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The martensitic transformation in sodium metal has been studied using neutron-diffraction and
neutron-inelastic-scattering techniques. In two separate experiments the transformation was observed
on cooling near 32 K. Measurements of the diffuse scattering, diffraction linewidths, quasielastic scatter-
ing, and the temperature dependence of the 2,[h20] phonon energies above the transformation show no
evidence of transformation precursors. The sodium martensite appears as 24 rhombohedral variants,
four about each bce (110), with reflections from their basal planes at (1.018, 0.92, £0.06), (0.92, 1.018,
+0.06), and equivalent points. The layer stacking order of the variants is fixed by their relationship to
the host bcc material. The crystallography of the low-temperature phase is shown to be a complex mix-
ture of stacking-fault-affected rhombohedral polytypes of a particular ‘“almost-hexagonal” structure.
These form a ladder of structures connected, one to another, by stacking faults. As the martensite is
warmed and before the complete reversion to a bcc structure, the relative fraction of the different mar-
tensite phases changes. Near 55 K, the longest-period polytypes are the most stable.

I. INTRODUCTION

Sodium metal, cooled below about 35 K, abruptly
changes its crystal structure from the high-temperature
body-centered-cubic to a rhombohedral form. This
structural change was recognized as a martensitic trans-
formation in the low-temperature x-ray investigations of
Barrett.""? Similar transformations are observed in lithi-
um metal and in many other elements and alloy systems.>

Barrett and co-workers, using x-ray diffraction,
identified the low-temperature structure of sodium metal
as hexagonal-close-packed (hcp) in the absence of cold
work. The low-temperature structure of lithium metal
was also reported to be hcp. Later neutron-diffraction
experiments on polycrystalline lithium* were interpreted
as evidence that the low-temperature structure was actu-
ally the 9R rhombohedral stacking polytype.’ Detailed
evidence in support of the 9R structure for lithium was
obtained from further polycrystalline neutron-diffraction
experiments® and deviations from the exact 9R-stacking
diffraction patterns were shown to be the result of high
densities of stacking-fault defects.

Recent neutron-diffraction experiments on both lithi-
um and sodium metal have deepened our understanding
of the martensitic transformation in the alkali metals.
The single-crystal neutron-diffraction experiments by
Ernst et al.” and Smith® showed that the low-temperature
phase in lithium crystallized in a particular orientation
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with respect to the parent bcc phase: Peaks correspond-
ing to the diffraction from layers perpendicular to the
rhombohedral three-fold axis appear at (1.018, 0.92,
+0.06) and (0.92, 1.018, +0.06) in the bcc reciprocal
space. The new phase exists as 24 variants—four crystal-
lized close to each of the bee (110) directions. Smith® was
also able to show that the new phase exhibited 9R stack-
ing, but that the displacement of the 9R diffraction peaks
away from their ideal positions was different from the
predictions of the deformation fault model proposed by
Berliner and Werner.® Subsequent high-resolution poly-
crystalline  neutron-diffraction  experiments  have
confirmed the peak shift pattern observed by Smith in
lithium and obtained a similar result for sodium metal.’
Displacive structural transformations, such as the ones
observed in lithium and in sodium metal are the subject
of much current experimental and theoretical in-
terest.'!! For many of the systems characterized as
“weakly first order,” a more or less uniform model has
been proposed. This viewpoint is characterized by the
experimental results for the NiAl system.'? As the speci-
men is cooled, the parent 8 phase “prepares itsel”!! for
the structural transformation. In NiAl, the ,[#40] pho-
non branch energies are already low and soften further as
the specimen is cooled. Elastic diffuse scattering related
to the product phase and/or to defects in the parent
phase becomes more prominent as the specimen nears the
martensitic transformation temperature. These diffuse
scattering patterns are the result of fine-scale atomic dis-

14 436 ©1992 The American Physical Society



46 STRUCTURES OF SODIUM METAL

placements related to the (Bain) “shear plus shuffle”!?

that converts the bcc lattice to the new hexagonal stack-
ing polytype.

In the case of the alkali metals, this picture is contro-
versial. Blaschko and Krexner'* studied the diffuse
scattering, phonon-dispersion curve and product phase
crystallography for the martensitic transformation in
sodium metal. They found a few percent softening of the
3,[hh0] phonon branch in the region from 4 ~0.3 to the
zone boundary, where reciprocal lattice vectors are
defined in the usual manner: Q=2w(ha*+kb*+Iic*).
This was in comparison to a slight hardening for the
remainder of that branch and for the other phonon
branches. In addition, they observed a temperature-
dependent diffuse scattering above the martensitic trans-
formation temperature, which was attributed to the for-
mation of an intermediate defect structure. Similar
effects were observed by Ernst et al.” in lithium metal.
These results are contradicted by other workers, > 718
who did not observe the phonon anomalies or the pre-
transition diffuse scattering other than spin-dependent
diffuse scattering. Ultrasonic studies of the martensitic
phase transformation have also been made in lithium'®
and sodium.?’ No precursor effects in the ultrasonic at-
tenuation or ultrasonic velocity associated with the three
independent elastic constants were observed. However,
extremely large attenuation changes occur at the marten-
site start-temperature, M.

We report here the results of an extensive study of the
martensitic transformation in sodium metal. In Sec. II
we describe the crystal preparation and neutron-beam in-
struments used for this work. In addition, we present the
results of a search for transformation precursor phenom-
ena. We measured the diffuse scattering, mosaic widths,
quasielastic scattering, and phonon group energies of
sodium single crystals as a function of temperature above
and below M. On two occasions, with two different sodi-
um crystals, we examined the crystallography of the low-
temperature phase of sodium metal following the marten-
sitic transformation. These results are also presented in
Sec. II. An analysis of the structure of the sodium mar-
tensite is presented in Sec. III. It is shown to be a com-
plex mixture of rhombohedral polytypes that form a
ladder of structures related by specific stacking faults.
Finally, we have examined the thermal stability of the
different sodium martensite polytypes as a function of
temperature both above and below the martensitic trans-
formation temperature.

