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Disuse-neutron-scattering investigation of the low-temperature phases of sodium
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The low-temperature phase of sodium is investigated by diffuse-neutron-scattering techniques. In con-
trast to previous results for lithium no disordered close-packed polytype stacking sequences were ob-
served. The results show the presence of two long-range-ordered, but faulted hcp and 9R structures.
The temperature behavior indicates a higher stability of cubic stacking faults at lower temperatures.

I. INTRODUCTION

Many bcc metals undergo martensitic phase transfor-
mations to close-packed structures at low temperatures
(for a review of recent experimental and theoretical inves-
tigations see Ref. l). Martensitic transformations are
generally discontinuous and therefore necessitate the nu-
cleation of new phase particles. The formation of mar-
tensitic nuclei engenders coherency stresses within the
parent matrix. Consequently, the thermodynamics of the
system is not only governed by the chemical free energy
but also by the elastic strain energy originating from the
lattice misfit between the two phases. Generally, the
transformation requires a certain amount of undercooling
and spreads over a wide temperature range where the two
phases coexist. The low-temperature phases observed are
often characterized by the frequent occurrence of stack-
ing faults within the sequence of close-packed planes.
The formation of these faults is generally attributed to
the influence of elastic constraints imposed by the ma-
trix. The faults may be periodic leading to long-period
polytype structures or distributed at random giving rise
to peak broadening and shifts. Any structural investiga-
tion is complicated by these effects so that the actual
structures of martensite phases are not always well
known. Thus, only recently the low-temperature phase
of a NiA1 alloy was confirmed to consist of two monoclin-
ic lattices of a seven-layered polytype structure.

The alkali metals Li and Na show a martensitic trans-
formation near 78 and 32 K, respectively. The low-

temperature phase of both metals was initially classified

by Barrett as a faulted hcp structure coexisting with a
considerable amount of the untransformed bcc matrix.
Since this assumption did not permit a fit of later neutron
powder spectra of Li, Overhauser proposed the 9R struc-
ture, i.e., a nine-layered hexagonal polytype for the low-

temperature phase. Subsequent neutron-diffraction inves-

tigations on Li powder ' and single crystals seemed to
confirm this hypothesis.

A recent investigation' of Li single crystals by diffuse-
neutron-scattering techniques, however, revealed a con-

siderable amount of elastic diffuse scattering in addition
to sharp 9R reflections at temperatures below 80 K as
well as a perfect fcc phase at temperatures around 120 K.
The diffuse scattering gives evidence of short-range corre-
lated polytype structures indicating a nearly complete de-
generacy of the hexagonal (H) and the cubic (K) ordering
tendencies in the stacking sequence of close-packed
planes at low temperatures. The formation of the 9R
structure was explained by competing interactions of the
different ordering tendencies in a narrow temperature
range.

Although Na is often regarded to be equivalent to Li,
recent neutron-diffraction studies of the low-temperature
phase indicate a different behavior. So a powder
diffraction investigation suggested the presence of a 9R
structure as majority phase coexisting with a smaller
amount of hcp. Both 9R and hcp peaks were reported to
be broadened and shifted from their ideal positions, indi-
cating a high stacking-fault density. Moreover, a de-
crease of M, (i.e., the temperature where the martensitic
transformation sets in) was observed for Na upon apply-
ing hydrostatic pressure up to several kbar, "whereas an
increase of M, was found in Li. ' In a previous report,
precursor phenomena of the phase transformation in
sodium were investigated by diffuse-neutron-scattering
techniques. ' In the present communication we present a
study of the low-temperature phase undertaken by the
same method. In sodium the diffuse scattering experi-
ment reveals essentially long-range-ordered close-packed
structures and, in contrast to lithium, no short-range-
ordered polytype sequences can be observed. In addition
to earlier diffraction works that already described the
coexistence of hcp and 9R close-packed structures, we

present experimental evidence of a change in the stability
of the stacking sequences with temperature. At higher
temperatures the H-type stacking seems to be the more
favorable configuration, whereas at lower temperatures
the stability and consequently also the density of the E-
type stacking sequences are increased. The stability re-
gions of the different structural states are deduced from
their response to temperature changes.
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II. EXPERIMENT

The experiments were performed on the triple-axis
spectrometer VALSE located at a cold neutron guide po-
sition of the Labor atoire Leon Brillouin in Saclay,
France. Pyrolytic graphite crystals were used both as
monochromator and analyzer. A graphite filter was put
into the incident beam in order to eliminate second-order
contaminations. The measurements were done with a

0
neutron wavelength of 2.36 A using collimations of about
30 min.

