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Abstract.- Relationships between displacive phase transitions and soft modes 
are discussed and illustrated using experimental examples. Ferroelectric and 
ferroelastic transitions are dealed with together with the "band-Jahn-Teller" 
and antiferromagnetic transitions which are closely connected with acoustic 
soft modes. 
Since an acoustic mode softening has been observed in the vicinity of the mar- 
tensitic transformation temperatures in R-phase alloys, it is of importance 
to discuss the close relation between the nucleation mechanism of martensite 
and the crystal anharmonicity near the M temperature. 

( I )  Displacive Phase Transitions and Soft Modes in Non-metallic Materials. 

(1) Condensation of r15(0ptical) Mode at the Center of the Brillouin Zone (BaTi03) 

The concept of "soft phonon" associated with a phase transition signifies a 
phenomenon in which a phonon mode, which coincides with a lower-symmetry structure, 
is very much amplified immediately before the onset of phase transition from a 
higher-symmetry structure. Fig. l(a) shows a unit cell of perovskite structure 
(ABX3) in which the A ions occupy the corners of a cube, X ions the face centres 
of this cubic and thus forming and octahedron and the B ions the body centre of the 
cube and the octahedron. Lattice vibrations in this unit cell can be described by 
the mutual vibrations among these three sublattices and by the displacement modes 
of the octahedron (X6). The Brillouin zone is a simple cubic lattice as shown in 
Fig. l(b). Soft modes which have been found so far are the r15, M3 and R25 having 
their wave numbers at the r point (zone center), at the M point (1/2, 1/2, O)a* and 
at the R point (1/2, 1/2, 1/2)a* (zone boundaries), respectively. 

BaTi03, having a perovskite structure, is a typical crystal which exhibits 
successive phase transitions with the soft modes playing an important role in the 
transitions. BaTi03 is paraelectric at high temperatures and the following displa- 
cive phase transitions occur successively upon cooling; (1) as the temperature 
approaches 393 K, the ions begin to be displaced, which results in a spontaneous 
polarization along the [001] direction, (2) upon further cooling to 278 K, the pola- 
rization vector changes its direction to [011] and (3) finally at the lowest tran- 
sition temperature, 193 K, the polarization vector changes to the [ill] direction. 
It is characteristic, however, that very slight distortions from the basic perovs- 
kite structure are associated with these transitions. 

In terms of condensed soft modes these phase transitions can be understood 
as follows; the frequency, wTO , of r15 mode (q = 0), which degenerates triply in 
the cubic lattice, decreases toward zero when the temperature approaches the tran- 
sition point. Consequently, the restoring force is reduced resulting in the conden- 
sation of the ionic displacements corresponding to the r15 mode, thus leading to 
tha lower-symmetric static structure. 

Since the tetragonal crystal can be formed by the r mode having the [001] 
displacement, the temperature change in the frequency, wTo(bY, is given as 

~ ~ ~ ~ ( 0 )  = A (T - To), (1) 
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where To represents the second order phase transition temperature. The first-order 
transition in BaTiO3takes place at 393 K which is higher than To. 
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Fig. 1 (a) Pervoskite structure and 
(b) its Brillouin zone. 

When the tetragonal lattice is formed at 393 K, the triply degenerated 
r15 mode is resolved into one mode which is parallel to the C axis, and into other 
modes of doubly degenerated components which are normal to the C axis direction in 
the tetragonal lattice. The latter components become soft again and one of them 
condenses at 278 K, inducing a transformation into an orthorhombic crystal, where 
the polarization changes its direction to [011] because the [010] direction of ionic 
displacement was coupled with that of already condensed Tool] mode. Finally, the 
retained r15 mode with its [loo] displacement vector softens and condenses at 193 
K, with the crystal structure consequently being changed into trigonal with [ill] 
polarization. 

It has been proposed and is well known that the Lyddane-Sache-Teller relation 
(1) exists between the frequencies of optical modes with q = 0, ui0(0) and wi0(0), 
and the dielectric constant, E (0) : 

Here, E ( m )  represents the optical part of the dielectric constant which is not de- 
pendent on temperature. If a soft mode exists and that the temperature variation 
of its frequency follows eq. (1) the dielectric constant ~ (0) should then obey the 
Curie-Weiss's law. Anomalies in the changes in specific heat and entropy observed 
at the transition temperature can be explained by the soft modes. 

(2) Acoustic Soft Mode due to Piezoelectric Coupling (KH2P04) 

KDP and its isomorphs represent an important class of hydrogen-bonded ferro- 
electrics (3). Brody-Cummins (2) have observed an acoustic soft mode in KH2P04 
(KDP) by means of Brillouin scattering technique. The KDP crystal belongs to the 
space group 142d(D;$) in the paraelectric phase and transforms to a ferroelectric 
phase F'dd2(~;') when the transition temperature is attained. As shown in Figs. 2(a) 
and (b) , four K-PO4 groups are contained in the unit cell, and each PO4 group is 
connected to four neighbouring PO4 groups by 0--H- - -0 bonds lying in the basal 
plane. Although the protons are thought to play an important role in the transi- 
tion mechanism, the spontaneous polarization in the ferroelectric phase is parallel 
to the C-axis and essentially perpendicular to the proton motion. Thus the ferro- 
electric properties cannot be accounted for by the proton motion alone (see Fig. 
2(b)). Therefore, the transition mechanism in these materials is that when the pro- 
tons order, their motion being strongly coupled with an optic mode of the lattice, 
the proton-lattice interaction may cause a subsequent distortion of the K-PO4 sub- 
lattices producing the spontaneous polarization. Among theoretical treatments of 
the phase transition, Kobayashi (4) has considered the coupling between the proton 
motion and an optic mode of the lattice. The treatment resulted in a transition 
involving a long-wavelength (q = 0) mode of the coupled system, and ordering of the 



of the protons on the 0--H- - -0 bonds. 