II. EXPERIMENT

A. Specimens and neutron spectrometer descriptions

Neutron-diffraction and neutron-scattering investiga-
tions were carried out using the BT-9 triple-axis spec-
trometer at the National Institute of Standards and Tech-
nology (NIST) and the 3XE triple-axis spectrometer at
the University of Missouri Research Reactor (MURR).
At NIST, the BT-9 spectrometer used a pyrolytic graph-
ite monochromator, analyzer, and filter, a wavelength of
2.46 A, and collimations of 40’-25'-25-40’. At MURR,
only the diffuse scattering above the transformation was
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investigated. These experiments employed 2.34-A neu-
trons. Three sodium single crystals, prepared using stan-
dard methods,?"??> were used for this investigation. In
each case, the crystals were oriented with the bcc (001)
axis vertical.

B. Search for precursor effects

Measurements of the diffuse scattering, bcc (110) mosa-
ic widths, phonon group energies, and quasielastic
scattering were made as the specimens were cooled in
stages from 300 K. Figure 1 contains the results of mea-
surements of the bce (110) rocking curve widths of sodi-
um No. 1 at various temperatures above M,. The
diffraction peak width, in units of A, is observed to in-
crease only slightly as the specimen is cooled.?? After the
transformation, the width of the bec (110) rocking curve
was markedly increased.

The martensitic transformation in lithium metal is sig-
naled by the appearance of reflections from variants of
the new phase near the bee (110) reciprocal lattice points.
We monitored the diffracted intensity from sodium No. 1
at (1.018, 0.92, 0) and (0.92, 1.018, 0) with crossed h- and
k-scans above the martensitic transformation at 7 =80 K
and at T =40 K. No diffuse scattering structure was ob-
served in these measurements. The counting statistics
were sufficient to resolve diffracted intensity changes of
107¢ of the bce (110) peak intensity. The background
was observed to increase with decreasing temperature:
T4 /Ig9 g =1.071£0.02, due to the temperature depen-

15x1o'3—l

Sodium No.1
Rocking Curve

® = BCC (110)

X © = Martensite (001)
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FIG. 1. Rocking curve widths of the sodium bce (110) and
martensite (001) as a function of temperature. The diffraction
peak widths are presented in units of 4: X, bee (110); @, (0,0, 1).
The martensite phase reflection is indexed in terms of the re-
duced index L. After the transformation at 32 K, and measure-
ments of the structure of the low-temperature phase, the speci-
men was cooled to 11 K and then warmed gradually to room
temperature. The arrows on the figure indicate warming and
cooling branches of the curves.
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dence of the spin-incoherent neutron scattering. This in-
tensity ratio is completely consistent with the Debye-
Waller factor obtained by Crow et al.,?*
T4k /T4 =1.06.

Measurements of the elastic diffuse scattering in vari-
ous regions of reciprocal space were made at several tem-
peratures above the martensitic transformation using
sodium No. 2 and sodium No. 3. A few sharp peaks were
observed in these scans, which were confirmed as due to
order contamination (A /2,A/3).

Measurements of neutron-quasielastic (QE) scattering
were made along the bce reciprocal lattice line (h,1-h,0)
for h =1.5,1.45, 1.4, 1.33, 1.2, and 1.1 at various temper-
atures above the martensitic transformation. In addition,
the energy width of the bce (110) reflection was measured
as a function of temperature. No significant change in
the energy width of these QE scans were observed.

Measurements of the temperature dependence of the
3, hh0] phonon branch are shown in Fig. 2. The
motions of atoms corresponding to these phonons are just
those that are believed to transform the lattice from a bcc
structure to a close-packed-hexagonal (or trigonal) one.!’
Additional measurements of the phonon group energies
were made for the zone-boundary phonon, h =0.5.
Values of the elastic constants and density for sodium as
a function of temperature?? were used to calculate the ve-
locity of sound for comparison to the phonon measure-
ments at low-momentum transfer. The neutron measure-
ments appear to be consistently high at a given A, prob-
ably because of resolution effects.”’ Figure 3 shows the
energy and width of the neutron groups for the zone-
boundary phonon as a function of temperature. The
small bars in the figure represent the estimated error in
the neutron group energy determination. Similar figures
can be drawn for the other points along the curve.
Discounting the point at 30 K, after the specimen had
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FIG. 2. Dispersion curve for the low-lying transverse acous-
tic phonon branch (24 h,4,0]) at T =295, 150, and 40 K before
the martensitic transformation. The straight lines drawn from
the origin are calculated on the basis of the elastic constants
(Ref. 22).
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FIG. 3. Energies and neutron group widths (vertical lines) as
a function of temperature for the zone-boundary =, phonon.
The small bars represent the estimated error in the energy deter-
mination. The measurement at 30 K is difficult to interpret be-
cause the crystal has partially transformed to the martensite
phase.

partially transformed to the new phase, it is difficult to
infer any significant softening of the phonon energies
from these data. It is true that even if it is flat, that could
be considered anomalous, or at least unusual. However,
anharmonic lattice dynamics calculations of Li, Na, K,
Rb, and Cs all predict that the N low-lying mode should
decrease with decreasing temperature. Many systems
behave this way; Pb and Nb are examples. A low-lying
zone-boundary mode in TaC, one of the highest melting
compounds known, behaves similarly and it is not ready
to transform. It is not correct, then, to say that this effect
in the alkali metals is a precursor to the martensitic
transformation. True first-order transitions do not re-
quire it.