Two cylindrical single crystals of Na with the [001]
axis parallel to the cylinder axis were investigated. The
size of the crystals was a few cubic centimeters, respec-
tively, and the mosaic spread about 20 min. The samples
were mounted under argon atmosphere in aluminum con-
tainers with a small spring preventing accidental rota-
tions. Since sodium has a larger thermal expansion than
aluminum, no additional stress should be produced upon
cooling. The container was fixed on the cold finger of a
closed-cycle cryostat. Measurements were undertaken in
a (hkO) reciprocal lattice plane of the bcc lattice which
approximately became a (hO. l) reciprocal lattice plane of
the martensite phase (the indices of the martensite phase
refer to a hexagonal unit cell of nine atoms with lattice
parameters a =3.73 A, c =27. 5 A). Upon cooling, parts
of the virgin crystals transformed to the low-temperature
phase at around 30 K. The transformation was accom-
panied by a sudden increase of the mosaicity by a factor
of about 2 engendering also an increase of the integral in-
tensity of the bcc reflections by the same factor due to re-
duced secondary extinction. From the relative intensity
decrease of small-q phonons it was concluded that about
10—20%%uo of the original bcc crystals had transformed to
the low-temperature phase.

As in Li, four reflections with a q-value corresponding
to the spacing between close-packed planes [i.e.,
(00.9)—R] were observed around every (110) bcc Bragg
peak.

III. STRUCTURE OF THE I.OVV-TEMPERATURE
PHASE

At 30 K, scans along [h0.1],h =1,2 reciprocal lattice
lines of one selected variant of the first crystal exhibited
the following features: Strong peaks were found in the vi-
cinity of lattice points were 9R reflections are expected,
i.e., at l =3n+1. Additional weaker peaks' were found
near 1=+0, +4.5, +9.0, etc. corresponding to the (10.0),
(10.1), (10.2), and equivalent hcp lattice points (see Fig.
1) The shi. fts of the 9R peaks from their ideal positions
were in qualitative agreement with the powder diffraction
data from Berliner. Their half widths (FWHM's) along
[10.1] corrected for sample mosaicity and resolution were
in most cases only slightly larger than the experimental
resolution varying between 0.17 and 0.36 in units of l and
comparing well with Ref. 8. Some peaks, however, exhib-
ited a larger broadening: the (10,2), (10.7), and their
second-order reflections, which could not be observed in
the quoted powder investigation, had widths of about 0.7
in units of I, the (10.1) and (20. 1) reflections about 0.51.
The hcp intensities were found to be shifted toward

neighboring 9R reflections [see Fig. 2(a)]. Both shifts and
widths are larger than those of the average 9R peaks.
The intensity profiles of both peak variants show a
Lorentzian contribution being comparable to be deconvo-
luted Gaussian width. Comparing the integrated intensi-
ties of peaks belonging to the two structures and taking
account of the different structure factors, one can deduce
a ratio of 1:3between the hcp and 9R volume fractions.

In addition to the localized intensities an underlying
diffuse intensity ridge was observed. This ridge is well
centered on the [10.1] and [20.1] lines and extends out
along the whole accessible portion of [h 0.1].

With decreasing temperature (10 K) both 9R and hcp
intensities grew roughly by a factor of 2 stronger, but no
change of the relative volume fractions was noticeable.
The experiment on the first crystal shows that the low-
temperature structural state can be described by the
coexistence of two close-packed polytype structures,
namely, hcp and 9R, within a bcc matrix. Since the peak
widths of both variants are rather small, the correspond-
ing stacking sequences are long-range correlated extend-
ing over about 1000 A within the crystal.

Upon heating from 10 K the reverse transformation set
in at about 30 K, where the 9R intensities started to di-
minish. During further heating a reduction of the hcp in-
tensities was also noticed, but only above 4S K. At 45 K
the 9R peaks had already lost 50% of their original inten-
sities (see Fig. 3). The intensity of the streak decreased in
accordance with the temperature behavior of the 9R
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FIG. 1. Schematic representation of peaks found in the 9R
reciprocal lattice at 30 K. (~) 9R positions, (0) hcp positions
[(00.9)—9R =(00.2) —hcp]. The dashed line indicates the
diffuse intensity ridge. There are no traces of 9R twin
reflections with one variant.
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peaks. At 80 K no traces of reflections of the low-
temperature phase were left and the original bcc crystal
was recovered, yet with a larger mosaicity of 60 .