In the parelectric phase, the free energy of the piezoelectric crystal is, 
in general, described as (5) x -1 2 

F = 1/2(x ) P + aPx + 1/2CPx2 ( 3 )  

where ( Xx)-l is the clamped inverse susceptibility, a the piezoelectric coefficient 
and CP the elastic stiffness at constant polarization. As is well-known, the free 
inverse susceptibility (XX) and the elastic stiffness at constant electric field 
cE are, respectively, given by E (xX)-l = (xX)-l - a2/cP; c = cP-a2/(XX)-l (4),(5) 

In KDP, since the transition is well described by the free energy 
2 P 2 

F = 1/2a(T-To)P + aPx + l/2C x (6) 
x -1- the following relations are experimentally confirmed : (X ) -a(T-To); C =constant 

(7),(8) That the primary order parameter is indeed the polarization is clearly shown 
from the Landau theory. From eqs. (4) and (5), 

T-T 2 
(xX)-I = a(T-To) C E = C P ~ = C P - ~  

6 T-TO 
a(T-To) (9)9(10) 

K 

Fig. 

d 

2 a Struc. of KCP in the parael. phase, b Atomic motion of the soft mode of KDP 
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.g. 3 Schematic representation of temperature Fig. 4 Shear Stiffness C66 of KH2P04 
dependence of (XX)-l, (xX)-', CE and CP measured by ultrasonically and 
for the dielectric instability transi- by Brillouin scattering (2). - 
tion (7). 

should result, and xX and (cE)-I should diverge at the transition temperature T , 
as shown in Fig. 3. The elastic constant c!, at constant electric field as shown 
in Fig. 4, exhibits a hyperbolic decrease e2wards and reaches zero at Tc; the 
difference between the calculated second order phase transition temperature To 
and the observed first order phase transition temperature Tc was 4.3 K in KDP. This 
situation has been confirmed by Brody-Cummins in KDP. 
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The phase transition in KDP can be explained in terms of soft modes as follows; 
upon cooling the crystal from higher temperature towards To, the optical mode begins 
to soften and softening of the acoustic phonon branch is consequently induced 
through the piezoelectric coupling. 

(3) Ferroelastic Phase Transitions (LiNH4C4H406.H20, Gd2(Mo04)3, DyVO and Others) 4 

I i? The free energy as described by 

F = l/2(xx)-lp2 + aPx + 1/2R(T-To)x 2 (11) 

is considered next. 
The following conditions are then valid : 

(xX)-l = constant (12) 

cP = R(T-To). 

cP/ Following eqs. (4), (5) and (13), 

Fig. 5 The same .=is Fig. 3 should then result, and 
for the elastic 
instability tran- T ~ - T ~  = (16 
sition 

can be obtained. These are schematically shown in Fig.5, 
and a comparison with Fig. 3 clearly shows the inter- 

changeability in the behaviour of the two parameters cE and (xx )-I . Therefore, 
in this case cE decreases linearly towards zero; in other words, a softening of 
acoustic mode occurs upon cooling from a high temperature to Tc. This suggests that 
the primary order parameter is the homogeneous strain. The case has been named by 
Sawada et al. ( 7 )  as "proper ferroelastic" transition. Indeed this has been recent- 
ly reported to be the case in the crystal LiNH4C4H406.H20 (lithium ammonium tartrate 
(LAT)) where no soft modes were observed in Raman scattering experiments (8). The 
transition has been described by the free energy as in eq. (11) and the ferroelec- 
tricity was indeed induced by the piezoelectric coupling with the polarization. 
Aizu (9) has defined "ferroelasticity" as follows; a crystal is said to be ferro- 
elastic, when it has two or orientation states in the absence of mechanical stress 
and can be shifted from one to another of these states by a mechanical stress; here 
any two of the states are identical or enantiomorphous in crystal structure and 
different in mechanical strain tensor at null mechanical stress. In ferroelastic 
crystals state shifts are expected to involve the appearance and vanishing of dif- 
ferent domains and a square-hysteresis in the relationship between strain and stress. 

So far, many crystals have been reported to undergo a phase transition at 
which the elastic constant vanishes. For example, in some crystals such as Te02(10) 
and PrA103 (111, it has been reported that the homogeneous strain is the sole order 
parameter for the transition. On the other hand, in the crystals such as Gd2(MoOq)g 
(GMO) and Tb2(Mo04!3 (TMO) the coexistence of ferroelasticity and ferroelectricity 
has been observed in the low temperature phase although the transition can not be 
described by eq. (ll), because of the appearance of the softening of zone- oundary f; - phonons (12). GMO changes its phase at 433 K from the high temperature D2d-P421m 
to the room temperature cgV-pba2 ferroelectric phase. The transition has been con- 
firmed to arise from the q = (1/2, 1/2, 0) instability in the two-dimensional re- 
presentation with ~ 3 ~ .  Since the high temperature phase is piezoelectric, the pola- 
rization P3 and the strain Xg are coupled in such a way as to lead to the simulta- 
neous change of the signs by an applied external stress or electric field (see Fig. 
6). 

In some crystals such as DyVo4 (13) and TbVo4 (14), the transition is known 
to take place primarily as a result of the cooperative Jahn-Teller instability based 
on the 4f electronic state. Because of the coupling between such mechanism and 



strain, the softening of the acoustic phonon is induced (that is, "improper ferro- 
elastict*). Moreover, it is of interest to see that the antiferroelectric property 
in a DyV04 crystal is induced by the coupling between an optical mode (q = 0) and 
the soft acoustic mode or, in other words, the low temperature phase of DyV04 can 
be named an "improper antiferroelectric material" because it is induced by its 
ferroelasticity. 

As described above, in the phase transitions which accompanies soft modes the 
crystal structures and characteristics of the low temperature phases depend upon 
what modes play the primary role and what kinds of couplings exist in the high tem- 
perature para-phase. The following Table 1 shows some examples of soft mode phase 
transitions in these non-metallic and metallic materials. 

(11) Elastic Softening and Martensitic Transformation in Metals and Alloys. 

"Enhanced Kohn anomaly" - Kohn (16) has pointed out that when the ion-ion and 
ion-electron interaction is only of the Coulombic type, an anomaly in the phonon 
dispersion relation q = 2KF could appear due to the sudden change of the electronic 
screening effect for the lattice deformation corresponding to this condition, (KF 
is the Fermi momentum). This phenomenon has been called "Kohn anomaly" and it may 
be possible to understand the lattice instability based on the electron-lattice in- 
teraction in terms of this anomaly. 

If the Kohn anomaly is somehow induced, a soft phonon with its, wave vector 
q = 2KF can be frozen-in. The following equations will represent such a condition: 

where w is the phonon frequency ( q  wave vector in s branch) without the electron- 
9 ..s 

lattice interaction, V(q) is the Fourier component of the Coulomb interaction, v(q) 
is the interaction energy between ions and electrons, and X(q) is expressed as 

where f(K) is the Fermi distribution function and E (K) the electronic energy. The 
second term of eq. (17) depends on the temperature change through the Fermi distri- 
bution function. If this term is large enough for specific values of q and s, and 
the following relation is satisfied at the critical temperature T . 

the lattice will become unstable with respect to this wave vector, thus leading to 
a phase transition due to the freezing-in of the vibrational mode. Since x ( q )  
largely depends upon the shape of the Fermi surface, the anomaly in x (2K F) will 
be enhanced if the Fermi surface changes successively from cubic to cylindrical and 
finally to a plane surface. This enhancement thus can be expected even in metals 
and alloys if the shape of their Fermi surfaces have at least a wide flat surface 
(see Fig. 7). 