C. The transformation and the low-temperature
diffraction pattern

In sodium No. 1, the transformation was observed
while cooling from 32 to 30 K. The peak intensity of the
bee (110), monitored by successive 2-s counts, was ob-
served to decrease by 40% in the period between two
measurements (about 4 s).26 A similarly abrupt transfor-
mation was observed with sodium No. 2 at 32 K where
the bee (110) peak intensity decreased 48%. Following
the martensitic transformation, reflections from the new
phase were observed in the vicinity of the bcc (110)
diffraction peak as reported in previous studies of lithium
and sodium metal.”%14

Tilting the bcc crystal axes slightly (£2.5°) revealed
two diffraction maxima above and two below the scatter-
ing plane. Each maximum is due to diffraction from the
hexagonal layer planes of a single variant of the new
phase. There are 24 variants in all, four about each bcc
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(110). A similar 5° splitting and pattern of intensity was
found for the variants observed with sodium No. 2. Mea-
surements of the lattice parameters of the new phase was
made with diffraction peaks unaffected by stacking faults.
At 32 K, fo!lowing the transforomation, we obtained
a =3.773(8) A and ¢ =3.080(8) A for the spacing be-
tween the layer planes. The bcc lattice parameter at the
same temperature was 4.244(4) A, which gives
V/atom=38.23 A® for the cubic and V/atom=37.97 A’
for the rhombohedral Na phases.

Figure 4 shows the intensity distribution obtained from
a scan along the (0,1,L) of a single variant of the new
phase for sodium No. 1. Similar results were obtained for
sodium No. 2. The figure is indexed along the ¢ * axis in
terms of the layer spacing instead of the c-axis periodicity
so that, for instance, a 9R diffraction peak, normally in-
dexed as (0,1,4) appears as (0,1,4/9). The most prom-
inent features in the diffraction pattern, Fig. 4, show the
signature of 9R stacking, that is, diffraction peaks appear
in the (0,1,L) scan in positions where the equation

—h+k+9L=3n, n=0,%1,..., (1)

is (approximately) satisfied. Similar results are obtained
from scans along the (0,2,L) reciprocal lattice line. The
presence of significant numbers of stacking twins, as ob-
served, for example, in samarium,?’ would produce peaks
not only at points like (0,1,4/9) and (0, 1,5/9) (as in Fig.
4), but also at points such as (0,1,4/9) and (0,1,5/9).
Such additional peaks are not observed and we therefore
conclude that twinning does not occur in sodium. It is
particularly interesting that photographs of the crystal
using the bee (110) diffracted beam and those from the 9R
(001) and (0,1,4/9) reflections produce reasonably uni-
form images of the crystal. The variants are not present
in distinct (macroscopic) domains, but are spread more or
less uniformly throughout the entire specimen.

In addition to the 9R component of the diffraction pat-
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tern, and in contrast to lithium metal,”® 3! the most
striking features of these data of Fig. 4 are the strong
shoulders of the 9R peaks. They are present near the
(0,1,4/9), (0,1,5/9), (0,1,13/9), and (0,1,14/9) 9R
diffraction peaks. Scans perpendicular to [0,1,L] show
that the major features of the scattering pattern are cen-
tered along this reciprocal lattice line. It seems reason-
able to assume that these shoulders are due to yet another
martensite phase produced by the transformation.
Indeed, additional scattering in the region of the major
9R diffraction features was also already noted in the
analysis of the polycrystalline diffraction data of Ref. 9.
In that work, the additional scattering was tentatively
identified as due to a hcp phase fraction with the peak po-
sitions shifted and broadened by stacking faults. As we
will show below, the single-crystal diffraction pattern re-
quires a more complex interpretation.

The (0, 1,L) diffraction peak positions and profiles are
complicated by stacking faults as observed in previous ex-
periments on the alkali-metal martensites.*®° In order
to compare the data to a stacking-fault model, we have fit
the peaks in the diffraction data in Fig. 4 to Gaussian line
shapes. Interpretation of these data is troubled by the
well-known difficulty of fitting sets of closely spaced
Gaussians to a complex line shape—the results are often
not unique. Figure 5(a) contains the comparison of a 3-
Gaussian fit to the data in the vicinity of (0, 1,4/9), while
the 2-Gaussian comparison is shown in Fig. 5(b). For a
3-Gaussian fit, the residual (R,=Z|I—I|/ZI) is
R,=0.024. When these data are fit to two Gaussian
lines, Rp =0.054. In both cases, the fits represent ap-
proximations and the deviations are sufficiently large that
a classical goodness-of-fit test is not useful. Attempts to
fit these data with sets of two or three Lorentzian line
shapes lead to much less satisfactory results.

Study of their geometrical relationships in reciprocal
space confirms that overlap of scattering tails from other
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FIG. 4. Diffracted neutron intensity along a martensite variant (0,1,L) axis. The abscissa is in units of the reduced index L. These
data, assembled from several consecutive runs, have all been normalized to 75 000 monitor/point which corresponds to 34 s/point.
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FIG. 5. Examples of least-squares fits to the data of Fig. 4 in
the region about L =—0.47. Calculated values for the Gauss-
ian components and a flat background are compared to the
(0,1, L) diffraction data ©: (a) 3-Gaussian fit; (b) 2-Gaussian fit.

variants affects the data in the vicinity of L =0, +1.
Analysis of the sodium martensite polytype structure
must be based, therefore, on the diffraction features near
L=4/9,5/9,13/9, and 14/9. Although the 2-Gaussian
fit appears satisfactory for the low-temperature data, the
3-Gaussian fit may be more appropriate to explain the
temperature dependence of the data, in addition to ex-
plaining other weak peaks.

It is interesting to compare the sodium martensite to
the low-temperature structures observed in lithium metal.
Schwartz and co-workers?®?° observed the signatures of
mixed 9R, fcc, and ‘“‘disordered” polytypes from the
diffraction along a (1,0, L) reciprocal lattice line. In their
study, the 9R diffraction peaks were relatively sharp,
while the fcc and other polytypes exhibit high densities of
stacking disorder. They attribute a broad diffuse scatter-
ing peak near L =0 to a hcp phase. A similar mixture of
9R and fcc phases was observed by Smith and co-
workers,’>3! although their specimens exhibited lower
levels of disorder and a smaller fcc phase fraction, but no
evidence of a hcp phase.

