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Structural phase stability and electron-phonon coupling in lithium
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First-principles calculations of the free energy of several structural phases of Li are presented. The density-
functional linear-response approach is used to calculate the volume-dependent phonon frequencies needed for
computing the vibrational free energy within the quasiharmonic approximation. We show that the transforma-
tion from a close-packed structure at low temperatures to the bcc phase upon heating is driven by the large
vibrational entropy associated with low-energy phonon modes in bcc Li. In addition, we find that the strength
of the electron-phonon interaction in Li is strongly dependent on crystal structure. The coupling strength is
significantly reduced in the low-temperature close-packed phases as compared to the bcc phase, and is con-
sistent with the observed lack of a superconducting transition in Li.@S0163-1829~99!11905-2#
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I. INTRODUCTION

The pressure-temperature structural phase diagram
solid Li, arguably the simplest metal, is not well establish
Even along the zero-pressure axis, Li exhibits some comp
behavior. At ambient pressure and room temperature
crystallizes in the bcc structure, but upon cooling, it und
goes a martensitic transformation around 80 K. The trans
mation was first observed in 1956,1 but the crystal structure
of the low-temperature phase remained a subject of de
for several decades. In 1984, Overhauser suggested tha
neutron scattering data were consistent with the
structure,2 a close-packed phase with a nine-layer stack
sequence. Subsequent investigations confirmed 9R as th
mary structure at low temperatures,3 but also showed that i
is accompanied by a large and variable amount of a di
dered polytype consisting of short-ranged fcc- and hcp-t
stacking order, as well as some amount of bcc.4 Furthermore,
upon heating, the 9R phase and disordered polytype ap
to transform first to an ordered fcc phase before reverting
bcc Li above about 150 K.4

Little information is available about the phase diagram
Li at higher pressures. Upon compression, the temperatu
which the martensitic transformation begins,Ms , rises at a
rate of about 20 K/GPa, at least up to pressures of 3 GP5,6

with the structural characteristics of the low-temperat
phase remaining the same as at ambient pressure. At r
temperature, a structural transition is observed atP
56.9 GPa.7 The crystal structure of the compressed ph
was initially identified as fcc, but the limited diffraction da
PRB 590163-1829/99/59~6!/4028~8!/$15.00
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are also consistent with hcp or 9R.
Neutron experiments3,8,9 show that while there may be

some softening of certain phonon modes in bcc Li up
cooling, the transformation occurs well before any phon
frequencies or elastic constants approach zero, ruling ou
soft-mode mechanism10–12 for the transformation. The trans
formation more likely results from a competition betwe
the internal energies and entropies of the different pha
For example, Friedel13 argued on general grounds that th
phonon spectrum should scale roughly with coordinat
number, leading to an overall lowering of the bcc phon
spectrum compared to that of close-packed structures.
resulting larger vibrational entropy associated with the b
structure provides a qualitative explanation for the pre
lence of the bcc structure as the high-temperature phas
metals. While these ideas are believed to apply to many
tems that exhibit martensitic transformations, it is useful
examine them in the context of detailed materials-spec
phonon spectra which are accessible from first-principles
culations.

Several first-principles theoretical investigations have
cused on the relative stability of different crystal structur
for Li at zero pressure.14,15Conflicting results have emerged
but all the studies agree that the energy differences betw
structures are small~much less than 1 mRy/atom!, making it
difficult to determine the ordering reliably. Most of the th
oretical work has been based on zero-temperature calc
tions that do not even include zero-point energies. Given
Li is such a light atom, finite-temperature effects arisi
from vibrational degrees of freedom are likely to play a ro
4028 ©1999 The American Physical Society
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in the structural energetics of this system. In a recent stu
vibrational contributions to the free energies of bcc and
Li were computed within the harmonic approximation.15 The
fcc phase was found to be favored atT50 K, which is
consistent with experiments. Furthermore, the free-ene
difference between the two phases was calculated to decr
with increasing temperature, but, in contrast to what is
served in experiments, the fcc phase was calculated to
main thermodynamically stable up to at least a few hund
kelvin.