During a second cooling cycle the sample was cooled
stepwise from 100 to 10 K. In contrast to the first cool-
ing cycle, the intensities of the 9R peaks were stronger
than those of the hcp peaks by a factor of about 10. This
time the 9R peaks lay nearly at their ideal positions and
had almost resolution limited —although Lorentzian-
widths. The intensities of both 9R peaks and streak were
by a factor of 1.3 smaller with regard to the first transfor-
mation. Upon heating the 9R peaks moved slightly away
in direction to neighboring hcp positions [see Fig. 2(b)].
The hysteresis was much smaller in comparison to the
first cooling cycle, the main reflections having nearly van-
ished at 50 K.
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FIG. 2. Intensity distributions along segments of the [10.l]
9R reciprocal lat tice line upon heating from the low-

temperature phase. The lines are fits to the data points employ-

ing a convolution of Lorentzian and Gaussian line profiles. Two
component fits were used for {a) and (c), one component for {b).
The dotted lines give the background as obtained at 50 K from

regions adjacent to the [10.1] ridge. (a) First crystal upon heat-

ing from 10 to 60 K. (b} First crystal within a second tempera-
ture cycle —the 9R intensity is much enhanced, almost no hcp
component is discernible. (c) Second crystal —initially nearly

equal 9R and hcp intensities are observed.

FIG. 3. Temperature dependence of the relative 9R and hcp
volume fractions. Open symbols, No. 1 crystal: (0) 9R, (Cl)

hcp in first cycle; (6 ) 9R in second cycle. Close symbols, No. 2

crystal: (~ ) 9R, ( ~ ) hcp. The lines are guides to the eye.

Upon further slow heating, the crystal did not disin-
tegrate into several grains as reported in Ref. 14 and also
found in Li, ' but developed a macroscopic twin twisted
by 30 in relation to the original variant. During a third
cooling cycle from room temperature at 10 K no trans-
formation at all could be noticed.

The experiment with the second crystal gave slightly
different results, when it was directly cooled down to 10
K for a first time [see Fig. 2(c)]. Somewhat sharper 9R
reflections were accompanied by hcp peaks of nearly
equal intensities together with a streak along [10.1] (in

contrast to the first crystal, where the 9R intensities were
much stronger).

Upon heating, the crystal showed a larger hysteresis,
the decrease of the 9R intensities setting in only at 50 K.
Upon further heating, the 9R intensities decreased more
rapidly than the hcp peaks and shifted even farther away
from their commensurate I values. The hcp peaks, on the
other hand, shifted toward their ideal positions and nar-
rowed slightly. At 9S K the hcp intensities were reduced

by a factor of 10 with regard to their original intensities,
the 9R peaks by a factor of 30. Upon a subsequent cool-
ing to 10 K, no substantial changes of the intensity pat-
tern took place, i.e., no further transformation occurred.
Also, a further cycling to 110 K and cooling to 10 K did
not initiate any further transformation.

It should be emphasized that in the whole temperature
range no traces of a fcc structure were found nor were
there any indications in the diffuse scattering along the
[10.I] line of the presence of other polytype structures
even as short-range correlated stacking sequences.

Furthermore, it should be noticed that within one
orientational variant, i.e., one selected [10.1] line, no 9R
twin reflections could be found. The diffuse intensity
ridge along the [10.1] line showed no modulation and

consequently no extra intensity at the 9R twin positions.
It follows that within one variant no twins are present
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neither as long-range-ordered structure nor even as
short-range correlated stacking sequences. This complete
absence of twinning within one variant was also observed
in lithium and therefore seems to be a common feature of
the martensitic phase transformation in both Li and Na
metals.

IV. DISCUSSION

The present experiment shows that the low-

ternperature structure of Na consists of both 9R and hcp
long-range-ordered stacking sequences whose relative
volume fractions depend on temperature and specimen
characteristics. The presence of a diffuse intensity ridge
extending over the whole [10.1] axis without any modula-
tion can be attributed to a planar defect structure, i.e.,
uncorrelated stacking faults statistically introduced into
the ordered sequence of close-packed planes. The intensi-

ty of the ridge shows a temperature dependence similar
to the 9R Bragg reflections. It follows that most of the
stacking faults are within the 9R structure.

The present experiment on Na reveals structural
features unlike those previously found in Li. In Li short-
range-ordered and even disordered polytype sequences
characterize the structural state at low temperatures, in-

dicating the near degeneracy of H and E stacking se-

quences. The present investigations in Na, however,
show that in all cases essentially long-range-ordered poly-
type structures are formed. The lack of short-range or-
der indicates that in contrast to Li the ordered stacking
sequences associated with hcp and 9R (EHH in the
Jagodzinski notation' ) are clearly less degenerate in Na.

Furthermore, the shifts and Lorentzian line shapes of
Bragg reflections along [10.l] give additional evidence of
the presence of stacking faults on close-packed planes as
discussed in Refs. 7 and 8. The shifts of 9R peaks to-
wards neighboring hcp positions indicate the presence of
H faults, i.e., faults increasing the density of H-type
planes. ' This qualitative argument corresponds to the
results obtained by Monte Carlo simulations of stacking
faults in polycrystalline Na, where the principal fault
was concluded to consist of two supplementary H planes.