III. THE SODIUM MARTENSITE STRUCTURE

In this section we will examine the stacking order and
diffraction patterns of long-period polytypes. The results
of this investigation in combination with the sodium mar-
tensite (0,1,L) and (0,2,L) diffraction data will be used
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to suggest candidate polytypes for the sodium structure.
We will discuss the nature of stacking-fault defects in
these crystal structures and explore the effect of defects
on their diffraction patterns. Finally, we will use these
developments to show how stacking-fault defects in com-
bination with different rhombohedral polytype base se-
quences can be used to approximate the measured sodium
(0, k, L) diffraction patterns.

A. Long period rhombohedral polytypes

The positional asymmetry of the 9R diffraction peak
shoulders in the (0,1,L) and (0,2,L) diffraction data re-
quires the new martensite phase to be rhombohedral—a
general hexagonal stacking would have a diffraction pat-
tern symmetric about L =0. The c-axis period (in terms
of the layer spacing) must then be divisible by 3 and the
possible  (rhombohedral) c-axis periodicities are
3,9,12, ..., 3n layers.%?

It is fortunate that the new phase must have a rhom-
bohedral stacking sequence because there is an enormous
variety of combinatorially possible hexagonal stacking se-
quences even for relatively short c-axis periodicities.® In
order to identify the structures responsible for the addi-
tional diffraction features in the sodium data, it is useful
to discuss the polytype sequences in terms of the
Zhdanov notation.

Consider a  general hexagonal-layer stacking
pattern such as the 10-layer sequence:
-+ C/ABCBACACBC/A ---. If the transitions,

moving from left to right, from an 4 to a B to a C
layer, are considered to be ‘“positive” (+), and
transitions in the opposite direction ‘“negative” (—),
then the sequence can be labeled as:
o +/++———+——++/+---. When the plus
and minus symbols are gathered together, the sequence is
written as (23122), where the numbers in the symbol are
the numbers of successive alternating positive and nega-
tive transitions in the stacking sequence. Once a se-
quence is expressed in this fashion, it is found that a
rhombohedral sequence must consist of three sets of N /3
layers, and that for each set,

n,—n_==23rt1, (2)

where n, and n _ are the numbers of “+” and *“—" lay-
ers in a set of N /3 layers, N is the c-axis periodicity, and
r, an integer.> Equation (2) expresses the condition that
the layer type of corresponding layers in each set of N /3
is cyclically permuted from A to B to C. It can be simply
solved, using n, +n_ =N /3, to yield the number of n ,
and n_ layers in a particular rhombohedral N /3 subse-
quence. For each value of n,, and the corresponding
n_, there are a number of different possible stacking se-
quences. For instance, for N /3=9 (27R), there is only
one (unique) stacking sequence that corresponds to
n,.=38; (n,n_);=(81);. On the other hand, there are
four sequences that arise from n, =7: (72);, (6111),,
(5121)3, and (4131)3.>* The complete set of unique rhom-
bohedral stacking sequences for N =27 is listed in Table
L.

If the period of the rhombohedral sequence is N, the
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positions of diffraction spots along the (0,1,L) will obey a
rule similar to that of Eq. (1) and appear at positions
given by

L=3n—-1)/N, n=%0,1,2,.... (3)

An approximate solution to Eq. (3), using the position for
the diffraction shoulders given by the 3-Gaussian decom-
position, is obtained with N =51. The diffraction feature
in the decomposition [Fig. 5(a)] at L =—0.490 would
then be attributed to a (0,1,25/51) diffraction peak of the
N =51 rhombohedral polytype. If the diffraction peak
positions of this new low-period polytype phase have
been shifted by stacking faults, the observed peak posi-
tion is probably the result of diffraction from a stacking-
fault-affected polytype of period shorter than 51. If the

TABLE 1. Rhombohedral stacking polytypes N <27. A
summary of the rhombohedral stacking sequences for N <27 is
shown below. The quantity N is the length of the unit cell along
the ¢ axis in terms of the layer spacing. Also listed for the se-
quences are the Zhadanov symbol, Jagodzinsky (H-K) notation,
and traditional A-B-C layer designation. The vertical lines
separating letters in the A-B-C representation show the N /3
rhombohedral fragment of the sequence.

N Zhadanov symbol Jagodzinsky Sequence

3 (1) K C|A|lB

9 (21); HKH B|ABC|B

12 (31), KKKH C|ABCA|C

15 (32); HKKHK B|ABCAC|B
(2111)5 HKHHH B| ABCBC|B

18 (51), HKKKKH B| ABCABCI|B
(42), HKKKHK B|ABCABA|C
(3111); HKKHHH B|ABCACA|C

21 (61); HKKKKKH B|ABCABCA|C
(43); HKKKHKK B|ABCABAC|B
(2221); HKHKHKH B|ABCBABC|B
(3211); HKKHKHH B|ABCACBC|B
(211111), HKHHHHH B| ABCBCBC|B

24 (62); HKKKKKHK B|ABCABCAC|B
(5111), HKKKKHHH  B|ABCABCBC|B
(4121); HKKKHHKH  B|ABCABABC|B
(53); HKKKKHKK B| ABCABCBA|C
(3221), HKKHKHKH  B|ABCACBCA|C
(4211); HKKKHKHH  B|ABCABACA|C
(311111), HKKHHHHH  B|ABCACACA|C
(212111), HKHHKHHH  B|ABCBCACA|C

27 (81); HKKKKKKKH B|ABCABCABC|B
(72); HKKKKKKHK B|ABCABCABA|C
(6111), HKKKKKHHH B|ABCABCACA|C
(54), HKKKKHKKK B|ABCABCBAC|B
(5121); HKKKKHHKH B|ABCABCBCA|C
(4212), HKKKHKHHK B|ABCABACAC|B
(4311), HKKKHKKHH B|ABCABACBC|B
(4131); HKKKHHKKH B|ABCABABCA|C
(3321); HKKHKKHKH B|ABCACBABC|B
(3222), HKKHKHKHK B|ABCACBCACI|B
(321111) HKKHKHHHH B|ABCACBCBC|B
(311211), HKKHHHKHH B|ABCACACBCI|B
(222111), HKHKHKHHH B|ABCBABCBC|B

