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Phonon dispersion curves for the [110] (110) TA2 branch in Ni„Altto- (50(x (65) reveal a pro-
nounced minimum whose position in q space is composition dependent but whose frequency does not
change appreciably with temperature. In the same q range, substantial elastic scattering also appears
which is associated with localized embryos of a low-temperature phase. The diffuse scattering from the
elastic displacement field about these embryos is highly anisotropic, giving rise to the striated strain con-
trast (tweed) in the electron microscope image. A common electronic origin of these effects is proposed.

PACS numbers: 63.20.Kr, 63.75.+z, 64.70.Kb, 81.30.Kf

First-order structural phase transformations in metal-
lic alloys have been extensively studied' and invariably
display both measurable volume changes accompanying
an abrupt change of symmetry, and extensive hysteresis.
Much effort has been devoted to understanding the
variety of precursor or premonitory effects that occur
prior to the actual transformations. s4 Prominent among
these effects are tweedlike striationss in transmission
electron microscope (TEM) images formed from
electron-diffraction (ED) patterns of alloys above their
structural transformation temperature. This tweed pat-
tern, shown in Fig. 1(a) for a Ni-Al alloy, develops well
above the actual transformation and becomes increasing-
ly more pronounced as the transformation is ap-
proached. 6 8

The ED pattern in Fig. 1(b) is characterized by rather
narrow [110] ridges of pronounced diffuse scattering
which, when double-diffraction conditions are mini-
mized, have been shown to arise from transverse atomic
displacements along [110], which is transverse to the
[110] direction. This direction and polarization corre-
spond to the (q 0) elastic constantc 2 (ctt —ct2) for
a cubic system. Related to the development of the tweed
pattern is also a slight decrease in c' with decreasing
temperature, well above any transformation, which has
been identified with pretransitional behavior. A good
deal of effort has also been expended over the years to
develop a microscopic, or lattice-dynamical, basis for
these transformations which would explain the premoni-
tory behavior. ' The present Letter addresses these
issues in Ni-Al alloys.

The metallic alloys Ni, Alton „(50(x(65) which
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FIG. 1. (a) TEM of Nis3A13q. Bright-field (001) orienta-
tion; strong two-beam conditions for (0,2,0). Tweed strain-
contrast striations lying parallel to {110]planes. (b) ED pat-
tern with [001] perpendicular to the plane.
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display a prominent tweed pattern have been extensively
studied by electron and x-ray diffraction, " ultrasonic
absorption, ' and calorimetric measurements. ' In a
series of excellent papers, Robertson and %ayman
(RW)s indicated that the diffuse streaking [Fig. 1(b)],
which leads to the tweed structure in the image, arises
from static displacements induced by localized tetrago-
nal perturbations of the lattice. The period in the tweed
structure depends quite critically on the exact orientation
of the beam and crystal foil, much as with the fringe
contrast associated with a stacking fault. '~ It should
therefore be viewed more as an artifact than as indica-
tive of a fundamental structure. The origin of the pro-
posed tetragonal perturbation was not isolated by RW,
but it is clear from their detailed analysis that the diffuse
scattering which is being "imaged" must be considerably
more ridgelike along (TIO) than pure thermal diffuse
scattering, and hence must be static in origin.

The single crystal of nominal composition Ni63A137
used in the present experiment is from the same boule
used in the electron diffraction studies of RW. s The
sample for the neutron studies was approximately
cylindrical (6 mm diameter&5 mm height), showed a
macroscopic cellular growth pattern, and had a mosaic
spread of -1'. This alloy has the P-phase CsC1 struc-
ture at room temperature with the lattice parameter
a 2.866 A.. Inelastic-scattering measurements were
also performed on two other compositions of Ni„A1~00
with x 58 and 50.

The neutron-scattering experiments were performed at
the high-flux beam reactor at Brookhaven National Lab-
oratory with use of a triple-axis spectrometer. A fixed
final energy of Ef 14.7 meV was employed with 20'
collimation in the instrument except for 40' in front of
the detector. The energy resolution was 0.5 meV full
width at half maximum (FWHM). The sample was
mounted in a Displex refrigerator with [001] perpendicu-
lar to the scattering plane.

The TEM and ED were carried out at room tempera-
ture on a JEOL 200CX instrument at Lawrence Liver-
more National Laboratory. The diffuse striated strain
contrast (tweed pattern) in Fig. 1(a) lies along traces of
[110j planes and shows a minimum spacing of about 20
A for these imaging conditions and resolution. In the
symmetrical (001) zone-axis ED pattern of Fig. 1(b),
the streaks at the origin and those parallel to (110) at
[hhOj Bragg peaks are due to multiple scattering. Den-
sitometer traces along (gg0) show that the streak intensi-

ty falls off with q and reveal a weak broad satellite at
$-0.13. In Fig. 2(a) we show the elastic neutron
scattering measured on the x 63 sample about the
(2,0,0) Bragg peak along the [gO] direction. On either
side of the intense Bragg peak are similar broad satellite
peaks near /=0. 13 that are localized along narrow
[110] ridges. On cooling, these peaks sharpen, shift and
become more intense. Figure 2(b) shows the intensity at
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(=0.11 as a function of temperature measured on heat-
ing and cooling. A hysteresis is present and the heating
and cooling curves merge near 295 K, which is close to
the martensitic phase transition reported for this compo-
sition (i.e., x 63). ' Extending the measurements to
lower temperatures produced an unusual nonmonotonic
behavior in the intensity about various reciprocal lattice
points, which is a consequence of the variation in compo-
sition throughout our sample. However, TEM and
electrical-resistivity measurements ' show consistently
that the martensitic transformation (Tsr) is near 200 K,
suggesting that the bulk of the coarse cellular segrega-
tion structure of this crystal is at a slightly lower compo-
sition, viz. -62.5%. Because of this difficulty, the
remainder of this Letter deals essentially with our inter-
pretation of the premonitory effects well above any
transformation temperature.