On the other hand, the absence of 9R twin intensities
indicates that no twin faults are present. It can be con-
cluded that in each 9R variant one arrangement of EHH
planes, e.g., cyclic ABCBCACAB sequences, is prepon-
derant' and anticyclic BA CACBCB A sequences do not
occur. The absence of twin faults therefore indicates that
during the martensitic transformation the symmetry be-
tween cyclic and anticyclic stacking sequences is broken.

The reason for this broken symmetry may be found in
the martensitic transformation where a long-wavelength
[110][110]shear mode is present since early stages of nu-
cleation. As found in all recent investigations, ' ' ' the
[00.1] axis of the close-packed structure is not aligned
with the [110] bcc direction but the nuclei of the low-
temperature phase are always tilted off the bcc [110]
direction by a few degrees. This misalignment is related
to the larger interplanar spacing of the close-packed
planes with regard to the lattice spacing of (110) bcc
planes and is favored by elastic energy considerations,
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FIG. 4. Schematic representation of phases observed in Na
as a function of temperature, (a) during cooling, (b) during heat-
ing. The phase boundaries (indicated by hatched areas) are
smeared out due to hysteresis effects and depend on the thermal
history of the specimens. The quoted phases are the majority
phases in the specified temperature region.

i.e., the lattice strain along the [110]bcc direction neces-
sary for the adjustment of the lattice parameter can be
minimized by a tilt of the stacking direction. This tilt
corresponds to a long-wavelength [110][110]shear de-
formation inherently soft in bcc systems.

The [110][110]shear induces "in-phase" displace-
ments of adjacent (110)-bcc planes giving way to one type
of stacking sequences (e.g. , cyclic ABC. . .) and conse-
quently to one untwinned 9R variant (see Ref. 19), while
a twin formation needs either a shear of shorter wave-
length or no shear at all. A further indication of an
influence of this symmetry breaking q =0 shear on the
stacking sequence can be found within the faulted hcp
phase. The stacking faults within a hcp lattice responsi-
ble for peak broadening and shifts are necessarily I(

faults. It is, however, well established' that a random
distribution of stacking faults within a hcp structure does
not lead to peak shifts but only to peak broadening. One
therefore has to assume that the two types of K faults,
i.e., cyclic and anticyclic faults, do not occur at the same
rate but that one type of fault has a higher probability.
This preference for one stacking cycle of close-packed
planes may likewise be attributed to the action of the

q =0 shear mode during the transformation leading to
the same type of I( stacking faults as those present as K
planes in the corresponding untwinned 9R lattice. The
other type of fault would, indeed, induce shifts opposite
to those observed in this experiment.

Furthermore, upon cooling from 30 to 10 K the
volume fractions of both martensite structures increase
by the same amount. At the same time no additional
peaks shifts nor any changes in the peak widths can be
observed. In contrast, upon heating, the two phases
behave differently: In all cases the reverse transformation
of 9R sets in before that of hcp, thus leading to a hcp ma-
jority phase above 50 K. 9R and hcp do, however, coex-
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ist, until they vanish completely. Although this shows
that there is no distinct phase boundary, as is the case be-
tween the low-temperature polytype structure and fcc in
Li, the hcp structure seems to be more stable at tempera-
tures above 30 K. This is further corroborated by the
fact that the hcp peaks shift to their commensurate posi-
tions, whereas the 9R peaks move even farther away from
theirs. It can be concluded that regions of both rnarten-
site phases containing K stacking faults are the first to re-
vert back to bcc, thus reflecting the higher stability of
"pure" hcp in this temperature range.

Besides this an almost perfect 9R structure was ob-
served within a second cooling cycle, where nearly no
hcp phase was present. This result indicates that at low
temperatures hcp can be reduced by an appropriate tem-
perature cycling and hence is metastable with regard to
9R. The small hysteresis of this structural state further
reflects the reduced 9R stability at higher temperatures.

The low-temperature phase diagram therefore looks

different from that of Li: in contrast to Li, the H stacking
sequence seems to be the more stable configuration at
higher temperatures, whereas the stability of the K-type
stacking is increased at lower temperatures (see Fig. 4).
The stacking sequences of both hcp and 9R are composed
mainly of H-type planes. In hcp additional K stacking
faults are statistically introduced, whereas 9R contains a
higher quantity of periodically inserted K planes.

It follows that at higher temperatures and lower "K
concentration" these faults are more diluted and hence
occur at random within the hcp sequence. At lower tem-
peratures and higher K-stacking density an ordered ar-
rangement of K faults is favorable, leading to a periodic
H-K sequence and therefore to the 9R structure.
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