In this paper, we go beyond the purely harmonic appro
mation and include anharmonic effects at the quasiharm
level.16 This approximation, in which the volume depe
dence of the phonon spectrum is explicitly included, h
been shown to provide a remarkably good description of
temperature dependence of the lattice constant and
modulus of bcc Li up to its melting point.17 The density-
functional linear response method18,19 is used to compute the
volume-dependent phonon frequencies. We find that a qu
harmonic treatment of the phonon free energies reprodu
the experimentally observed bcc-9R transformation, tho
the transition temperature is overestimated. The thermo
namic stabilization of the bcc structure at high temperatu
is shown to be completely attributable to its excess pho
entropy.

A possibly related issue is the lack of a superconduct
transition in Li. Specific heat measurements,20 as well as
first-principles calculations21–25 suggest that the electron
phonon mass enhancement parameter in Li isl'0.45. Using
the McMillan equation,26 with a Coulomb repulsion param
eter ofm* 50.12, which is believed to be typical for simp
metals, we would expect to find a superconducting transi
in Li at temperatures on the order of 1 K. Yet no transiti
has been observed in experiments, at least down to 6 m27

Because of uncertainties in the low-temperature cry
structure, most of the previous calculations, as well as
analysis of the specific heat data, were based on bcc Li.
calculation of the electron-phonon coupling strength in 9R
suggested that the coupling is indeed weaker in the l
temperature phase.24 However, there were large uncertainti
in that result since it was based on frozen-phonon calc
tions in which it was only feasible to examine the coupli
constants at a few phonon wave vectors. Using the line
response approach rather than the frozen-phonon method
are able to efficiently sample wave vectors throughout
Brillouin zone, and more accurately calculate the struct
dependence of the electron-phonon interaction in Li in t
work. Our results show that in 9R, fcc, and hcp Li,l is
significantly smaller than in bcc Li. We argue that the calc
lated coupling in the close-packed phases is weak enoug
be consistent with current experimental limits on the tran
tion temperature.

The remainder of this paper is organized as follows.
Sec. II, we outline the methods used to compute the
energies and present our results for the structural phase
bility of Li. Section III focuses on the comparison of th
electron-phonon interaction in bcc and 9R Li. A summa
and concluding remarks are given in Sec. IV.

II. STRUCTURAL PHASE STABILITY OF LITHIUM

A. Method

The zero-temperature structural energetics are calcul
using the plane-wave pseudopotential method within the
y,
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cal density approximation~LDA !. The Li pseudopotential is
generated by the Troullier-Martins method.28 The Wigner
interpolation formula is used for the correlation potential29

and a partial core correction is used to treat the nonlinea
of the exchange and correlation interaction between the c
and valence charge densities.30 Since the structures lie ver
close in energy, large sets ofk points are needed to reliabl
compare the total energies of different structures. We
1120, 1122, 1300, and 918 points in the bcc, 9R, fcc, and
irreducible Brillouin zones~IBZ!, respectively, to obtain to-
tal energies that are converged to within abo
1025 Ry/atom with respect to BZ sampling. In addition,
large plane-wave cutoff of 20 Ry is used in the calculation
total energies.

The free energy at finite temperature has contributio
from both electronic excitations as well as lattice vibration
While the effects of thermal excitation of electrons are e
pected to be weak at the temperatures of interest, their c
tributions to the free energy can easily be included by us
the Mermin functionalFel(V,T)5Eel2TSel rather than the
standard DFT total energy.31 The lattice excitations are
treated within the quasiharmonic approximation,16 where the
full Hamiltonian at a given volume is approximated by
harmonic expansion about the equilibrium atomic positio
but anharmonic effects are included through the explicit v
ume dependence of the vibrational frequencies. The He
holtz free energy is then given by

F~V,T!5Fel~V,T!1kBT(
qn

lnF2 sinhS \vqn~V!

2kBT D G , ~1!

wherevqn(V) is the frequency of thenth phonon band at the
point q in the Brillouin zone.