(1) Martensitic Transformations Associated with a remarkable Acoustic Mode Softening 

(a) Band-Jahn-Teller Effect : Acoustic Soft Mode and Piezo-optic Coupling (V Si 
and Nb3Sn) 3 

The cooperative Jahn-Teller transition, as described previously, showed that 
softening of the C..'s can be explained by the energy balance between 

1 J 
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Table 1 Examples of phase transitions which accompany the soft modes. (15) 

Anab 
~ 1 0 ~  

5.0r 

BaTi03 

KDP 

LAT 

Te02 

PrA103 

GMO 

DYVO~ 

Nb3Sn 

In-TI 

Mn-Cu 

8-phase 
alloys 

P i g .  6 The r e v e r s i b l e  b i r e f r i n g e n c e  ( Ans) v s .  X and 
Ans v s .  E h y s t e r e s i s  l o o p s  f o r  Gd2(M0O4l3 (51). 

Tc(K) 

401 

122 

98 

Pcs8.86 
Kbar at 
293 K. 

151 
119 

433 

13 

45 

195 (25T1) 

400 
(11.74wt%Cu) 

Crystal classes 

0h-C4v 

D2h-C2v 

D2-C2 

D4-D2 

C2g-C5 

D2d-C2v 

D4h-D2h 

0h-D4h 

0h-D4h 

0h-D4h 

Oh-D4h 

Order parameter 

polarization 
(pl,P2,p3) 

P3 

Spontaneous 
strain(e5) 

2e3-el-e2 

Strain el-e2 

e6 

el-e2 

ee2 

ee2 

ee2 

ee2 

Soft mode 

Optic mode 
15(ca=o) 

Optic mode 

C55 

Cll-C12 

C11-C12 
Ci j 

(Piezoelect . 
Coupling Ct6) 
C11-C12 

(Cooperative 
Jahn-Teller 

Coupling) 

C11-C12 
(Band Jahn- 
Teller coupl. : 
ClrC12 

Cll-C12 

Cll-C12 

Low tem. phase 

Ferroelectric 

Ferroelectric 
(Hydrogen-bonded) 

Ferroelastic 
(Ferroelectric) 

Ferroelastic 
(Pressure induced) 

Ferroelastic ? 

Ferroelectric 
(Ferroelastic) 

Antiferroelectric 

Superconductive 

Antiferromagnetic 



the electron-lattice systems in the high tem- 
2 - perature cubic phase. Also in R-tungsten 

structures (V3Si and Nb3Sn) having one-dimen- 
sional chain structure composed of V and Nb 
atoms, the 3d-band degeneracy has been lifted 

by .... the compensative distortion from cubic to te- 
0 x ' tragonal lattice and this Jahn-Teller mecha - 
\ nism for band-electron was accompanied by the .... 
13 - softening of the shear constant C' = 
X 1/2(Cll-C12) above Ms (18). 

Thus, the band Jahn-Teller transition 
can be expected to be an origin of elastic 
softening observed in the pre-transformation 

1 
q /2h temperature region of metals and alloys, if 

though they must have the characteristic 
- - .  ~ l g .  7 x(q)/x(O) vs. q relation; (I), structures required for the satisfaction of 

(2) and (3) are the cases of the Jahn-Teller transition are met with. 
one, two and three dimensions, The elastic softening as indicated in Fig. 
respectively (17). 

8, by the temperature dependence of C1/Cq4, 
is observed in single crystals of V3Si (19). Simultaneously a rapid increase in 
attenuation for the [ 1101 [lie] shear waves occurs below - 100 K, while Tm(Ms) is 
- 21 K. There are two types of crystals for either V3Si or NbgSn; one transforming 
and the other nontransforming. In the former a cubic-tetragonal structure phase 
transition occurs at a temperature Tm > Tc, and in the latter no such transition 
occurs. The essential feature of C' for nontransforming V3Si and Nb3Sn (20) is that 
C '  decreases with decreasing temperature, and at temperatures T 5 Tc, C' becomes 
almost constant. Ting and Birman (21) have shown that this qualitative behavior 
can be explained by a new model of the electronic structure of R-tungsten compounds 
which has been presented recently by Gor'kov (22). On the other hand, Shirane and 
Axe (23) have measured phonon dispersion relations in Nb3Sn by inelastic neutron 
scattering. As an example of the remarkable temperature dependence of the soft TA1 
phonon, the slope of dispersion lines at q = 0 becomes zero with decreasing tempera- 
ture and a kink arising from a Kohn anomaly appears at q = 2KF (see Fig. 9). It 
is understood that since this acoustic phonon couples with the r12(+) mode of optic 
phonon through the linear piezo-optic coupling, a displacement occurs corresponding 
to the optic-mode by the condensation of the acoustic-phonon even in the absence 
of the optic-phonon condensation (see Fig. 10). 

The temperature dependence of the sublattice distortion has been examined by 
studying the temperature variation of the (300) reflection. The solid line shown 
in Fig. 11 to which the data are normalized, is the square of the tetragonal strain 
(c~/c-l)~, taken from recent X-ray measurements (24). This result shows that the 
internal sublattice displacements are proportional to the spontaneous tetragonal 
strain. The tetragonal strain components also transform as rI2 ( + ) .  there exists 
also a linear coupling between u and r12 ( + )  optic-phonon displacements Q1. Thus 

2 
F = (1/2w12~12 + gQ u + 1/2Cu ) + high-order terms. 

1 (21) 

Neither u nor Q 1  in this case can be Identified as the order parameter. The appro- 
priate order parameter is rather a linear combination of tetragonal strain and sub- 
lattice distortion obtained by minimizing the quadratic terms in eq. (21) with res- 
pect to Ql (25). 

Fig. 12 shows the energy spectra of [ c  c 0] TA1 phonon mode with 5 = 0.02 in 
Nb3Sn (26). As Tm 5 45 K is approached, the intensity of central peaks rapidly in- 
creases, while the energy of soft TA1 modes moves to a finite but non-zero value. 
This fact cannot be accounted for on the basis of simple consideration in which the 
energy of the special phonon tends to zero at the transition temperature, but the 
central modes can be responsible for the critlcal scattering in the vicinity of T,. 
Shirane and Axe (23) have explained that, although the frequency w of acoustic pho- 
nons of q = 0 may interact with other thermal phonons with the life time T through 
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anharmonic terms, their population is subsequently disturbed. In the case of 
w << 7-1, the thermal phonons can locally reach a thermal equilibrium even in the 
distorted situation caused by the acoustic phonons in the crystal. Thus, an energy- 
dissipating process of the thermal phonons will correspond to the relaxation process, 
which can give rise to the central mode. 

