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Neutron diffraction expedments have been carried out on high-purity "Li at various temperatures between 4.2
and 300 K. Certain features of the diffraction data indicate that the low-temperature structure is more
complicated than simple hcp. The Debye-Waller factor has also been measured using the incoherent elastic
scattering by ’Li and large anharmonic contributions at all temperatures have been found.

I. INTRODUCTION

It has been known since the early x-ray-diffrac-
tion work of Barrett and Trautz' that body-cen-
tered-cubic (bcc) lithium undergoes a structural
phase transformation near 70 K. The low-tem-
perature phase was thought to be hexagonal-close-
packed (hcp). Because lithium is considered to be
a prototypical free-electron metal, having a nearly
spherical Fermi surface which lies well inside the
first Brillouin zone, there appears to us to be con-
siderable motivation to better understand the na-
ture of this transformation and the low-tempera-
ture phase.

We have carried out a series of neutron diffrac-
tion experiments on high-purity, polycrystalline
Li at various temperatures between 4.2 and 300
K. At low temperatures we have found certain
features of the diffraction data which indicate that
the structure must be more complicated than sim-
ple hep. In addition, we have found a large, angu-
lar-dependent elastic scattering which is due to
the influence of the Deybe-Waller effect on the in-
coherent scattering by the "Li nucleus. The im-
portance of a quartic term in the interatomic po-
tential, giving rise to large anharmonic effects in
the lattice vibrations, is clearly observed.

II. EXPERIMENTAL
A. Sample and Apparatus

A cylindrical sample having approximate dimen-
sions 1 cm diameterx4 cm length was cut from a
large polycrystalline ingot of 99.99%-pure "Li. Na-
tural lithium contains 7.4-at.% ®Li, which has a
very large neutron absorption cross section. (g,
=945 b at a neutron wavelength A= 1.06 A.) Con-
sequently, we have chosen to carry out these ex-
periments on the pure isotope. The sample was
chemically cleaned and etched, encapsulated in a
thin-walled aluminum container, and then mounted
in a variable-temperature liquid-helium cryostat.
The neutron-diffraction experiments were carried
out using the triple-axis spectrometer 3XE at the
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University of Missouri Research Reactor.

The Cu(200) monochromator was set to produce
an incident beam of nominal wavelength A =1.06 A
(energy ="72.8 meV), and the Cu(200) analyzer was
oriented to accept only elastically scattered neu-
trons. The A/2 component in the beam, although
small, was nevertheless filtered with a **°Pu fil-
ter. The sample was continuously rotated about a
vertical axis (normal to the scattering plane).

B. Bragg Peaks

We show in Fig. 1 scans made at three different
temperatures, 298, 78 and 4.2 K. In addition to
the expected bec lithium diffraction peaks, several
aluminum peaks coming from the sample capsule
are observed. As the temperature is lowered from
298 to 78 K the high-angle lithium peaks increase
rapidly, indicating a large Debye-Waller effect.
Upon lowering the temperature to 4.2 K, a series
of new peaks appear. (They first become visible
around 60 K.) The lithium bcc peaks decrease in
size with the growth of the new peaks, indicating
that a new phase has developed at the expense of
the bcc phase. On the basis of the decrease of the
bee (310) peak it would appear that approximately
75% of the sample transformed to the new low-
temperature phase. The indexing on the 4.2-K
scan is based on an hcp phase using Barrett’s?
proposed values for the ¢ and ¢ lattice parame-
ters. fcc indexing is also shown for which we have
assumed the same density as for the bce phase.
When this data is carefully plotted on an expanded
scale, we find that the location of these peaks and
their intensities agree very pcorly with the pro-
posed hep structure.

We cannot be too surprised that the intensity pre-
dictions are not in precise agreement with experi-
ment, since it is difficult to prepare a good, ran-
dom, small-grained polycrystalline lithium sam-
ple, even at room temperature. We know that
there is preferred orientation in the sample since
the counting rate fluctuates rapidly as the sample
is rotated (with 26 fixed on a Bragg reflection).
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FIG. 1. Neutron diffraction data on polycrystalline "Li taken

on a triple-axis spectrometer at three temperatures.

The labeling on the 4.2-K scan for an hep structure uses the lattice parameters a =3.111 A and ¢=5.093 A, The bee lat-
tice parameters are a =3.502, 3,481, and 3.480 A, at T=298, 78, and 4.2 K, respectively.

The integrated intensities of the bcc-Bragg reflec-
tions at room temperature, when corrected for the
Debye-Waller effect (see Sec. IIC below), indicate
that preferred orientation causes variations of or-
der 30% from the predicted structure factors. If
one is committed to believing that the low-temper-
ature phase is hcp, then the first new peak appear-
ing in the 4.2-K scan must be labeled (010). On
the basis of the estimate of 75% of the sample
transforming, we find that this hcp(010) peak is
weaker than predicted by a factor of about 8, far
beyond the variation expected from preferred
orientation. We have replotted the data in the ang-
ular range of 20 to 30 degrees in Fig. 2(a). We
have subtracted-out the aluminum (111) peak from
the data by using the 78-K scan. We note that
there is a small shoulder (labeled A) on the left
side of the bce (110) peak. This shoulder grows
as a function of time as shown by the data in Fig.

