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Pretransitional phenomena connected with the bec-hcp martensitic transformation in Na have
been observed by neutron scattering techniques. In the bcc phase a softening of the low-lying
transverse-acoustic [110] phonons polarized along [110] is found when the transition temperature is
approached. Moreover, a g-independent diffuse scattering showing a marked hysteresis effect is ob-
served. Finally, the microscopic Grlineisen parameters of the transverse-acoustic phonons in the
[110] direction polarized along [110] have been determined at room temperature, yielding only small
positive values near the zone boundary—in disagreement with present theories.

I. INTRODUCTION

Sodium undergoes a martensitic phase transition from
the high-temperature bcc phase to a hcep structure near
36 K originally discovered in polycrystalline material by
Barrett.! He found the transition to occur only partially,
i.e., only an amount of a few percent of the crystal was
transformed whereas cold working could increase the pro-
portion of the transformation product. Moreover, the
transition is characterized by a hysteresis showing the re-
verse transformation near 90 K.

Based on geometrical arguments the bce-hep transfor-
mation has been related phenomenologically to a deforma-
tion of the bcc unit cell corresponding to a long-
wavelength shear on (112) bee planes in a [111] direction
followed by a short-wavelength (110) [110] shear
(Burgers, Ref. 2). First neutron scattering investigations
by Dolling et al.> were undertaken to elucidate the
cooperative atomic shear displacements leading to the hcp
structure. These investigations were guided by the search
for soft-mode-like instabilities but revealed only small
temperature effects regarding the phonon frequencies. A
similarly negative result concerning phonon frequency
anomalies in Na was obtained in a more recent experiment
by Stedman* who investigated the low-lying branch in the
[112] direction and especially the phonons near %k[m]
polarized along [111]. There, in fact, the phonon disper-
sion curve of bcc metals has a minimum which was relat-
ed within a different context to an instability leading in
bee Zr-based alloys to the martensitic o phase.’

On the other hand, rather early Zener® pointed out the
small resistance to a (110) [110] shear characteristic of
bee lattices containing ions with closed electronic shells
which leads to a strong macroscopic anisotropy. This in-
trinsic property of especially the alkali metals is also re-
flected by the phonon dispersion curves, the lowest branch
of which is TA;[110].” Furthermore, a rather simple rela-
tion between the bcec and hep structures can be obtained
by considering the stacking sequence of “topologically”
similar atomic planes in the two structures. The (110) bee
and the (002) hcp plane both show a rectangular atomic
configuration with one atom at the center and the atomic
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distances in these planes differ by only a few percent.
Geometrically, a stacking sequence of the hcp type can be
achieved by a translation of every second (110) plane by a
%k[ﬁ()] vector (Fig. 1). If in a first step by a local glide of
(110) bee planes in some regions of the bcc matrix a hep
stacking sequence develops, then the formation of a hcp
nucleus needs only an accommodation to the hcp struc-
ture by an adjustment of the atomic distances by a few
percent. Such a relaxation of the local structure charac-
terized by a hcp stacking sequence to the equilibrium hcp
lattice of the low-temperature phase should easily occur
when the amount of the intermediate structure becomes
sufficiently large to overcome energetically the distortion
and the surface tension connected with the formation of a
hcp nucleus in the bee matrix.

The proposed mechanism for the bee-hep transition in
Na describing the nucleation of the hcp structure as a se-
quence of steps is similar to that generally discussed by
Olson and Cohen® for martensitic nucleation by faulting
on close-packed (002) planes. In addition, a similar mech-
anism based on the formation of stacking faults on close-
packed (002) planes recently could be proposed for the
pressure-induced NaCl-CsCl transformation in RbI (Ref.
9) likewise showing low-lying transverse-acoustic phonon
branches which exhibit a further softening under pressure.
The mechanism in RbI has also been found in a recent
molecular-dynamics study.!”