(212211),
(21111111),

HKHHKHKHH B|ABCBCACBC|B
HKHHHHHHH B|ABCBCBCBC|B

14 441

position of the shoulder is taken from the 2-Gaussian
decomposition [Fig. 5(b)], an approximate solution is ob-
tained with N =27 and this feature is attributed to the
(0,1,13/27) peak of a 27R polytype. In either case, it is
useful to investigate the diffraction shoulders under the
assumption that N =27. The intensity at L =—0.490
would then arise from the stacking-fault-shifted
(0,1,13/27) peak of this N =27 rhombohedral polytype.
The calculated (0, 1,L) diffraction patterns for the 27R
stacking sequences listed in Table I are shown in Fig. 6.
The stacking sequences vary from the (21111111);, which
consists of one K (cubic) layer every 9 layers to the (81);
stacking in which nearly all the layers have a cubic envi-
ronment. The other diffraction patterns are intermediate
in some sense, but they do not go “smoothly” from one

t (21111111),
) L.
(212211),
A N . L L A
(222111),
| ) L "{ A 1
% (311211),
L o | a
(321111),
A \ \ \ : U
(q222), !
L l !
3 (3321),
e
; L l L J l A L
s (4131),
>
] L
c
s { @311,
£
J [
t (4212),
L L ‘ \
j (5121), |
L
(54)
) A A k L l |
\ (6111),
A
(72),
A
81,
1
-1 -0.38 -0.6 0.4 -0.2 0

L

FIG. 6. Calculated diffraction patterns for all the possible
27R stacking polytypes in terms of the reduced index L over the
region —1 <L <0.
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to the next as the number of hexagonal layers is varied.
Of the 15 27R diffraction patterns, only that due to the
(21111111)4 is sufficiently similar to the sodium (0,1,L)
diffraction data to merit further consideration. The cal-
culated patterns for the (21111111); stacking shows a
strong peak at L =— 1, a moderately strong line at
L =— and a weak feature at L = — 3. All of the other
diffraction patterns show strong or moderately strong
diffraction peaks in regions where no similar features are
observed in the sodium data.

The 27R-(21111111); stacking is one of a family of
“almost-hexagonal” rhombohedral polytypes. The
diffraction patterns for this family of polytypes are in-
teresting and are shown in Fig. 7. They typify a staircase
structure whose diffraction patterns approach an hcp or
fcc pattern as the number of hexagonal layers increases
or decreases. The sodium lattice appears to assume a

3R (fcc)

9R

15R

21R

27R

33R

Intensity (arb. units)

39R

45R

2H (hcp)

'4
—_—

L

FIG. 7. Calculated diffraction patterns in terms of the re-
duced index L over the range —1=L =0 for the ‘“almost-
hexagonal” polytypes, nR, for n <45. The 2H (hcp) diffraction
pattern is shown for comparison.
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mixture of these structures as it is warmed following the
martensitic transformation.

B. Stacking faults in “almost-hexagonal” polytypes

Under the assumption that the diffraction peaks of the
long-period polytypes are affected by stacking faults, the
absence of symmetry about L =0 in the diffraction pat-
tern (Fig. 4) demands that the defects responsible be
“nontwinning.”**> In analogy to the treatment of stacking
faults in Ref. 9, we can work out a table of “jump faults”
for the long-period almost-hexagonal polytypes. There is
only one kind of jump fault in the 3R (fcc) lattice while
there are, respectively, 9, 26, 51, and 80 different kinds of
nontwinning stacking faults in the 9R, 15R, 21R, and
27R lattices. In a crystal of a particular polytype, stack-
ing faults are distinguished by their insertion sequences,
i.e., the sequence of layers that interrupts the perfect
crystal stacking. For topological reasons, certain stack-
ing faults can occur only at particular sites within the
unit cell. In the 15R-(2111); polytype for example, the
fault that results in an inserted -HH- sequence can occur
at each layer of the cell, while the one that produces an
inserted -KK- sequence can occur at only six sites/unit
cell. It is interesting that the most probable defects act as
“creation” and “annihilation” operators on the stacking
sequence. For instance, in the 15R polytype, the most
probable defects produce -HH- and -KHH- insertions
that create the N /3 fragment of the next higher (21R)
and next lower (9R) stacking sequences. The next most
probable defects create the -K- and -HHHH- sequences
that produce the N /3 fragment of the 3R and 27R stack-
ings. Analogous results are obtained for the other long-
period almost-hexagonal polytypes.

It is not obvious that these stacking faults are indeed
produced by the “jump” mechanism described above.
Gooding and Krumhansl'® have explored a mechanism
for the martensitic transformation in lithium metal that

T A 1
|
27R
e33R 21R |15 9R f
[l J ]
1 [
| : [
005—~_ || o005
_’f”j Creation Annihilation
5 - HH - 0.10—_ _0.10 - KHH - \
4 ‘
< 0.15 ~ _-0.15
z
‘@ 0.20—~_ _~0.20
=4 y \
2 / \
£ / / \
/ \
/ \
-0.52 -0.50 -0.48 -0.46 -0.44 -0.42
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FIG. 8. Calculated diffraction pattern for the region about
L =—0.47 for the 15R ““almost-hexagonal” lattice and different
concentrations of “creation” and “annihilation” stacking faults.
The concentrations corresponding to each case and the
diffraction peak positions for the perfect crystal 9R, 15R, 21R,
and 27R lattices are marked on the figure.
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results in short twinned regions in the normal 9R stack-
ing sequence. When the length of the twinned region is
reduced to one layer, Gooding’s twin is recognized as the
defect responsible for the diffraction peak shifts observed
in the alkali-metal martensites,” these single-layer
double-twin faults are the same as the -HH- inserting
jump faults in the 15R-(2111); lattice. It does not appear
possible to introduce the ‘“annihilation” sequences such
as -KH,- or -K- by a similar double-twin mechanism. In-
stead, the only recourse seems to be the introduction of
this type of defect by shear deformation induced disloca-
tions.

