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Observations on lattice instability are demonstrated by transmission and diffraction
electron microscopy together with an electron multiplier. The latter displays the coupled
atomic fluctuations on an oscilloscope screen. The %KB method has been used to calcu-
late a single-atom transition time. The results indicate that fluctuations should be pre-
sent and that quantum mechanical considerations are important in the nucleation of solid-
state phase transformation. A standing-wave model is suggested for the pretransition
lattice instabilities and is experimentally supported.

A number of alloys undergoing phase transi-
tions apparently exhibit soft phonon modes when
cooled to a temperature approaching the critical
temperature for the structural transition. Of re-
cent interest have been the alloys V,Si and Nb, Sn. '
At high temperatures, these materials possess
the P-tungsten structure, but at lover tempera-
tures they undergo a cubic-to-tetragonal marten-
sitic transition. These alloys are reported to ex-
hibit the superconducting state a few degrees be-
low the martensite start temperatures (M, = 22
and 43'K, respectively, for V,Si and Nb, Sn). In
addition, the elastic anisotropy factor A =2C«/
(C» —C») is large for these materials near the
transition temperature, which indirectly indi-
cates a lattice softening behavior. The observed
lattice instability has been viewed as a band Jahn-
Teller effect. ' However, it should be noted that
Au-Cd, ' Au-Cu-Zn, ~ and In- Tl alloys' also under-
go martensitic transformations and show a large

elastic anisotropy near the I, temperature. It
has been noted especially that Cyy Cy2 0 as T
-M, for P-Au-Cu-Zn alloys. ' Since not all of
these alloys are based on transition elements
and none exhibits the P-tungsten structure, the
universal importance of the Jahn- Teller interpre-
tation can be questioned. However, certain com-
mon characteristics apply to the previous alloys:
All undergo structural phase transitions without
compositional change, and as the transformation
proceeds, the product phase is "connected" to
the parent in a highly coherent manner, typical
of thermoelastic martensitic transformations.
Since Cu-Zn, ' Ag-Cd, ' Ni- Ti, ' Fe-pt, ' Cu-Au, "
Fe-Ni, " and other alloys have the same common
characteristics, lattice instabilities in these cas-
es might also be expected.

The direct observation of lattice instabilities
can be made by studying the in situ transforma-
tion process and kinetics with a controllable heat-
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ing and cooling electron microscope stage and
provisions for cine film recording. " In addition
to this, an electron multiplier has been employed
to detect the lattice instabilities. The multiplier
was mounted directly below a 0.020-in. hole
drilled through the fluorescent screen of the elec-
tron microscope. The typical current flux through
this aperture and into the multiplier was about
10 "A. The multiplier output showed the lattice
instabilities to be presented in a dynamic fluctuat-
ing manner. At a magnification of 20000 to 50000
times, the lattice oscillations were observed on
the screen by the unaided eye, indicating at least
that a part of the spectrum is very low frequency
in nature.

Epitaxially grown (001) CuAu films prepared
by rf sputtering were used as a typical example
to describe the instability phenomenon. Although,

formally, the fcc to CuAu II transition is an or-
der-disorder transformation, it is considered to
be martensitic in nature. "" In addition to mar-
tensitic crystallographic features, there is no
composition change during this transformation.

Above the critical temperature, T, =410'C, the
in situ electron microscope observations showed

that the observed fluctuations were highly orienta-
tion (Bragg contrast) dependent. When in strong
contrast, the fluctuating image invariably ap-
peared as a domainlike network on the order of
100 A in size. The domains go in and out of con-
trast relative to each other in a dynamic manner.
Within a given area of observation, the fluctua-
tions detected by the electron multiplier were re-
corded on an osc'. &loscope screen as shown in
Figs. 1(a) and l(b). The overall image appears
to shimmer like a streaming flow of water as
shown in Fig. 1(c).

The lattice fluctuations were found to start
about 50-60'C above T„andthe severity (ob-
servability) was increased as T, was approached.
Above T„the effect was time independent and

the fluctuations did not die off. %hen the temper-
ature was reduced from T & T, to slightly below

T„the fluctuations were initially detected, and

a gridlike microstructure developed from the
streaming pattern as shown in Fig. 2(a). The
rectangular symmetry of the gridlike structure
was in perfect correspondence with the (100) di-

h

FIG. 1. (a} Background noise from 100-kev electron
beam and electron multiplier. (b) Fluctuations in elec-
tron multiplier signal which correspond to pretransfor-
mation phenomena. The electron current input is the
same as for (a) and the horizontal scale is 0.2 sec/cm.
(e) Electron micrograph showing streaminglike lattice
oscillations in CuAu alloy during pretransformation
period.

FIG. 2. (a) Transmission electron micrograph of
CuAu thin film taken just before incipient transforma-
tion at 385'C (fcc—CuAu II) showing the appearance of
gridlike domain structure. (b) Diffraction pattern of
CuAu film taken at 600'C showing sharp maxima.
(c) Diffraction pattern of CuAu film taken at 885'C be-
fore transformation showing diffuse intensity and broad-
ening of maxima caused by lattice oscillations. {d) Dif-
fraction pattern of transformed CuAu thin film taken at
885 C showing sharp diffraction maxima.
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rections of prominent streaming. After the ini-
tial lattice instabilities, large-scale nucleation
and growth of the new phase occurred. The above
phenomena were completely reproducible upon
heating and cooling a given specimen. As a check
against artifacts, similar observations were re-
peated using "dummy" (nontransforming) materi-
als such as pure copper and nickel, in which cas-
es the lattice oscillations were not observed.