The central point of a Landau theory is the expansion of the free energy in 
powders of the order parameter and its gradients. The order parameter in Bhatt and 
McMillan's theory (27) is the d-band electron charge density. In the A-15 structure 
(or R-tungsten compounds) there are three possible charge density waves (with wave 
vectors (2r/a, 0, O), (0, 2n/a, 0) and (0, 0, 2n/a)) which open up an energy gap 
at the three X points. These three charge-density waves (CDW's) are coupled, res- 
pectively, to the optical phonons which pair the transition-metal atoms in the li- 
near chains running in the x, y, and z directions. The optical phonons are coupled 
bilinearly to dilatations of the unit cell giving nine coupled modes. Each CDW is 
locked into the lattice and its phase is fixed with respect to the lattice. The 
CDW peaks between the transition metals which are paired form a bond charge. Thus 
only the amplizude of the CDW can vary and one represents the CDW's by real order 
parameters $ (r) where p =  x, y, z .  This theory explains the observed tetragonal 
distortion with a rI2 ( + )  type sublattice displacement, and the transition is expec- 
ted to be weakly first order. The elastic behaviour (except for the shear constant 
C44 whose temperature dependence can be accounted for in terms of inter-chain elec- 
tronic terms) is well reproduced with a nonlogarithmic fit, as are the transverse 
[110] phonon dispersion curves. The central peaks in neutron scattering and ultra- 
sonic attenuation have been found not to be attributed to electron dynamics. At 
least the former is in agreement with impurity scattering. 

Several experiments concerning pressure dependence of single-crystal elastic 
constants in V3Si and V3Ge, etc. have been performed by Carcia et al. (28) and 
Larsen and Ruoff (29), while theoretical studies have been done by Ting and Ganguly 
(30) and others.Among these it is of importance to note that the first derivative 
of pressure of the shear modulus C' = 1/2(Cll - C12) is strongly temperature depen- 
dent and becomes negative at low temperatures. For example, a dC../dP vs. tempera- 
ture relation for nontransforming V3Si is shown in Fig. 13. kJile the value of 
dBS/dp, where BS is the bulk modulus, is - 4 at room temperature, it increases up 
to 7 at 13 K, suggesting that the decrease in volume makes the lattice stiff. The 
value of dC /dP is nearly constant ( 2  1) at the temperature range studied, while 
that of dCt4$F' is near unity at 300 K and decreases down to - 5 at 13 K, suggesting 
that the pressure effect can enhance the softening of the C' shear mode below-90K 
(29). The pressure dependence of the three single-crystal elastic constants of 
Nb3Sn has been measured by means of the ultrasonic pulse superposition method from 
about 13 to 300 K. The first pressure derivative of the soft shear modulus 1/2(Cll- 
C12) decreases almost monotonically with decreasing temperature, from + 1.4 at 300K 
to - 1 above the structural transformation temperature at 45 K (see Fig. 14). The 
pressure coefficient of the critical temperature corresponding to vanishing shear 
modulus agrees approximately with the pressure coefficient of the structural trans- 
formation temperature, which is of opposite sign to that in V3Si (31). The third- 
order elastic constants in Voigt notation for NbgSn are shown in Fig. 15. For compa- 
rison the corresponding data for V3Si (b) are also included. The sign and tempera- 
ture variation are opposite to those for V3Si and their magnitude is about five 
times smaller than V3Si. The opposite sign reflects the different sign of the te- 
tetragonal transformation strain e (c/o-1 ) in the two compounds. Above 100 K 
the Griineisen parameter calculated from the elastic data in the anisotropic conti- 
nuum approximation agrees well with the thermal Griineisen parameter, but below 80K 
discrepancies occur which are attributed to precursor effects of the transformation. 
Precursor effects in the thermal strain up to 10 K above the structural transforma- 
tion occur also in Nb3Sn as observed with X-rays (32). For V3Si there appears to 
be a correlation between these precursor phenomena and d-spacing fluctuations which 
show up in X-ray line broadening, but not in neutron scattering linewidths, and 
which have therefore been attributed to effects within a surface layer of the crys- 
tal (33). 

The three elastic Griineisen parameters yX ( A  = 1, 2, 3) are plotted in Fig. 
16 for two temperatures as a function of the three principal symmetry directions. 
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It is apparent that the absolute magnitude , ,  I 
.TiT-------..l 

I of the angular variation is only moderate 
at 300 K for the y ~ .  However, at 50 K be- 
cause of the shear mode softening the yA for 
the two transverse modes are strongly direc- 
tion dependent and show minima of - 33 and 
- 5 in [110] and near [111 ] , respectively. 
In the vicinity of [Ill] both shear mode 
y's are negative. The large negative-mode 
gammas should give rise to negative thermal 
expansion below about 50 K in the cubic 
phase. Here, the microscopic first Griin- 
eisen parameter is defined in terms of the 

NONTRANSFORMING first volume derivates of the lattice vibra- 
tional frequencies according to the follo- 

4 v . c = c  y 1 = - -  (22) 
L' 

20 30 TE,$EQAT1p'; 4~ 2~ 
The thermal or macroscoolc Griineisen oara- 
meter is defined by 

Fig. 13 Temperature variation of the 
pressure derivatives of the 

RB' y = -  (23) 
elastic moduli for nontrans- PCP 
forming V3Si (29). R is the volume thermal-expansion coeffi- 

cient; C p  the specific heat. This is in 
the quasiharmonic approximation given by the mode average (34). 

y = CC.y. / CC. 
1 1 1  1 1 '  

(24) 

where Ci denotes the Einstein specific heat of the i th mode. 

Fig. 14 Squared natural velocity ratio 
(w/w,)~ vs. pressure for trans- 
verse mode in [I101 with po- 
larization in [liO] for eight 
selected temperatures (31)a) ) .  

Fig. 15 Calculated third-order elastic 
constants in Voigt notation vs. 
temperature for Nb Sn and V3Si 
(31)b)). 
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(b) Acoustic Soft Mode due to Antiferromag- 
netic Coupling (Mn-Cu and Mn-Ni) 

Fig. 16 Orientation dependence of 
the microscopic elastic 
Griineisen parameters yA: 
X = 1 denotes the longi- 
tudinal mode, ? = 2, 3 the 
transverse modes (31(a)). 