The density-functional linear-response method is used
compute the phonon spectra for each structure at severa
ferent volumes. The dynamical matrices are computed us
the scheme described in Ref. 19, where the self-consis
change in the Hamiltonian caused by ionic displacement
obtained by solving a Bethe-Saltpeter equation for
change in the charge density. At each volume, the dynam
matrix is computed for 285, 240, 98, and 95 phonon wa
vectors in the bcc, fcc, 9R, and hcp IBZs, respectively.
planewave cutoff of 12 Ry is used in the calculation of ph
non spectra.

B. Results and discussion

The equilibrium volumes and energies calculated for b
fcc, hcp, and 9R Li are listed in Table I. For volumes with
about 612% of the equilibrium volume, we find that th
stacking of the close-packed planes in 9R Li is near ide
when structural parameters are chosen to correspond to
stacking, the calculated forces on the atoms are less
1024 Ry/au and the differences between diagonal com
nents of the stress tensor are less than 231026 Ry/au3.
This is consistent with neutron data which show thec/a ratio
to be within 0.1% of the ideal value.3 Similarly, for the hcp
structure, the optimal value forc/a is found to be 1.63,
which is very close to the ideal close-packed value of 1.6

The T50 K static calculations, which include only th
LDA total energies, show bcc Li to be the least favorable
all the structures considered. Bcc Li lies about 0.1 mRy/at
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4030 PRB 59LIU, QUONG, FREERICKS, NICOL, AND JONES
above the close-packed structures, all three of which h
nearly the same energy. We find the lowest lying structure
be fcc, with 9R and hcp Li only about 0.01 mRy/atom high
in energy.

The relative ordering of various structures for Li has be
the subject of some controversy. Several static LDA stud
have been carried out, with varying results.14,15 Because the
different calculations differ in the basis sets employed,
sampling of the BZ, the form of the LDA potential, and th
shape approximations used, it is difficult to sort out the r
sons for the discrepancies. Nevertheless, all the calculat
agree that the structures are close in energy, and hence a
least qualitatively consistent with the coexistence of vario
phases at low temperatures. Given the structural simila
between the various close-packed phases, their near de
eracy in this monovalentsp metal is not surprising. While
the calculated total-energy differences between the clo
packed phases are too small to allow us to definitively de
mine their relative ordering, we are confident in our res
that the close-packed phases are clustered close in en
and that all are more stable than the bcc phase.

The average phonon frequency is calculated to be ab
1% lower in bcc Li than in the close-packed phases. T
when zero-point energies are included, the energy differe
between bcc Li and the close-packed phases decreases
find however that the relative ordering of the structures
mains the same. As can be seen in Table I, the inclusio
zero-point energy also leads to an expansion in the equ
rium volume. For bcc Li, the static LDA energies underes
mate the volume by nearly 7%. Since the atoms are so li
vibrational effects are significant, and when zero point m
tion is taken into account, the error in the calculated volu
becomes about 4.5%, which is more typical of the size
errors found in LDA studies of other simple metals.

Since the close-packed phases are virtually indistingu
able energetically, we choose the 9R structure, which is
predominant low-temperature phase, as representative o
the close-packed structures. For the remainder of this sec
we focus on comparing the energetics of bcc and 9R Li.

The Helmholtz free energy for bcc and 9R Li are plott
as a function of volume in Fig. 1. Results are presented
T50 K andT5300 K. For each crystal structure, calcul
tions are carried out for six to eight volumes, and the res
are fit to the Birch equation of state.32 With increasing tem-
perature, the ordering of the phases reverses, and the
phase is calculated to be stable at room temperature, as

TABLE I. Equilibrium volume and energy calculated for bc
fcc, 9R, and hcp Li. Results are presented for both static z
temperature LDA calculations, as well as zero-temperature calc
tions that include zero-point energies. For hcp Li, only static res
are presented because full quasiharmonic calculations were no
formed for this phase.

