,; - C,,) does decrease as
the temperature is raised (Fig. 4) for the fct
indium-~thallium alloys and for indium this effect
is not a preliminary to fusion: the curves for
3(Cy; = Cy5) do not extrapolate to zero at the melt-
ing point but at a higher temperature at which we
can surmise that the crystals would have under-
gone the martensitic transition were they not to
melt first. The elastic constant pair Cy; and Cy4
also converge at a temperature above the melting
point as do Cy and Cgg. The three convergence
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temperatures are similar. That the mode soften-
ing is not the prelude to fusion finds further con-
firmation in the data obtained for the cubic

27-at. %-T1 alloy (Fig. 4): 3(C;, - Cy,), which
does go to zero within experimental error at the
martensitic transition (7,=127Kz+ 2 K), does not
decrease again as T,, is neared. Consequently,
the results demonstrate that in these metallic al-
loys a softening of a phonon mode near the Bril-
louin-zone center does not take place specifically
near the melting point.

In none of the materials studied does any sound
velocity tend to zero at the melting point: condi-
tion!'*!2 (3) is not fulfilled. Figures 2.4 in Ida’s
paper!! and Fig. 2 of the critical comment by
Ishizaki and his co-workers!? provide a quantita-
tive prediction of the reduced velocity v,/v
(where v, is the velocity of the mode s at 0 K)
against the reduced temperature T/7T,. On the
basis of Ida’s theory even when the temperature
has reached only 0.9 T,,, v,/vs should have fallen
measurably below the normal linear decrease ex-
pected of an ultrasound velocity. We have not ob-
served such a decrease in any mode of any of the
alloys discussed here [ nor in In,Bi, and inter-
metallic compound also under investigation, Chung
and Saunders (unpublished)].

The velocity data show no tendency for (8v/97),
to incline towards — « as the temperature goes to
within 0.995 T,,. However, there are deviations
from linearity in the measured longitudinal wave
velocities of the alloys near the melting point

(Figs. 1 and 3). In contradiction to Ida’s pre-
dictions!! near T, the temperature dependence of
the longitudinal velocity is reduced and in some
cases the slope becomes positive (Fig. 1). We
may associate this with a premelting effect! rather
than with a premartensitic effect because it is

« (dB/p sec)

—
50

Temperature (°K).

FIG. 9. Temperature dependence of attenuation of
10-MHz longitudinal ultrasonic waves propagated in the
[011] direction of indium near its melting point.
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seen to a similar extent in both the 11.5-at. %-T1
and 15-at. %-TI alloys. Furthermore, the longi-
tudinal wave propagated in the [100] direction of
the 27-at. %-T1 alloy also shows a similar but not
so marked decrease in (Bv/aT)P with temperature.
In general, the longitudinal but not the transverse
modes stiffen near T,.

V. CONCLUSION

In indium and its fct alloys with thallium as the
temperature is raised the acoustic [110], g1 [110]
phonon mode softens close to a=o. At a given
temperature this mode is softer in a 15-at. %-T1
than in an 11.5-at. %-T1 alloy and is hardest in
the element itself. Acoustic-mode softening does
not play a similar role at the melting point to
that which it does at the martensitic transfor-

mation or in the melting of the alkali halides. 5 ™?

It is important to note that ultrasonic experiments
test acoustic-mode softening only near q=0. A
lattice instability near the melting point could ex-
hibit itself as a decrease towards zero of the w—-g
dispersion curve at some other point in the Bril-
louin zone—our experiments would not monitor
such an effect. These findings apply for these
particular metallic crystals and are not necessar-
ily of wide generality or application to materials
with other types of interatomic binding.
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