Manganese-rich Mn-Cu alloys are usually 
called "high-damping alloys" and exhibit fair- 
ly high internal friction at room temperature 
after quenching from the high temperature 
phase (fcc). This large internal friction 
arises from the fcc-fct type martensitic 
transformation, where the I1011 transforma- 
tion twins are formed and an easy movement 
of the twin boundaries is thought to be res- 
ponsible for the high damping property (35). 
As shown in Fig. 17, the internal friction 
peak and anomalous Young's modulus as obser- 
ved at the As temperature in polycrystalline 
Mn-ll.74wt%Cu alloys are shown in Fig. 17. 

Sugimoto et al. (36) have recently re- 
ported a similar elastic softening of C' 
upon cooling down to the transition tempera- 
ture. It should be noted that the Ms tempera- 
ture is coincident with the N6el temperature 
(TN) and accordingly the martensitic transfor- 
mation can be indiced by antiferromagnetic 
ordering. Therefore, the amount of transfor- 
mation strains and the origin of softening 
of Young's modulus can be accounted for using 
long-range magnetic order parameters. Mak- 
hurane and Gaunt (37) have tried a calcula- 
tion of the variation of Young's modulus 
close to TN using a molecular field model 

by Weiss (38). However, they could not explain the elastic softening above TN sin- 
ce they neglected the role of short-range order in the temperature range above TN. 

Recently, Tsunoda and Wakabayashi (39) have studied the phonon dispersion re- 
lation in Mn-rich y-Mn-Cu alloys by means of neutron inelastic scattering and have 
obtained results which are different in some important points from those of the mea- 
surements on Mn85NigC6 by Lowde et al. (40). In the y-MnCu alloy, the phonon which 
shows the softening at T m  (M,) is not the shear mode [llO]T1 but the [100]~ branch 
and the cubic structure collapses because of the vanishing of CI1 +2C12 not of 
Cll -C12 . The driving force to form the tetragonal structure may be a magnetic 
coupling force through magnetoelastic interactions. 

Since CllaI2 has full cubic symmetry, the vanishing of this value does not 
necessarily lead to the tetragonal structure at Ms. Here, it should be remembered 
that the magnetic structure of Y-MnCu alloy has a tetragonal symmetry. The tetra- 
gonal axis coincides with the magnetic unique axis and the martensitic transforma- 
tion temperature always coincides with the NBel temperature for y-MnCu alloys. 
Furthermore, the tetragonality (1-c/a) is proportional to the square of the magnetic 
long-range order parameter (41). The assumption that the tetragonal structure is 
stabilized by magnetic coupling force after the cubic structure collapses by the 
vanishing of C 11+2C12 can successfully explain these characteristic properties of 
y-MnCu alloy. 

Saunders et al. (40) have reported softening of the q /! [110], e /! [110] acous- 
tic mode in Mn-Ni (Mn-Ni-C) systems that exhibits a similar fcc-fct transition; the 
y-Mn-Ni-C alloys have qualitatively the same diagram as Mn-Ni alloys (41). 

The unit cell dimension measurements for two crystals, with 9.2 5 0.2 and 8.8 
+ 0.2 atomic percent nickel, respectively are reported in Fig. 18. Both undergo - 
a structure transition, the latter exhibiting a very nearly second order transition 
to a tetragonal condition with c > a. Fig. 19 shows the temperature dependence of 
the elastic constants for the 9.2 2 0.2 at % Ni specimen. While variation of Cq4 
is qualitatively normal, Cll is in a much more advanced state of collapse. With 
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reducing temperature, Cll falls into a severe decline, sufficient to induce extreme- 
ly low values of 1/2(Cll -C 12) and hence to result in the onset of a martensitic 
transformation at about 123 + 2 K. The temperature dependence of Cll should be in- 
terpreted as follows : the transition is first order, Cll experiences a small down- 
ward discontinuity of 0.017 Pa at about 125 K and rises again thereafter towards 
normal values as though a critical state has been closely bypassed. The anomalous 
slopes in Fig. 19 signify that considerable mode softening is endured in many of 
the branches of lattice vibration; however, no elastic constant attains zero at the 
transition, and even the principal soft mode, [ll~] T1 , still has a value of 
1/2(C -C ) = 5(GPa) at Ms. 

11 12 
The lwv-q region of the transverse [ C  c 01 mode, which is highly anomalous, 

is exhibited in detail for two temperatures in Fig. 20. The phonon energies at 175 
K ( - M,), are known to within a standard deviation of 54 peV as a result of high- 
quality analytical procedures; the corresponding value at room temperature is 38 
peV. A severely non-linear w(q) is revealed, which has been named "spoon" because 
of its shape.Room temperature is evidently close enough to the transition ternperatuxt 
for the phonon energies to be significantly softened near to the origin r of the 
Brillouin zone. On the other hand, 77 K appears to be sufficiently far below Ms 
for the phonon dispersion to be restored nearly, but not quite, to the normal beha- 
viour . 

They have shown that their manga- 
I I I I I nese alloys, and by implication a wide 

-11 range of fcc manganese alloys, undergo 
a fcc-fct martensitic transformation !z - resembling that in In-T1 alloys (42), 
with softening of the transverse acous- 

x 7- -10% tic [I101 T1 phonon polarised along 
X 
w [li~] . The associated elastic con- 
V) stants are marked by an uniquely low 

- 9  2 value of Cll , lower in this case than 
0 
I C44- 

The general idea that the abnormal 6 
- 8  reduction of Cll observed here goes 

2 together with the collapse of ferro- 
magnetism in these alloys and its pro- 
gressive replacement by itinerant-elec- 

0 3LO 400 I I 4:O tron antiferromagnetism is consistent 
TEMPERATURE (K) with the appearance of severe magneto- 

elastic anomalies in comparable manga- 
Fig. 17 Internal friction peak and elastic nese alloys (43). The unifying feature 

anomaly near the transition tempe- would seem to be the highly unstable 
rature in Mn-ll.74wt%Cu alloy (36). magnetic moment developed in fcc alloys 

in this region of the periodic table 
and the consequent large electron-phonon interaction. 