Using the Monte Carlo techniques described in Refs. 6
and 9, we investigated the effect of the stacking faults on
the (0,1,L) diffraction patterns of the almost-hexagonal
9R, 15R, 21R, and 27R polytypes. Figure 8 illustrates
the most important result of these calculations—the
effect of stacking faults which insert -H,- sequences and
-KH,- sequences on the (0,1,7/15) diffraction peak of a
15R-(2111); polytype. The sequence-lengthening stack-
ing faults, i.e., those that result in the -H,-, -H,- or -H-
insertions, cause the L = — L diffraction peak to shift to-
ward L = — 1. The sequence-shortening faults, i.e., those
that produce -KH,- and -K- insertions, cause the prom-
inent L = — L diffraction peak to shift toward L =—1.
The less intense diffraction peak, at L = — ., is similarly
shifted toward L =0 by the sequence-lengthening inser-
tions and toward L =—1 by the sequence-shortening
ones. The L =— 1 diffraction peak, which is already the
weakest, is strongly broadened by either defect type.

C. The sodium structure model

We assume, in accordance with the diffraction data
and neutron photographs, that the martensite phase con-
sists of a large number of microscopic rhombohedral-
structure domains. The c¢ axis and stacking order of each
of these domains is fixed by its relationship to the host
bee lattice. Two alternative models for the sodium mar-
tensite can be constructed. One, corresponding to the 3-
Gaussian decomposition of the (0,1,L) diffraction data
[Fig. 5(a)], invokes three ensembles of domains for each
variant. The diffraction pattern of each ensemble corre-
sponds to one of the three features from the decomposi-
tion of the diffraction data and has a characteristic distri-
bution of stacking faults and polytype lengths. We iden-
tify these three ensembles with the stacking-fault distort-
ed 9R, 15R, and 45R almost-hexagonal stackings. The
alternative 2-Gaussian decomposition of the (0,1,L)
diffraction data leads to a model consisting of stacking-
fault-shifted and -broadened 9R and 27R components. In
both models, the positions of these diffraction features
change with temperature. The shifts are sufficiently large
to cause us to identify these features, at higher tempera-
tures, with other stacking sequences and to denote them
as the short-, medium-, and long-period components.

It is tempting to attribute the scattering near (0,1,0) in
Fig. 4 to a hcp phase fraction but this interpretation must
be rejected. First, there is no corresponding feature in
the diffraction data at L =+0.5 which would be the sig-
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nature of the hcp lattice. Second, it is not possible to
shift the position of the hcp diffraction peaks away from
L =0, £0.5 by any set of randomly introduced stacking
faults. Monte Carlo calculations of stacking-fault-
distorted hcp lattices performed by one of us and analyti-
cal examinations of the effect of stacking faults in hcp
crystals confirm that only peak broadening will re-
sult. 353638

The effect of stacking faults on the 9R polytype has
been discussed in Refs. 6 and 9 and we have demonstrat-
ed similar results for the 15R and longer polytypes.
Therefore, a suitable choice of the underlying “‘almost-
hexagonal” rhombohedral polytype along with the ap-
propriate density of random creation faults is used in our
model to place the diffraction peaks at the observed posi-
tions along the (0, 1,L) reciprocal lattice line. Additional
creation and annihilation faults, added in appropriate
proportions, serve to broaden the peaks in the diffraction
pattern. A further source of diffraction peak broadening
is the transformation-induced mosaic and strain that is
seen in the width of the trigonal (0,0,1) and bee (110)
diffraction peaks following the martensitic transforma-
tion. In order to account for these effects, the calculated
diffraction patterns have been convoluted with a Gauss-
ian of width 8L =0.0062, which is commensurate with
the observed width of the stacking-fault-unaffected
diffraction peaks. Finally, the heights of the calculated
intensity distributions have been adjusted to the data,
represented by the decompositions of Fig. 5, and the
diffracted intensities for the component ensembles
summed.

Using the Monte Carlo modeling techniques,®° and the
prescription outlined above, models of the sodium mar-
tensite structure were constructed starting from the 3-
Gaussian and 2-Gaussian decompositions of the
diffraction data. Figure 9 compares the sodium (0,1,L)
diffraction data with the diffracted intensities calculated
using the three-component and two-component models.
Suitable agreement is guaranteed near L= —% and L =3
because the individual model intensity distributions are
scaled to the decompositions of the data. The concor-
dance between the data and both models is somewhat less
satisfactory in the region near L =0 and L ==+1.

It is important that the (0,1, L) diffraction patterns ob-
served near L =*1 and L =0 are significantly different.
This argues that these regions of the diffraction pattern
are contaminated by the overlap of scattering from the
different martensite variants and diffraction from the un-
transformed bcc material. These effects can be under-
stood with reference to the (rather crowded) reciproal
space of sodium metal below the martensitic transforma-
tion. Omission of the Debye-Waller effect in the
diffracted intensity calculation also contributes to the
discrepancy.

The 3-Gaussian model indicates that the major por-
tions of the martensite phase are highly disordered 15R
(84%) and 45R (3%) almost-hexagonal polytypes. The
remainder (13%) is a lightly disordered 9R polytype with
P.=0.072 and P, =0.018 for the probability per layer for
creation and annihilation faults. The 2-Gaussian model
shows 28% of the martensite as the 9R polytype with
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FIG. 9. Calculated diffracted intensities from the different
sodium structural models are compared to the (0,1,L) sodium
martensite diffraction data: (a) the diffraction data for sodium
No. 1 at 32 K; (b) the three-component model calculated inten-
sity; (c) the two-component model calculated intensity. The
diffraction patterns for each of the model components and their
sums are displayed.