T50 static T50 with ZP
V0 E02E0

bcc V0 F02F0
bcc

bcc 133.2 0.000 136.3 0.000
fcc 132.7 20.146 135.9 20.113
9R 132.8 20.130 136.1 20.100
hcp 132.8 20.123
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served experimentally. Interestingly, this close-packed to
transition was not found in a recent LDA calculation bas
on the purely harmonic approximation.15 In that work, free
energies for bcc and fcc Li were compared, and fcc Li w
found to be energetically favored all the way fromT50 K
up to several hundred kelvin. In the present work, we fi
that the temperature range over which the close-pac
phase is favored indeed expands if the volume dependenc
the phonon spectrum is neglected, but we still find the b
phase to be favored over both fcc and 9R Li at 300 K.

To pin down the transition temperature, it is useful
examine the Gibbs free energy at zero pressure. The di
ence between the 9R and bcc zero-pressure Gibbs ener
DGtot(P50,T), is plotted as a function of temperature
Fig. 2. The calculation indicates that 9R Li is thermodynam
cally stable below aboutT5200 K. Based on the uncertain
ties in the calculated energy differences, we estimate e
bars of about650 K on the calculated transition temper

o-
la-
ts
er-

FIG. 1. Calculated Helmholtz free energy versus volume for b
and 9R Li at two temperatures. The curves are fits of the calcula
points to the Birch equation of state.

FIG. 2. Calculated difference in Gibbs free energy between
and bcc Li at zero pressure, plotted as a function of temperat
The triangles show the difference in electronic contributions to
free energy and the squares show the difference in phonon co
butions.
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ture. Since the transformation actually takes place via nu
ation and growth of the close-packed phase within the
matrix, the experimentally observed starting temperature
the transition upon cooling, about 80 K, provides a low
bound on the thermodynamic transition temperature. Si
larly, the experimental starting temperature for the clo
packed to bcc transformation upon heating, about 150
serves as an upper bound.33

The triangles in Fig. 2 show the 9R-bcc difference in t
electronic contributions to the free energy,DGel(P50,T)
5DEel2TDSel . This quantity shows negligible temperatu
dependence and favors the close-packed 9R phase thro
out the range of temperatures considered. In fact,DGel is
dominated by the difference in internal energies,DEel ,
which is over an order of magnitude larger thanTDSel at T
5300 K. At low temperatures, the leading term in the ele
tronic entropy is proportional to the electronic density
states at the Fermi levelN(EF). In this case of a simple
monovalent metal, the electronic density of states depe
weakly on crystal structure~Table II!, and hence the elec
tronic entropy plays a negligible role in the structural tran
tion.

The squares in Fig. 2 show the difference between the
and bcc phonon free energies. The difference in vibratio
energies between bcc and 9R Li is virtually temperature
dependent, at least up toT5400 K, and it is the entropic
term in the free energy that stabilizes the bcc structure w
increasing temperature. The phonon densities of sta
F(v), for the two phases are plotted in Fig. 3~a!. While the
maximum phonon frequency is nearly the same in the
structures, the bcc phonon spectrum has more weight in
low-frequency regime~below about 15 meV!. This enhanced
weight arises primarily from theT1@jj0# phonon branch,
corresponding to a@11̄0# polarization, and surrounding re
gions in the BZ. The entireT1@jj0# branch lies below 8.5
meV, and none of the close-packed structures have com
rable low-energy phonon branches. These low-energy s
modes in bcc Li are easy to excite and give large contri
tions to the vibrational entropy. Over the range of tempe
tures considered, the vibrational entropy arising from phon
modes with frequency smaller than 8.5 meV is about tw
as large in bcc Li than in 9R Li, while the entropy associa
with higher-frequency modes is about the same in the
structures. From the thermodynamic standpoint, the clo
packed to bcc transformation in Li is therefore driven co

TABLE II. Electronic and electron-phonon-related propert
computed for bcc, fcc, 9R, and hcp Li: the electronic density
states at the Fermi levelN(EF), a logarithmic average of the pho
non frequenciesv log , the electron-phonon mass enhancement
rameterl, and the minimum value of the Coulomb pseudopote
tial, mmin* , that is consistent with the observed lack of
superconducting transition above 6 mK.

N(EF) v log

~states/Ry/spin/atom! ~meV! l mmin*

bcc 3.33 14.9 0.45 0.27
fcc 3.75 20.2 0.37 0.21
9R 3.57 20.6 0.34 0.19
hcp 3.60 20.7 0.33 0.19
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pletely by the excess vibrational entropy arising from t
low-energy shear modes in the bcc phase.