Electron diffraction patterns also correspond
with the fluctuations observed in the bright-field
images. When the temperature was well above
T, the diffraction spots were very sharp. Howev-
er, upon approaching T, and at temperatures
slightly below, the spots became highly broad-
ened and showed diffuse intensities before the
actual transformation began. The spots became
sharp again after the transformation was com-
pleted. The highly diffuse and broadened reflec-
tions are taken to be additional evidence for the
fluctuations as a consequence of the lattice insta-
bility. A typical sequence of diffraction spots is
shown in Figs. 2(b)-2(d).

Since the atoms in a solid are not completely
independent of their neighbors, lattice instabil-
ities as observed in the present case are con-
sidered to be a result of a cooperative, coupled
effect. Consequently, entire, localized lattice
regions will produce a dynamical relaxation of
the Bragg condition in a given small region of
the specimen. This will result in significant in-
elastic (diffuse) scattering. Further, the diffrac-
tion contrast as seen in the electron microscope
will fluctuate from place to place because of the
dynamical Bragg relaxation.

It should also be pointed out that experiments
on Fe-Ni' and Ag-Cd alloys, " for example, also
showed pretransformation lattice oscillations,
and at low temperatures where thermal activa-
tion is not significant. In this regard, we con-
side a hypothetical cubic-tetragonal phase tran-
sitio. i in which no composition change is involved.
For i.xample, a cubic unit cell is phenomenologi-
cally distorted into a corresponding tetragonal
cell as shown in Fig. 3(a). The lattice potential
curves for both phases are shown as a function
of temperature in Fig. 3(b). At the temperature
T„where the potentials of an atom at D and D'
are the same, two minima exist, which corre-
spond to the equilibrium positions of atoms in
the cubic and tetragonal unit cells [Figs. 3(a) and
3(b)]." In general, the distance between neigh-
boring minima will be on the order of 0.1 A. For
this separation, the uncertainty principle indi-

A- o..
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FIG. B. (a) Schematic representation of hypothetical,
two-dimensional cubic-tetragonal diffusionless phase
transition. (b) Schematic representation of lattice po-
tential V(X) viewed by each atom in the crystal versus
atomic position X [as in (a) j at different temperatures.
(c) Large-scale long-standing-wave model depicting
two-dimensional lattice instabilities. Note the alterna-
tion of tetragonality.

At T =T„the potential minima are equal, and
furthermore if the double potential wall is as-
sumed symmetrical (at T,), Eq. (1) becomes

cotR =~ -', exp(-P)

and the energy separation of the two states is

~ = (R(u/v) exp(- P) .

(2)

(3)

The time required for a transition between the
parent and martensitic positions, for a single

cates an energy uncertainty of about 0.005 eV rel-
ative to a typical activation barrier on the order
of 0.1 eV.

The previous conditions being considered as
representative, the %KB approximation was used
to determine the parent-to-product transition
time for a single atom at T assuming that a giv-
en atom is situated in a double-wall potential.
Accordingly, the eigenenergy states are given by
solution of the following equation:

cotR, cotR, = exp(- 2P),

where
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atom, is then

aT - (w/~) exp(P). (4)

If a cosine function is used to a,pproximate the en-
ergy barrier of width 1. and height Q, Eq. (4) can
be further simplified to

nT = (v/(u) exp[(4L, /h) (2m Q)"']. (5)

With reference to Eci. (5), taking ~ = 6 x 10"/sec,
2 =0.1 A, m = 50 amu, and @=0.1 eV, AT is found

to be -10 "sec. Such a very short single-atom
transition time serves to emphasize that a large
transition probability exists for realistic values
of the displacement distance and energy barrier
height. Thus, quantum mechanical aspects of
the problem become important when considering
the oscillation of atoms between two lattices,
particularly at low temperatures where thermal
activation is not significant. %ith reference to
Eq. (3), the energy uncertainty is -10 ' eV.
Thus, since the lattice atoms have a high transi-
tion probability for the hypothetical case present-
ed, it is reasonable to regard the observed pre-
transformation effects as a natural consequence
of a cooperative long-wave motion, as shown
schematically in Fig. 3(c). It should be noted
that the transition time for a single atom repre-
sents the upper limit for the formation of the new
"phase" in the metastable, fluctuating parent.
Values are expected to be lower for cooperative
oscillations involving a number of atoms.

The long-wave model transforms cubic cells
into tetragonal cells from one local region to an-
other. However, since volume must be conserved,
at least approximately, in order to minimize the
accumulation of strain energy, it is envisioned
that the sense of the tetragonality should oscillate
periodically along (100}directions. Such an ar-
rangement mould lead naturally to a standing-
wave pattern as shown in Fig. 3(c). The trans-
mission electron microscope image taken imme-
diately before transformation [Fig. 2(a)] shows a
gridlike periodicity whose crystallography paral-

leis the proposed model, and therefore provides
good experimental justification.

In conclusion, we have presented direct evi-
dence for pretransformation lattice instabilities
which take the form of lattice fluctuations of a
long-standing-wave nature. Although not explicit-
ly observed, high-frequency lattice oscillations
may also exist. However, at the present stage,
noise from the electron microscope gun and the
electron multiplier operating within the electron
microscope under poor vacuum (10 ' Torr) pre-
clude the detection of higher frequencies.
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~ A crystallographically equivalent distortion with ex-
pansion axis at 90' from that shown has been ignored
for simplicity. This w'ould result in an additional poten-
tial well to the left of D in Fig. 3(b) which would affect
the transition. time, but not by an order of magnitude.

li88