72% present as a highly disordered 27R polytype. In
spite of the qualitative success of the models, we recog-
nize that they still represent incomplete descriptions. For
example, it is likely that our use of only two different
kinds of stacking faults represents a gross simplification.
In the absence of additional detailed microscopic infor-
mation, such as that obtained from electron microscopy,
it is not possible to discriminate further among the possi-
ble “nontwinning” defect types or bases sequences. The
essential features of the structural models: the almost-
hexagonal polytypes and the presence of large numbers of
creation and annihilation stacking faults are common to
both representations of the low-temperature sodium
structure.

D. The reverse transformation: Annealing the martensite

The reversion of the martensite phases to bcc was mon-
itored as a function of temperature for sodium No. 1 and
sodium No. 2. In both cases, the relative fraction of the
different polytypes was observed to change. Different
time-temperature schedules were followed in the two ex-
periments. Sodium No. 1, which had been held for ~60
h at 32 K, was first cooled to 9.4 K, and then warmed,
over the course of 30 min, to 40 K. Subsequent measure-
ments were made at 55, 65, 80, and 90 K. Sodium No. 2
was warmed from 32 K in stages to 55 K, cooled again to
32 K, pulse annealed for ~60 min at 55 K and then
cooled to 11 K. The complicated time-temperature
schedule for sodium No. 2 was an unsuccessful attempt
to create a “‘single-phase” martensite specimen.
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Some results of diffracted intensity measurements
along the martensite (0,1,L) as a function of temperature
are shown in Fig. 10 for sodium No. 1. The inset in the
figure shows a schematic time-temperature profile for this
experiment. The peak positions from the 3-Gaussian
decomposition of these data, as described for Fig. 5(a),
are plotted in Fig. 11. The positions of the prominent
diffraction peaks for the perfect crystal almost-hexagonal
polytypes are marked at the side of the figure. As the
specimen was warmed above 40K, the long-period com-
ponent shifted somewhat closer to the hcp diffraction
peak position, while the broad central diffraction feature
locked in at the position corresponding to a 21R polytype
diffraction peak. Nearly identical results were obtained
for the diffraction peak positions of sodium No. 2 as it
was warmed from 32 to 55 K.

The integrated intensities of the diffraction peaks ob-
tained from the 3-Gaussian decomposition of the data of
Fig. 10 are shown in Fig. 12(a) for sodium No. 1 and the
first part of the time-temperature schedule of the in-
tegrated intensities for sodium No. 2 is shown in Fig.
12(b). The relative fractions for the martensite com-
ponents present in each specimen at low temperature are
different, probably due to the well-known sample depen-
dence of the martensitic transformation, but the behavior
of the two specimens on warming is quite consistent. As
the crystal is warmed above 40 K, the short-period com-
ponent fraction is observed to steadily decrease while the
medium-period fraction is seen to have a sharp annealing
stage between 50 and 60 K. In both experiments, the
long-period polytype phase fraction is observed to grow
in the region 40—60 K. As the martensite is warmed still
further, the 9R phase fraction disappears, leaving the
broadened 21R polytype and a long-period component.
Above 90 K, the crystal was substantially converted back
to the bee structure with the original orientation.

If the data of Fig. 10 are described instead by a 2-
Gaussian decomposition, the position of the short-period
component shifts from approximately 9R (L =0.4540) at
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FIG. 10. Neutron-diffraction intensity along the martensite
(0,1,L) at various temperatures for sodium No. 1. The inset in
the figure is a schematic diagram of the time-temperature
profile.
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FIG. 11. Diffraction peak positions as a function of tempera-
ture on warming for sodium No. 1 obtained from the 3-
Gaussian decomposition of the data of Fig. 10. @, Short-period
component; ©, medium-period component; [, long-period com-
ponent. The positions of the perfect crystal diffraction peaks for
several rhombohedral polytypes are shown in the figure. The
dashed lines show the likely path of the component peak posi-
tions as the specimen was cooled to 9 K and warmed to 40 K.
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FIG. 12. Integrated intensities for the components of the
sodium martensite. @, Short-period component, ®, medium-
period component; [, long-period component. (a) Sodium No.
1. Following the transformation at 32 K, the specimen was
cooled to 9 K and then warmed to 35 K. The dashed lines show
the likely path of the integrated intensities for T <35 K. (b)
Sodium No. 2. After the transformation at 32 K, the specimen
was warmed to 55 K in stages.
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FIG. 13. Diffracted intensity at the martensite (0,0,1) as a
function of temperature. Arrows on the figure show the
branches of the curve that correspond to cooling and warming.

32 K to approximately 21R (L =0.4750) as the specimen
is warmed to 90 K. At the same time, the long-period
component is displaced from near 39R (L =0.483) to
above 51R (L =0.4940). The integrated intensities in
this interpretation both decrease as the specimen temper-
ature is increased, with the short-period component
showing the faster reversion to bcc between 40 and 65 K.

A view of the reversion of all the martensite phases to
bee is given by Fig. 13, which shows the peak intensity of
the martensite (0,0, 1) as a function of temperature. Ar-
rows on the figure indicate the branches of the curve that
correspond to cooling and warming of the specimen. The
data exhibit a shoulder at 55 K where the mosaic width
of the martensite (0,0,1) (Fig. 1) passes through a
minimum.

Final warming to room temperature for each specimen
was done in careful stages in an attempt to prevent loss of
the crystal. The warming for sodium No. 1 was per-
formed over the course of several hours. The fact that
the bce (110) mosaic widths remain large as the specimen
is warmed is evidence that the transformation-induced
stresses have not been relieved. Nevertheless, the speci-
men remained a bec single crystal with the original orien-
tation until between 250 and 300 K, where it “broke”
into several distinct grains. In the case of sodium No. 2,
warming proceeded in 20-K steps, starting at 11 K, and
pausing 45 min at each temperature. This specimen
transformed into several grains about 30 min after the
temperature was raised to 270 K. Similar effects were ob-
served in the ultrasonic study in sodium,” but not in
lithium,'® which generally exhibited the shape memory
effect and transformed back to a single crystal with the
same orientation. Stedman also reported a similar loss of
his sodium crystal, on warming, following the martensitic
transformation.'®

IV. SUMMARY AND CONCLUSIONS

As with the transformation in Ilithium metal,
reflections from the martensite phase in sodium appear at
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(1.018, 0.92, £0.06), (0.92, 1.018, £0.06), and equivalent
points in the bce reciprocal lattice. These reflections cor-
respond to diffraction from the hexagonal-layer planes of
the rhombohedral martensite structure. There are four
variants associated with each bee (110), 24 variants in all,
and they are not equally populated. The transformation
was observed in both specimens at about 32 K.