2(b) taken approximately 24 hours after the scan
a. This feature could be identified as the hep(002)
peak. However, the peak at 26.5° is quite far from
the predicted position of the hep(011) peak. There
are additional features of the data which are ex-
ceedingly difficult to interpret in terms of a low-
temperature hep phase. Broad “tails,” labeled B
in Fig. 1, develop on the sides of the (210) bce
peak. These tails increase with time over a per-
iod of several hours, if the sample is kept at 4.2
K. The tail on the low-angle side might be inter-

. preted as due to the hep(103) peak, but the tail on

the high-angle side does not correspond to any hcp
peak. There are other hcp peaks which are pre-
dicted to occur, such as the (012), but do not show
up in the data. It would be tempting to interpret
the feature B as Huang scattering resulting from
the strain induced in the sample by the phase
transformation and the coexistence of two phases.
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FIG. 2. Expanded scale plot of a scan in the region of the bec (110) peak showing the development of the feature A
in Fig. 1 into a new peak as a function of time at 4.2 K, The data in (b) were taken after keeping the sample at low tem-
peratures for about 24 h, The data of (a) are the same as in Fig. 1.

However, the angular range over which this inten-
sity extends is extremely large.

C. Incoherent Scattering Debye-Waller Effect

The large “background” scattering is due to the
incoherent scattering cross section of "Li (0= 0.62
b).® The sample independent background is neg-
ligible (107%) in these experiments. The angular
dependence of this scattering is due to the Debye-
Waller factor. Although this scattering is trou-
blesome in accurately measuring the high-angle
Bragg peaks, it provides us with an unusual op-
portunity to determine the Debye-Waller factor,
independent of the usual problems of extinction in
single-crystal Bragg reflection measurements,
and the problems associated with preferred orien-
tation inpolycrystals.

In Fig. 3 we have plotted the intensity of the in-
coherent scattering on a logarithmic scale as a
function of the square of the scattering vector Q
for three temperatures, 298, 78 and 4.2 K. For
strictly harmonic motion, these plots would be lin-

ear since the Debye-Waller factor is given by
e"z'WH:e-((-Q'.ﬂ)z) X (1)

in the harmonic approximation. That is, 2w is
proportional to the mean-square amplitude of vi-
bration (U3) along the scattering vector within the
framework of this approximation. It is clear that
there is considerable curvature in these data, es-
pecially at the higher temperatures, indicating
large anharmonic effects. For a monatomic cubic
crystal the leading anharmonic term in the Debye-
Waller factor can be shown to be*

2w, = -4 (@ 0 - (@ 0?7 @

This contribution to the Debye-Waller factor is
due to the quartic term in the interatomic poten-
tial. In general, it is difficult to evaluate 2W,
based on first-principles calculations. However,
it can be shown® on the basis of symmetry argu-
ments that 2W, can be written as the sum of an
isotropic term 2W’ and an anisotropic term 2W4
which are of the form
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FIG. 3. Incoherent “background” data at three tem-
peratures. The solid circles are the raw data, and the
open circles are the data corrected for inelastic scat-
tering. The solid lines are a fit to the data using the
form of the Debye-Waller factor given in Eq. (5), and
the values of the parameters C and D shown in Fig. 7.
The dashed curves are the harmonic approximation De-
bye-Waller factors calculated from the phonon density
of states given by Smith et al. (Ref. 7) as a result of
their 78 K phonon dispersion relation measurements.

2w =F(1)Q: Q3+ Q3% +QiQ: - 7 (Q:+Q5+Q7)]
(3)
and
2wl =D(T)Q*. 4

For our measurements on polycrystalline lithium
we are not sensitive to the anisotropic part. We
have therefore analyzed our data assuming that
the Debye-Waller factor is of the form

A plot of @2 In (Intensity) vs @? at a given tem-
perature 7 should therefore be linear.

It is necessary to correct the raw data of Fig. 3
for the contributions of inelastic incoherent scat-
tering. Even though these experiments were done
with a triple-axis spectrometer, the resolution
ellipsoid is sufficiently large so as to accept some
inelastic scattering. At wave vectors corresponding
to 20 angles between the Bragg peaks the contribu-
tion of inelastic coherent scattering to the mea-
sured intensity (when the spectrometer is set at
AE =0) is essentially zero. Thus, correcting the
data for inelastic scattering involves consideration
of the incoherent scattering only.