Figure 3(a) shows the phonon dispersion curve for the
[110]-TA2 branch, for three compositions of Ni„AI~OO
x 63, 58, and 50 at.%. This is the same branch that
characterizes the diffuse ridges observed in Figs. 1(b)
and 2(a). For x -63, the slope for the small-g region
agrees well with the velocity of sound' but near (-0.05
the phonon energy deviates from a linear behavior with

The deviation is strongest for 0.05 (g(0.25. In or-
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FIG. 2. (a) Elastic neutron-scattering spectra along [g'0]
direction about the (2,0,0) Bragg peak. (b) Temperature
dependence of the intensity measured at Q (2.11,—0.11)
measured on heating and cooling.



VOLUME 57, NUM@Em. 25 PHYSICAL REVIEW LETTERS 22 DEcEMBER 1986

20—

0
IO

4J

I.O—
(

tf

2.0—
4J I

I
CO

O. I5 0.2 0.25
[cioj

50

IO—
('I

0
I

O. I

I

0.2
I

0.5
I

OA
I

0,5

FIG. 3. (a) Dispersion curves of [110l-TA2 (displacements

along [110])branch of Ni„Al~&~-, for x 63,58,50. (b) Devi-

ation of the measured phonon frequency F. from that deter-
mined by assuming a sine wave dispersion, E,. (c) Variation of
the maxima of F. —F., with concentration, x.

der to examine the concentration dependence of the (
value in the anomalous region, we calculated the devia-

tion of the measured phonon energy, E, from that deter-
mined by our assuming E, ~U, sinn( where U, is the ve-

locity of sound. 's In Fig. 3(b) we plot E, —E vs x. The
maxima correspond to the largest deviation, which shifts

linearly with x as shown in Fig. 3(c), but is similar in

magnitude at all three values.
For x 63, the [110]-TAz phonon branch exhibited

only a slight decrease with temperature, and never ap-
proached zero, even though a phase transition eventually
occurs as evidenced by the elastic intensity shown in Fig.
2(b). This behavior is similar to that observed in several

metallic alloys that undergo martensitic phase transfor-
mations, '0 none of which should, inter alia, be called
"soft-mode" transitions.

From these preliminary neutron-scattering measure-
ments we infer that the strain centers responsible for the
elastic scattering in Fig. 2(a) and thus the tweed con-
trast are related to the phonon anomalies in Fig. 3.
Similar anomalies, though often much less pronounced,
occur in many metallic systems as a result of electron-

phonon coupling. ' ' In the Kohn' case, the q values
are directly connected to the Fermi wave vectors, 2kF,
which span large nesting sections of the Fermi surface,
whereas in the alternative Varma and Weber's picture
the anomalies may arise in the q dependence of the
electron-ion form factor for scattering close to the Fermi
surface.

In the present alloy the broad frequency dip in the re-
gion $-0.1-0.2 that shifts with the Al content is
presumably of electronic origin. The associated elastic
scattering is then proposed to arise from the local accom-
modation of the structure to singular terms in the elec-
tron energy in the vicinity of 2kF. Because the range of
g where the phonon energy is low (g 0.14) includes a
seven-plane [110j stacking sequence of the NiA1 82
parent phase, which transforms to a 7R martensite upon
cooling, ' we envision the room-temperature equilibrium
state of our alloy as heterogeneous, consisting of uni-

formly distributed locahzed regions of these near-
tetragonal (7R) embryos or domains, coherent with the
cubic matrix and straining it to produce the streaking in

Fig. 1(b).
Such a heterogeneous equilibrium state has been sug-

gested by Krivoglazz to be the nonuniform response of a
metallic alloy, above a first-order phase transition, to
singular terms in the electronic energy at 2kF. The sig-
natures of these terms according to Krivoglazzz are both
the phonon anomaly and the elastic scattering associated
with the embryos. If we take the size of a localized
tetragonal fluctuation or embryo to be given roughly by
the FWHM in Fig. 2(a) of the satellite at /=0. 13, this
size is about 40 A at 329 K. A similar heterogeneous
state has recently also been proposed by Yamada23 for
the pretransitional structure in a NiTi crystal. W thin'
the tweed structure, under appropriate lattice imaging
conditions, one should therefore be able to discern a
more or less uniform distribution of localized regions
with a structure resembling 7R (with an internal periodi-
city of —14 A). This indeed appears to be the case,
especially as the temperature is lowered. ' Raising the
temperature dissolves the premartensitic structure and
removes the attendant strain-contrast tweed' though the
phonon spectrum is not drastically changed. However,
as the Al concentration increases, the anomaly shifts to
larger g and the contrast at room temperature is weaker
since the transformation becomes more remote, i.e., T~
shifts to a lower temperature.

Although we suggest that a common origin of the pho-
non anomalies, elastic scattering, and associated tweed
contrast is connected with the electronic structure of the
alloy, it need not be unique. For metals, however, it
seems quite plausible and we therefore suspect that it is
rather common as indicated earlier by Mori, Yamada,
and Shirane and Nakanishi, Hayashi, and Murakarni
for P-phase alloys.
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