The Clausius-Clapeyron equation allows us to estim
the slope of the phase line from the changes in entropy
volume at the transition:dT/dP5DV/DS523 K/GPa at
P50 GPa. This is in good agreement with the experime
tally determined values for the pressure dependence of
onset temperature, which range fromdMs /dT515 K/GPa
to 30 K/GPa.5,6 In principle, the entire phase line can b
determined by analyzing the free energies at different p
sures. However, as noted in Refs. 34 and 15, the LDA p
dicts a negative Gruneisen parameter for theT1@jj0# branch
in bcc Li, and an elastic instability at volumes correspond
to pressures ofP.2.5 GPa atT50 K ~or P.3.1 GPa at
T5300 K). Experimentally, bcc Li indeed becomes u
stable upon compression, and transforms to a close-pa
phase, but the transformation occurs at a higher pressur
about 7 GPa. The underestimation of the transition press
indicates that anharmonic effects beyond the quasiharm
level become increasingly important with compression, an
treatment that includes phonon-phonon interactions that
stabilize the bcc structure is needed.35

III. ELECTRON-PHONON COUPLING STRENGTH
IN LITHIUM

A. Method

The matrix element for scattering of an electron fro
statenk to staten8k8 by a phonon with frequencyvqn and
eigenvectorêqn is given by

g~nk,n8k8,qn!5A \

2Mvqn
^nku êqn•dVSCFun8k8&, ~2!

where dVSCF is the self-consistent change in the potent
due to atomic displacements. This scattering gives rise
finite phonon linewidth,

gqn52pvqn@N~EF!#2^^ugqnu2&&, ~3!

f

-
-

FIG. 3. ~a! Phonon density of states~per atom! and~b! electron-
phonon spectral function calculated for bcc and 9R Li.
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4032 PRB 59LIU, QUONG, FREERICKS, NICOL, AND JONES
where the double brackets^^ && denote a doubly constraine
Fermi surface average as defined in Ref. 36. This scatte
process also contributes to the effective mass of the elect
via the mass enhancement parameter

lqn5
gqn

\pN~EF!vqn
2

. ~4!

The total mass enhancement parameter,l, is obtained by
summing over branches and averaging over wave vec
throughout the Brillouin zone.

Within the Eliashberg theory of superconductivity, th
electron-phonon spectral function, which measures the ef
tiveness of phonons of a given energy to scatter electron
the Fermi surface, plays a central role. The spectral func
is given by

a2F~v!5
1

2pN~EF!(qn
d~v2vqn!

gqn

\vqn
. ~5!

Within this framework, the mass enhancement paramete
proportional to the inverse-frequency moment of the spec
function.

In the linear-response approach,dVSCF is computed in the
process of determining the dynamical matrices. Therefore
calculate the matrix elements on the same grid of pho
wave vectors used in the phonon calculations describe
the previous section. The doubly constrained Fermi surf
average ofg is computing using Bloch functions at 728~650!
k points in the bcc~9R! IBZ, with delta functions at the
Fermi level replaced by Gaussians of width 0.02 Ry. All
our studies of the electron-phonon interaction are carried
at the experimental volume for bcc Li at 78 K since previo
work has shown that this yields phonon frequencies t
agree well with measured dispersion curves.25 Furthermore,
extrapolations based on available thermal expansion
suggest the equilibrium volume changes by less than 0
betweenT50 K andT578 K.37

The calculateda2F functions are used as input to th
Eliashberg equations. By solving the Eliashberg equatio
we obtain the superconducting transition temperatureTc as a
function of the Coulomb pseudopotentialm* . The Eliash-
berg equations are solved numerically on the imagina
frequency axis with a cutoff ofvc56vmax, wherevmax is
the maximum phonon frequency. The repulsive Coulomb
rameterm* is a function of the cutoff frequency, and th
value used in the numerical solution of the Eliashberg eq
tions is not necessarily what should be used in approxim
Tc equations such as McMillan’s.26 In fact, it is not com-
pletely clear which value ofm* is most appropriate for suc
purposes, but a value scaled tovmax is usually reasonable.38

For the results reported here,m* is scaled tov5vmax
according to 1/m* (vmax)51/m* (vc)1 ln(vc /vmax)
51/m* (vc)11.792.