The crystalline morphology of the sodium martensite is
remarkable. Studies of the martensitic transformation in
polycrystalline sodium® indicate that only 43% of the
specimen transforms, the remainder retaining the bcc
structure. The variants coexist with each other and with
the remaining bcc material on a microscopic scale
without a distinct grain structure. Microscopic regions
of the crystal, oriented in the same manner with respect
to the bcec lattice, belong to the same variant and adopt
the same stacking order. Each variant adopts a particu-
lar stacking order and contains no twins. It appears that
the two variants at (1.018, 0.92, +£0.06) have the same
stacking sequence, which is opposite to the stacking or-
der of the pair at (0.92, 1.018, +0.06).

We were unable to identify any precursors of the trans-
formation at temperatures above M,. Scans at several
temperatures along high-symmetry directions showed no
significant evidence of unexplained additional scattering.
No additional scattering near the martensite condensa-
tion point, (1.018, 0.92, 0), was observed at 150, 80, and
40 K before the transformation. A general rise in the
diffuse scattering with a reduction in temperature is attri-
buted in the Debye-Waller increase of the spin-incoherent
elastic scattering. No anomalies were observed in studies
of the quasielastic scattering as a function of temperature
above the transformation.

Incomplete phonon softening is often cited as the
mechanism for spontaneous structural phase transforma-
tions.** *' Our measurements do not support this model
in the case of sodium metal. We studied the dispersion
relation of the X,[h,h,0] transverse acoustic phonon
branch as a function of temperature to confirm reports of
softening, (within experimental error), at the zone bound-
ary or elsewhere in the zone, which have been reported
by some workers'* and are invoked in theoretical treat-
ments.'® The unusual behavior of the temperature depen-
dence of this branch compared to the other branches is
predicted for Na and all the other alkali metals by anhar-
monic calculations, and this behavior has been observed
in other materials that do not transform, e.g., Pb, Nb,
and TaC.

Following the martensitic transformation, we find the
sodium metal is composed of a complex mixture of rhom-
bohedral polytypes. We interpret the low-temperature
diffraction data in terms of stacking-fault-affected 9R
(short-period), 15R (medium-period), and 45R (long-
period) almost-hexagonal polytypes or in terms of a two-
component 9R and 27R model. The unit cell for an
almost-hexagonal polytype consists of three sequences of
layers, each of which contains a single layer with a cubic
environment followed by an even number of layers with
hexagonal environments.

The effects of stacking faults on the features corre-
sponding to the polytype component diffraction peaks
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can be seen in the peak positions and peak widths ob-
tained from the decompositions of the data. They are
displaced from their expected positions and broadened.
The absence of stacking twins in these data demands that
the layer defects responsible be non-twinning. An ex-
haustive study of stacking faults that satisfy this require-
ment clarified the nature of nontwinning defects in long-
period polytypes and showed that the combinatorially
most likely are the “creation” and “annihilation” faults.
These stacking faults connect the almost-hexagonal
rhombohedral polytypes in a ladder of structures and
provide a simple mechanism for converting one polytype
to another.

A model for the sodium martensite, based on stacking-
fault-affected 9R, 15R, and 45R stacking sequences or,
equivalently, on 9R and 27R sequences, provides a good
approximation to the diffraction data. These models as-
sume that the martensite is composed of ensembles of
crystallites, each ensemble with its own basic stacking se-
quence and distribution of stacking-fault defects.
Diffracted intensity calculations for the two models yield
slightly different results in the vicinity of L =0, *+1,
+2,.... Although either model appears to fit the low-
temperature data, the 3-Gaussian model appears to fit the
temperature dependence of the scattering intensity some-
what better. It is possible that high-resolution diffraction
measurements or study of single variant specimens would
avoid overlap effects and distinguish between these two
representations.

We find that the relative fraction of the different sodi-
um martensite phases is sample dependent and changes
as the specimen is warmed or cooled following the trans-
formation. Cooling the crystals well below M, increases
the relative amount of the 9R (short-period) phase frac-
tion at the expense of the bcc phase. As the specimen is
warmed, there are changes in the position and intensities
of the diffraction features, indicating changes in their un-
derlying stacking sequences or in the relative number of
creation and annihilation faults in the members of the
different crystallite ensembles. These effects argue that
the longer-period polytypes are more stable in the range
45-60 K. This is interesting in view of the fact that the
behavior in lithium metal is just the opposite--the short-
period (fcc) polytype appears to be more stable as the
martensite is warmed.'”?8 73!

Recent pressure experiments*? on polycrystalline sam-
ples of sodium showed that the transition could be
suppressed by application of modest hydrostatic pres-
sures (a few kilobars) whereas, in lithium, the application
of pressure!’ actually increased M,. However, the effects
on stacking-fault behavior could not be ascertained for ei-
ther element; single-crystal studies under pressure will be
required.

This experiment presents a great deal of information
on the low-temperature morphology and crystallography
resulting from the martensitic transformation in sodium
metal. The transformation is shown to produce a com-
plex low-temperature structure with competition between
several closely related phases. As sodium is warmed, fol-
lowing the transformation, it appears that it proceeds to-
ward a hcp structure by adopting the long-period
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“almost-hexagonal” approximates to this form. The ap-
pearance of these different phases is similar to the effects
discussed by Bruinsma and Zangwill,**** but does not ap-
pear to be driven by electron-density effects. Unfor-
tunately, this experiment provides no additional evidence
on transformation precursors or on candidates for its
driving mechanism. For sodium metal, the mechanism of
transformation remains an open question.
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