(c) Acoustic Soft Mode due to Electronic Coupling (In-T1, In-Cd and In-Pb) 

In-TI alloys in the composition range 16 to 31 at % T1 undergo a martensitic 
transformation from the fcc to fct structure (44), and the habit plane is very close 
to a I110) plane. This phase transformation, called "second-order like" transition, 
is accompanied by a very small heat change, n H  = 11.15 J/kp, and a small hysteresis 
On slow cooling, a single crystal of the high temperature fcc phase can be transfor- 
med to the banded twin fct phase by the movement of a single interface (45). A 
double shear mechanism composed of (101)[?01] and (011)[0il] shear systems has been 
proposed. The modulus C' = 1/2(Cll-C12) tends to zero as the transition temperature 
is approached either from the higher (cubic) or lower (tetragonal) side; the onset 
of lattice instability of both phases is associated with softening of the acoustic 
phonon mode (q // [110], e // [li~]). The shear modulus C' is strongly temperature 
dependent both below and above the transition temperature as shown in Fig. 21. 

In Fig. 22 are shown the temperature variations of the shear elastic ccnstant 
C' (calculated values) in similar alloys e.g. In-Cd and In-Pb (46). In these alloys 



the C' softening clearly occurs in the vicinity of the transformation temperatures. 
However, at the transition temperature C' does not drop to zero, but has a finite 
value which is larger for the In-Pb alloy than for the In-Cd alloy. 

A recent electron diffraction study (47) has revealed remarkable two-dimen- 
sional diffuse scattering on the I1101 * planes of the reciprocal lattice. This 
might be due to the existence of transverse acoustic phonons with low-frequencies 
with displacement vectors along the [110j direction in the crystal. 

A mechanism of phonon-coupling which might occur in the In-alloys has been 
explained by Nittono et al. (48) as- follows : The coupling and freezing-in of two 
phonons, such as (q // [110], e [110]) + (q h' [loll, e // [lei]), can give a neces- 
sary shear which is expressed as (110)[1i0]2~ + (101)[101]2~, where 2~ is the shear 
angle. Table 2 shows the types of the transformations, coupled phonons and double 
shear systems together with the temperature hysteresis (AT = As - M ) and volume 
changes at the transition temperatures. 

100 200 30( 
TEMPERATURE (K) 

Fjg. 18 Lottice parameters, measured by neutron 
diffraction : Fig. 19 The measured elastic con- 
(i) for a MnNiC alloy with 9.2+0.2at%Ni, stants of teh alloy with 

6.1+0.2at%C; 9.2+0.2at%Ni, 6.1+0.2at%C 
(ii) for s similar alloy with 8.8+0.2at% 

Ni, 5.9*.3at%C (40). 

In-based alloys transform in general from fcc to fct structure with a very 
small change in volume. The origin of phase transition in In-based alloys is 
thought to be due to the strong electron-phonon coupling, so that the electronic 
energy decrement depends upon the magnitude of the tetragonal strain (49). Hence, 
the thermodynamic potential O(T,g) of the crystal can be expanded in powders of the 
order parameter r7 which defines the deviation from cubic symmetry. Figs. 23(a) and 
(b) show the thermodynamic potential curves vs. strain parameter calculated at their 
transition points in In-Tl, In-Cd and In-Pb alloys. The minima in the curves corres- 
pond to the fcc phase ( T? = 0) and the fct phase ( r7 = n ~  ) ,  respectively. The fcc- 
fct transformation thus represents a transit which occurs between two 
minima and the peak height between two minimum states may be considered similar' to 
the activation energy required for the transition. The height of the peaks increa- 
sed in the order In-T1, In-Cd and In-Pb alloys (50), suggesting that the transition 
deviates more and more from a second order type for the same alloy sequence. Such 
a deviation from the second order transition may also result in differences in mobi- 
lity of interface and twin boundaries among In-T1, In-Cd and In-Pb alloys. The 
effect of anharmonic lattice vibrations appears to be dominant in the martensitic 
transformations of In-Cd or In-Pb alloys which deviate slightly from the second- 
order transition, when compared to the In-TI alloy. 
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175K ULTRASONICS 

0 0.1 02 
{ 

Fig. 21 Temperature dependence of  ( C 1 1 - c ~ ~ )  
/ 2  above and below t h e  t r a n s i t i o n  
temperature i n  In-T1 a l l o y s  (42 ) .  

Fig. 20 Po in t s  show t h e  measured " sof t "  
phonon d i spers ion  law f o r  smal l  
q vectors  along t h e  [110] di-  
r e c t i o n  i n  t h e  Mn85NigC6 a l l o y  
of Figs .  18 ( i i ) .  

Table 2: Coupled phonon systems and o the r  c h a r a c t e r i s t i c s  i n  phase t ransformat ions  
of Indium a l l o y s  (48).  

AT=As-Ms 

0-2 

2-3 

10-15 

10-15 

30-40 

Alloying composition 

In- (18 -30at%)T1 

In-(4-5.5at%)Cd 

In-(28- 36at%)Pb 

In-(12-16at%)Pb 

In-(13-15at%) Sn 

Type 

I 

I1 

IU 

I V  

Double shear  system 
(110) [ 1 1 0 ] 2 ~ +  

(101) [ 1 0 i l 2 ~  

(011) [ o I 1 ] 2 ~  

( o i l )  t o i 1 1 z ~  
(011) [ o i 1 1 2 ~  

AV/V(%) 

0.016 

0.030 

k 0 . 3  

-0.3 - 0.7 

Type of phase t r a n s i t i o n  

f c c + f c t ( c / a  > I )  

fee* f c t ( c / a <  1) 

f c t ( c / a c  1 ) g f c o  $ f c t ( c l a  > 1) 

f c t  (cia < 1 )  + f c t  ( c l a  ) 1 )  

Coupled phonon system 
q z 0  [110], e//[110]+ 

q=0[1011, e l l t l ~ i l  

q=0[0111, e//[oilI  

g ~ ~ [ O l l ] ,  e / / [ ~ i l ]  

q ~ 0  [Ol l l ,  e//[oilI  

Type 

I 

II 

m 
IV 

Type of phase t r a n s i t i o n  

f c c p f c t ( c l a >  1 )  

f c c s f c t  ( c l a  < 1 )  

f c t ( c / a  ( 1)+ f c o  

f c t ( c / a  ( 1 ) s  f c t ( c l a  7 1 )  



(11) Anharmonicity in the Vicinity of M in R-Phase Alloys 

Several anomalies can be observed 
a" 
o as phenomena preceding the martensitic 

+.6 phase transformation in many 8 phase 
G alloys. Among them, elastic constant 
'- 
G anomalies related to the acoustic - 
2 modes are typical. That is, elastic 
eQ.4 stiffness constants C' and Cs, which 
Z 
4 correspond respectively to the TA1 rl 
z and TA2 modes at the Brillouin zone 