In the present paper we report neutron scattering imea-
surements on pretransitional phenomena for the bce-hep
transformation in Na. The experiment was focused in the
first place on the temperature behavior of the phonon fre-
quencies in the low-lying TA[110] branch when the tran-
sition is approached. Neither of the above-mentioned ex-
periments by Dolling et al.? and Stedman* has dealt with
this branch except for the TA[110] zone boundary pho-
non at the N point. This phonon actually was already in-
vestigated by Dolling et al., yet, due to the restricted ac-
curacy of his experiment guided by the search for a soft-
mode behavior, no significant results were obtained.

Furthermore, in the present investigation, pressure-
induced phonon frequency shifts were determined at room
temperature in order to obtain more insight into a possible
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FIG. 1. Schematic illustration of the transformation mechanism. Closed and open circles denote atoms in two consecutive planes.
(a) The “topologically” similar (110) bec and (002) hep planes exhibiting different stacking sequences in the two structures. (b) The
TA,[110] zone-boundary phonon in a (001) bee plane. The phonon propagates in the [110] direction and the phase difference between
adjacent (110) planes is 180°. (c) A stacking fault with hcp stacking sequence. The solid lines indicate (110) planes.

intrinsic lattice instability connected with the TA;[110]
branch. Finally, the diffuse scattering was investigated
with the aim to find some evidence of the occurrence of
the expected intermediate defect structure in the vicinity
of the transformation.

II. EXPERIMENTAL

The neutron scattering measurements were done on the
conventional triple-axis spectrometer Valse located at the
4.3-G cold neutron guide position of the Orphée reactor at
Saclay. Pyrolytic graphite was used both as monochro-

mator and as analyzer. The experiment was done at a
constant incident neutron wavelength A=245 A. A
cylindrical Na single crystal (diameter 1 cm, height 1 cm)
was mounted in a closed-cycle cryostat after etching the
surface with dilute methanol. The mosaic width of the
sample was approximately 60’. Bragg peaks, diffuse
scattering, and phonon-frequency changes were investigat-
ed down to 14 K and several cycles through the transition
temperature 36 K were performed. During the whole ex-
periment no measureable changes in the mosaic width and
the Bragg intensities were observed when passing through
36 K indicating that only a small amount of the crystal
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had transformed ( <1%).

The pressure-induced phonon-frequency shifts were
determined at room temperature using an autofrettaged
high-pressure cell described elsewhere.!! The pressure ap-
plied was about 4 kbar. A perfluorated cyclic ether
(C3F160) was used as the pressure transmitting liquid.

III. RESULTS
A. Phonon frequencies versus temperature

The temperature behavior of the entire TA[110]
branch was investigated from 230 to 14 K (Fig. 2). At
small g the phonons show a frequency increase with de-
creasing temperature as expected, the contribution of
anharmonic effects to the phonon frequencies generally
being strongly reduced at lower temperatures. However,
near the zone boundary the phonons exhibit a softening
with decreasing temperature by about 4% between 230
and 40 K [Fig. 2(a)]. For comparison some phonons in
other branches were measured characterized by a normal
frequency increase at low temperatures [Fig. 2(b)].

B. Mode-Griineisen parameters

The phonon frequencies of the TA;[110] branch were
measured by constant-q scans at O and 4 kbar, respective-
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FIG. 2. Relative phonon-frequency shifts Aw /e versus tem-
perature. One scale unit of the ordinate means 1%. As point of
reference for the calculation of the phonon-frequency shifts ar-
bitrarily, the phonon frequency at 150 K was chosen corre-
sponding respectively to O on the ordinate. The lines have been
drawn to guide the eye. (a) shows the frequency change with
temperature for the TA,[110] phonons investigated. For com-
parison, (b) shows results obtained for some phonons belonging
to other branches as indicated in the drawing, respectively.
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FIG. 3. Mode-Griineisen parameters of the TA[110] phonon
branch. The error bars correspond to one standard deviation.

ly. The phonon-frequency changes were evaluated essen-
tially along the same lines as described in detail in Ref.
12. They were used to calculate the microscopic
Griineisen parameters

d Inw(d,j)

vdp=— =y

’

T

where V denotes the volume of the sample and o is the
eigenfrequency of a mode with the wave vector  and the
branch index j. The relative volume change AV /V was
obtained from lattice-parameter measurements yielding
AV/V =—6% at 4 kbar in accordance with previously
published data. The results are depicted in Fig. 3 and
show ¥ to decrease near the zone boundary.