The one-phonon, inelastic, incoherent scattering
cross section is given by®

d’o . e_zwD(w)_E_ Q’
aede), Yan w kg oM

x () +3+3) . (6)

Here N is the number of atoms in the sample, i/
is the atomic mass, %, and 2 are the incident and
scattered neutron vbavevectors, D(w) is the phonon
density of states, and (») is the Bose phonon popu-
lation factor. The + and — signs indicate phonon
creation and annihilation. Since we are only inter-
ested in very low-energy excitations which fall
inside our resolution ellipsoid, we need only con-
sider the quadratic part of D(w), namely

3n®
D(w)=Aw2=Ww2. (7)

The Debye temperature @, for lithium is about 325
K. This Debye temperature is appropriate for fit-
ting the quadratic part of D(w) as experimentally
measured by Smith et al.” using coherent inelastic
neutron scattering. We take the resolution func-
tion be be Gaussian:

R(iw) = exp| -(1w)*/20%] . (8)

For these experiments, the width parameter o

was 2.64 meV. Thus, using (6), (7), and (8), we
find that the differential inelastic, incoherent scat-
tering cross section averaged over the resolution

'

e”*¥=exp[C(T)Q% - D(T)Q"]. (5) function is given by
. 1
do do 12sin’9,E, m J’ 2020 x| fenr _1y-1, 128IN%0E 2 m>
—_— = [ — — - * —1 heyll Y 9)
(dﬂ>inelastic (dﬂ>e1asﬁc( (kp€p)° M dx exp(=x*/20%) (e "5 i (k5©p)° M (

The incident kinetic energy of the neutron is E,
and 65 is one half the scattering angle. We have
taken the scattering to be nearly elastic in writing
Eq. (9), that is

Q= 2k, sinfy . (10)

r
We show in Fig. 4 the ratio of the inelastic cross
section to the elastic cross section as a function of
temperature. We have used this plot to correct
the raw data (dark circles) of Fig. 3 for inelastic
incoherent scattering. The corrected data are
given by the open circles.
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FIG. 4. A plot of the ratio of the inelastic to the elas-

tic incoherent scattering cross sections as a function of
temperature for "Li metal.

To check that this method of correcting the data
for inelastic scattering is satisfactory, we have
carried out several inelastic scans, one of which
is shown in Fig. 5. Thesedata weretakenata scat-
tering vector @ =4.2 A~* at 280 K. We see that a
reasonable extrapolation of the inelastic scattering
to frequency v = 0 agrees with our calculation of
the ratio (do./dﬂ)inelasﬁc /(dc/dg)elastic'

In Fig. 6 we show the corrected data at five dif-
ferent temperatures plotted in the form Q % In(/,/1)
vs Q® where I, is the intensity at @ =0. The inter-
cept on the ordinate gives C(T') and the slope of
each of these plots gives the anharmonic coeffi-
cient D(T). The series of scans leading to the data
shown in Fig. 6 were taken upon increasing the
temperature from 4.2 K. We have found that the
transformation back to the bcc phase is not com-
plete until about 150 K. These large hysteresis ef-
fects were also found by Barrett and Trautz.! The
temperature dependence of the coefficients C and
D are shown in Fig. 7. The effect of the transfor-
mation on these coefficients is apparent.

There is an important concern about the influence.

103 COUNTS / 17 min
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6 8 10

(THz)

FIG. 5. A constant @ scan at @ =4.,2 A~ ! at 280 K.



22 ANHARMONICITY AND THE LOW-TEMPERATURE PHASE IN... 579

0.08 —

293K

260K

150K

Q2 in(l, /1)

78 K

o 20 a0 60 80
Q? (A2
FIG. 6. A replotting of data of the type shown in Fig. 3
in the form @~ % In (Iy/I) vs @%. According to Eq. (5),
plotting the data at each temperature in this manner
should yield a linear relationship with an intercept in
this manner should yield a linear relationship with an

intercept given by the ‘“harmonic” coefficient C(T) and
a slope given by the “anharmonic” coefficient D(T).

of multiple scattering on the observed angular de-
pendence of the scattering. Multiple incoherent
scattering must be negligible since No, R = 0.03 for
these experiments (N~ 4.6x1022 atoms/cm?, R~1
cm). A multiple-scattering process involving
Bragg scattering and then a subsequent Bragg
scattering or an incoherent scattering would, in
general, lead to increased scattering near 26=0.
However, an extrapolation of the observed intensity
to 20=0, resulting in the same value of I, at all
temperatures requires this to be unimportant also.

III. CONCLUSIONS

It appears to us that it will be exceedingly diffi-
cult to determine the actual structure of the low-
temperature phase of lithium metal based on only
polycrystalline diffraction data. We have tried
several alternative explanations for the data shown
in Fig. 1 based on an fcc structure in coexistence
with the bce and an hep phase. So far, these at-
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FIG. 7. This figure shows the temperature depen-
dence of the “harmonic” coefficient C(T) and the “an-
harmonic” coefficient D (T) resulting from analysis of
the incoherent scattering data based on plots of the type
shown in Fig. 6.

tempts have been unsuccessful. We have recently
initiated a project to grow single-crystal samples
of "Li. The hope is that when the transformation
occurs in a single crystal a limited number of
grains of the low-temperature phase will develop,
and that we can identify photographically those
Bragg peaks due to a specific grain. We believe
that it will also be interesting to measure the
anisotropic part of the anharmonic Debye-Waller
factor, using the incoherent scattering cross sec-
tion. It seems likely that the large anharmonicity
which we have observed in lithium will prove to be
an important aspect of the phase transformation.
Concrete information on this question can only be
obtained reliably from single-crystal experiments.
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