8 center, exhibit a softening behaviour 
$2 above the Ms point. C' = (Cll-C12)/2, 
$ is the resistive stress to the (110) 
4 
W 

[110] shear and its softening is accep- 
ted at present to be common in the 

00 R phase alloys undergoing the marten- 
TEMPERATURE ( K )  (a) [n-32al%pb Sitic transformation (51).   he Cs 

(b)  1"- at% cd softening, recently found near the 
Ms point, in many R phase alloys by 

Fig. 22 Temperature dependence of 1/2(Cll-C12) the present authgrs (22-54), is respon- 
calculated in In-32%Pb and In-4.4at% sible for the (112)[111] shear. 
Cd alloys (46). Examples of the elastic anomalies 

mentioned above are shown in Figs. 24 and 25. Referring to these results, several 
problems related to the transformation mechanism in the R phase alloys will be con- 
sidered. The R1 phase has one of the following ordered structures such as the CsC1, 
Fe3A1 and Heusler types. The transformation from this 8 phase to the 2H or 9 R  (or 
18R) type of the close-packed layer martensite will be discussed. 

(a) Acoustic Softening and Burgers Model. 

From the point of view of the crystal geometry, martensite is formed through 
two kinds of shear processes in the R1 lattice : the (li2) [ lii] and (110) [ 1101 
shears. The former is responsible for changing the (llO)R planes into the close- 
packed planes of the martensite, while the latter is responsible for the stacking 
sequence of these close packed planes. Although proposed originally by Burgers (56) 
for the bcc to hcp transformation of Zr metal this scheme is usually referred to 
as the Burgers relation. 

The temperature dependence of the elastic constants as shown in Figs. 24 and 
25 are closely related to the Burgers model, the softening of the acoustic modes 
C' and Cs implies a decrease of resistive stresses against the shears in the Burgers 
relation. The Burgers model thus seems to be valid for the R phase alloys-because 
softening of C' and Cs really occur. The Burgers model assumes that the (112)[111] 
shear occurs first followed by the (110)[1i0] shear. However, there is no evidence 
fc:r such a sequence, as discussed in a previous paper (54). The martensite forma- 
tion in R phase alloys is proposed to proceed through the reverse sequence, because 
the lattice softenings occur in the C' mode first and then in the Cs mode (Figs. 
24 and 25). In other words the R1 lattice becomes unstable with respect to the 
- 
-g gig. 23 Free energy curves as a func- 
-? (a E ( b )  tion of the spontaneous 

3 
W FCT 
K 

- 0.6 0 0.6 12 1.8 24 30 3.6 4.2 

strain in the vicinity of 
the transition temperature 
(a); In-4.4at%Cd and In-21 
at%Tl, (b) ; In-32at%Pb and 
In-4.4at%Cd alloys (48). 

STRAIN t (x1U2 ) 
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(110) ili0 ] shear first and then the (112) shear. That is, the shear sequence ne- 
cessary to form the martensite must be reverse of that described in the original 
Burgers relation. 

Symmetry consideration also seems to support this argument. For example, 
lattice deformation, due to freezing-in of the Cs mode in the lattice wit 9sthe 
Heusler type structure, causes a symmetry change from Fm3m (Oh) to Immm (D2h ) .  
The martensite that is produced in reality, however belongs either to the space 

1' group Pmmn (D::L (2H type martensite) or to P2/m (CZh) (18R type martensite). Thus, 
if the (172)[111] shear occurs first, the martensite formation must proceed through 
a two-step symmetry change. 

On the other hand, when the (11O)[lT0] shear occurs flrst, the symmetry change 
occurs only once and the lattice produced by this shear belongs to the same space 
group as that of the final martensite. The subsequent (li2)[lii] shear does not 
pr.oduce any symmetry change. Many experimental results obtained so far prove that. 
such a single step transition is realized. An essential role of the (112)[111] 
shear in the scheme is to lower the lattice energy of the 2H or 9 R  (or 18R) marten- 
site. This is because the lattice energy of such a stacking structure modulated 
by the (110)[1i0] instability will be minimum when the basal planes are close-packed. 

(b) Third Order Elastic Constants and Lattice Anharmonicity 

One of the most important characteristics of the elastic modes is its non-li- 
near temperature change as revealed in Figs. 24 and 25. The C' mode, for example, 
gradually decreases with decreasing temperature but, near the Ms point, it begins 
to deviate from a linear change. The temperature changes of Cqq and Cs also exhibit 
non-linear phenomena. The non-linearity in every mode appears simultaneously and 
cooperatively at nearly the same temperature as indicated by the arrows. This means 
that the elastic modes are correlated and an anharmonic effect follows. 

The temperature dependence of any elastic mode is due to the existence of a 
crystal anharmonicity. Therefore, I31 phases are anharmonic even before exhibiting 
the non-linearity. The non-linear phenomena of the elastic modes may possibly re- 
sult from a remarkable enhancement of the crystal anharmonicity. From this point 
of view, the third order elastic constants in several R phase alloys are now being 
studied. Results obtained so far are presented below and the anharmonic effect on 
the martensitic transformation is discussed. 

The ultrasonic velocity changes due to uniaxial pressure, measured in Au-33.0 
at%Cu-47.0at%Zn alloy is shown in Fig. 26. By substituting the velocity change 
( a V / a P ) -  into the Thurston-Brugger equation ( 5 7 ) ,  six kinds of the third order elas- 

27.4 

27.2 

1.75 

130 150 1 70 
TEMPERATURE ( K) 

Fig. 24 Temperature changes of eiaitic Fig. 25 Temperature changes of elastic 
modes in the Au-35.0at%Ag-47.5 modes in the Cu-17.0at%A1-14.3 
at%Cd alloy. at%Zn alloy (55). 



The stability condition of the R1 
2 4 6 8 10 12 phase against the above defined strain 

tic constants Ci. can be obtained. Table 3 shows these C.. for Au-33:0at%Cu-47.5at 
%Zn and CU-17 .0a$%~l-14.3at%Zn alloys. 1 ~ 1 t  

It is remarkable that all the third order elastic constants Cijk are negative 
and their absolute values are very large. Such characteristics have also been ob- 
served in the R1 phases of Cu-Zn (58) and Cu-Zn-A1 (59) alloys. The R1 phase is 

thus in a considerably anharmonic state as this anharmonic effect plays an impor- 
tant role in the transformation mechanism. 

In discussing the lattice instability 

- 
is expressed as K > 0. Therefore, the 
RI 13hase becomes unstable near 7- +0.04. 