C. Diffuse scattering

The diffuse scattering was investigated in the whole
temperature range between 230 and 14 K by scans over a
wide region of the reciprocal space. Even after an exten-
sive search no localized diffuse intensity effects could be
observed. The bce Bragg intensities and the scattering in
the vicinity of the Bragg reflections did not show any
anomalous temperature dependence near 36 K even after
several temperature cycles. However, a temperature-
dependent diffuse scattering extending over the entire re-
gion of reciprocal space investigated was observed. The
intensity of this diffuse scattering, resembling the mono-
tonic Laue scattering of binary alloys, increases at low
temperatures, this increase steepening markedly near 36 K
(Fig. 4).
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FIG. 4. Temperature dependence of the diffuse scattering ob-
served at low temperatures.
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IV. DISCUSSION

The present experiment on pretransitional phenomena
related to the bee-hep transformation in Na has revealed
the following results.

(a) An anomalous softening of the TA;[110] branch
near the zone boundary on cooling indicating a softening
of the harmonic potential which favors a shear of two ad-
jacent (110) bee planes when the temperature is reduced.

(b) The presence of a temperature-dependent diffuse
scattering already above the transition temperature exhib-
iting a steep intensity increase near 36 K and a pro-
nounced hysteresis.

(c) Further, even at room temperature the mode-
Griineisen parameters of the TA[110] branch are charac-
terized by rather low positive values near the zone boun-
dary. At small g the measured mode-Griineisen disper-
sion agrees well with model calculations performed for a
series of alkali metals,'> but it disagrees with respect to
the phonons near the zone boundary where the calcula-
tions give y=1.5. In addition, the present experiment
yielding ¥=0.35+0.4 for the TA;[110] zone-boundary
phonon in Na contrasts with the corresponding experi-
mental result for potassium'* where the comparatively
large value ¥ =1.5 has been found as expected by theory.
It is difficult at present to comment on these discrepan-
cies. Among the few papers dealing with the subject only
an empirical model by Barron and Gibbons!® predicts low
microscopic Griineisen parameters for the TA;[110]
branch in bce metals. Their result reflects mainly the fact
that bce lattices become inherently unstable if they are
treated within the framework of a lattice-dynamical
model in which interactions are restricted to central forces
between nearest neighbors. This kind of instability is,
however, not related to a single wave vector but applies
equally to the entire TA[110] branch and was already
mentioned by Zener® (for a detailed discussion cf. Leib-
fried, Ref. 16).

Yet, the measured small value of the mode-Griineisen

parameter near the zone boundary is qualitatively in
agreement with the phonon softening observed at low
temperatures, both findings providing evidence of the in-
trinsic softness of the bee sodium lattice if it is subjected
to a short-wavelength shear of the TA;[110] type. The
proposed transformation mechanism describing the onset
of the bcc-hep transition by a shear of adjacent (110)
planes is indeed favored by the zone-boundary phonon
behavior observed and may provide a possibility to over-
come the energy barrier between the bcc and hep struc-
tures by the formation of a defect structure consisting of
stacking faults on (110) bce planes.

The temperature-dependent diffuse scattering charac-
terized by a strong hysteresis may be ascribed to the for-
mation of the intermediate defect structure. The diffuse
intensity evenly distributed over the region of reciprocal
space investigated has some similarity with the Laue
scattering of uncorrelated atoms in random alloys. In bcc
Na this nearly g-independent scattering may arise from
point defects, that is, vacancies or interstitials and also
small agglomerates of interstitials created at low tempera-
tures especially near 36 K.

In view of the present investigation the bcc-hep
transformation in sodium may be visualized to occur via
the following steps. First, the microscopic anisotropy for
short-wavelength shear deformations is increased by the
softening of the TA;[110] phonons near the zone boun-
dary, which subsequently facilitates the formation of
hcp-type interstitials particularly near preexisting defects
of the bcec crystal. If enough interstitials have been
formed, the faulted region having acquired a hexagonal
stacking sequence finally can transform into an hcp nu-
cleus by the relaxation of the atomic distances toward a
fully developed hcp structure.
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