6 

4 

L - 
Fig. 26 velocity changes as a when the free energy barrier for trans- 

function of uniaxial pressure in formation is only 1.0 x eV or 11.6K 

the Au-33.0at%Cu-47.0at%Zn alloy. per atom. This value may be an under- 
estimated one, because (i) fourth order 
elastic constants are not considered 

and (ii) the strain used is oversimplified. However, it should be emphasized that 
the energy barrier to form the martensite is considerably lowered by the anharmonic 
effect. 

nimum order of approximation. The free 
energy change as a function of strain is - 
thus calculated by using the obtained 
second and third order elastic constants. - 
Results for Au-33.0at%Cu-47.Oat%Zn are 
shown in Fig. 27. The strain is the - 
same as used by Clapp (60) : nearly a 
pure Bain strain with no volume chan e. - 

a 
5 K in Fig. 27 is defined by a2F/a? , 

where F and 7 are respectively the free 
-6 - - energy change and the strain, and im- 

plies a constant restoring force. 

I I l l  I I - - 
- (9) - 

Substituting the third order elastic constants into the Thurston-Brugger equ- 
ation, the compressive stress derivatives of the second order elastic constants as 
a function of stress direction can be obtained. Results are shown plotted in Figs. 
28 and 29 for C' in Cu-17.0at%Al-14.3at%Zn alloy and in Fig. 30 for Cs in Au-33at%Cu- 
47at%Zn alloy. The compression axis is changed in Fig. 28 from [001] to [110] on 
the (110) plane while in Fig. 29 from [001] to [lTO] on the (110) plane. The di- 

from a viewpoint of the free energy as a 
function of strain, third order terms 
must be included because this is the mi- 

STRAINFREE ENERGY - 
\ o'sraslurv I k i r m u n  I I 

STRAIN 

rection of the compressive stress 
in fig. 30 is changed in the 
(li0) plane. The C' and Cs modes 
in a similar behaviour to that 
shown in these figures. 

It is clear that the stress 
derivatives are considerably ani- 
sotropic. They are negative or 
positive with respect to the 
stress directions. The negative 
derivative means that the corres- 
ponding second order elastic con- 
stant becomes soft while the po- 
sitive implies hardening. In 
any case, the derivative has the 
minimum value for a compressive 
stress direction with high symme- 

Fig. 27 Free energy curve as a function of strain try' This that the lattice 
instability in the 81 phase will 
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Table 3 Examples of the obtained third order elastic constants (TPa in unit) 

a -5 . 
: -10 - 

ell Biol 
[OOll 0 1 1  1 r1101 

I I I I 
0 30 60 90 

I I I 

0 30 60 90 
ANGLE OF PRESSURE DIRECTION 
FROM [OOl] 

Fig. 28 Pressure derivatives of C' as a Fig. 29 Pressure derivatives cf C' as 
function of stress direction in a function of stress directior 
Cu-17.0at%Al-14.3at%Zn and pure in Cu-17.0at%Al-14.3at%Zn and 
Cu. pure Cu. 

Fig. 30 Derivative of Cs as a function 
of stress direction in Au-33.0at% 
Cu-47.0a-t%Zn alloy. 

-90 -45 0 45 90 
ANGLE OF PRESSURE DIRECTION 
FROM (001) 



progress under the stress field along such a direction. 

Suggestions, based on the above results can be advanced; which may not only 
be relevant, but even important, to the nucleation problem in martensite transfor- 
mation. Many nucleation models have been so far proposed (63). The models mostly 
regard certain kinds of lattice defects as the nucleation centers (64). On the 
other hand, any 81 phase contains a number of defects distributed randomly. However, 
not all but only a limited number of defects will be activated as nucleation centers, 
even if they have the same capability of becoming nuclei. Thus the question remains 
to be answered what defects and why only such defects are activated as nucleation 
centers. 

Any defect, however, can be replaced by a certain kind of localized stress 
field, which will be remarkably anisotropic. Regions around the stress field can 

be activated as nucleation centers, if the local field has the largest component 
along the direction corresponding to the minimum pressure derivative, such as [001] 
in Fig. 28. To emphasize in other words, the martensitic nucleation mechanism is 

closely related to the anharmonic effect. 
(c) Possibility of Electron-Lattice Interaction 

The lattice softening is incomplete and d-snhattain a value zero even 
at the Ms temperature.An energy barrier exists which prevents the martensite forma- 
tion and hence there must be a certain kind of mechanism to overcome this energy 

barrier. The phonon anomaly found in the R1 phase of AuCuZn2 alloy by 
Mori et al. (61) may provide an answer to this problem. The phonon dispersion curve 
of the TA branch with q $ [I101 and e # [li0] exhibits near the Ms point a drop 
at q - 2)3[110]. Correspondingly, the neutron diffraction pattern shows an anoma- 
lous reflection at (H 5 2/3, K ? 2/3, 0) around the fundamental reflections with 
H + K = 4n. The anomalies are regarded as the enhanced Kohn anomaly. If so, this 
means that the Fermi surface satisfies a nesting condition at q - 1/3 [110]. When 
the 18R martensite is formed, on the other hand, a new Brillouin zone boundary is 
formed at q - 1/3 [I101 i .e. the Brillouin zone boundary touches the nesting Fermi 
surface. Therefore, by such a transformation, the electronic free energy of the 
alloys is lowered. 

Recently, anomalous diffuse scattering has been observed as shown in Fig. 31 
during X-ray studies of the B1-Cu-17.0at%Al-l4.3at%Zn phase near the Ms point (55). 
The anomalies appear near the reciprocal lattice points such as 130 and 310 corres- 
ponding to the X point of the Brillouin zone. They are not due to Bragg reflection 
because the structure factors are zero at such points.' The anomalies in diffuse 
scattering are regarded as Kohn anomaly as in the case of AuCuZn2 <alloys (61). 
So we can suppose that the Fermi surface satisfies a nesting condition at q -  l/2 
[110] . In the present case, the 2H martensite can be produced forming a new 
Brillouin zone boundary which contacts the Fermi surface at q - 1/2[110]. 

Fig. 31 X-ray diffraction scat- 
I terings along the [110] 

line on the (001) plane 
1 of the reciprocal lattice 
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The above situation strongly suggests the existence of the Peierls type of 
lattice instability (62) and if true, the strain free energy preventing the marten- 
site formation will be easily compensated by such an electron-lattice interaction. 
This argument, however, is based on an assumption that the observed anomaly in 
diffuse scattering is a Kohn anomaly. In order to ascertain whether this anomaly 
corresponds to the origin of the martensitic transformation, it is essential to elu- 
cidate whether an electron-lattice interaction is possible or not in these marten- 
site R-phase alloys. 
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