B. Results and discussion

The computed electron-phonon spectral functions for
and 9R Li are plotted in Fig. 3~b!. The fcc and hcpa2F
curves resemble the 9R results and are omitted for cla
For each structure, the spectral function is similar in shap
the corresponding phonon density of states, and as with
ng
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density of states, the bcc phase has enhanced spectral w
at low frequencies compared to the close-packed structu
Sincel is proportional to the inverse-frequency moment
a2F, this difference at low frequencies leads to significa
differences inl. As can be seen in Table II, we findl
50.45 for bcc Li, which is in good agreement with earli
first-principles calculations,21–25 and smaller values rangin
from 0.33 to 0.37 for the three close-packed structures.

Further evidence for the importance of contributio
from low-frequency modes can be found in the valu
of v log tabulated in Table II. A logarithmic moment o
a2F, this parameter can be expressed asv log
5exp@(qnlqnlog(vqn)/(qnlqn#. Although the average pho
non frequencies for the different structures differ by on
about 1%,v log is nearly 30% smaller in bcc Li than in th
close-packed phases. This indicates that some low-freque
phonon modes in bcc Li couple strongly to the electro
thereby dramatically lowering thel-weighted logarithmic
average of the phonon frequencies.

The wave-vector- and branch-dependent phonon li
widths and coupling parameters for bcc Li are plotted alo
high-symmetry directions in Fig. 4~a!. The dashed curve
along the@100# direction shows the linewidths calculated fo
a free electron gas with the same average electron densi
bcc Li. Within the simple free-electron model, which a
sumes a spherical Fermi surface, Thomas Fermi screen
and a single plane wave for the wave function, umkla
processes are neglected and only longitudinal phonon mo
couple to electrons. The model yields a linearq dependence
for g at small wave vectors and gives a reasonable desc
tion of the calculated linewidths for longitudinal modes ne
the zone center. However, the full calculation finds siza
linewidths for transverse modes along all the directions p
ted.

FIG. 4. ~a! Phonon linewidths and~b! electron-phonon coupling
parameters calculated for bcc Li along high-symmetry directions
the Brillouin zone. The coupling parameterslqn are weighted by a
phase-space factor of (q/q0)2, whereq052p/a. Solid circles de-
note longitudinal branches, while open symbols indicate transv
branches. Along the@110# direction (G to N), the open squares

correspond to theT1 branch with polarization along@11̄0# and the
open circles correspond to theT2 branch with polarization along
@001#. The dashed curve~shown only along the@100# direction!
corresponds to linewidths calculated for a free-electron model.
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Figure 4~b! shows that the low-lyingT1@jj0# phonon
modes give anomalously large contributions tol. Yet Fig.
4~a! shows that the linewidths for these modes are com
rable in magnitude to those for transverse modes along o
directions. Sincelqn is proportional togqn /vqn

2 , and gqn

does not depend explicitly onvqn , the large values oflqn

associated with theT1@jj0# modes arise primarily from the
small phonon frequencies rather than from Fermi surf
nesting or other properties related to the electronic struct

It is interesting to compare these results for bcc Li
results for bcc Na, which also has a low-lyingT1@jj0# pho-
non branch. The phonon dispersion curves of bcc Na
similar to those of bcc Li, with the frequencies scaled by
square root of the ratio of atomic masses.39,40 Yet first-
principles calculations40,41 for bcc Na findl'0.2, which is
less than half the value calculated for bcc Li. Since the
gree of Fermi surface nesting, as measured by^^1&&, and the
electronic density of states,N(EF), are similar in the two
systems, the differences in electron-phonon coupling a
from differences in the matrix elements. There is a parti
larly striking difference in the phonon linewidths along th
@jj0# direction, as can be seen by comparing Figs. 4 an
For both of the transverse branches along this direction,
find @gqnM #Li /@gqnM #Na.1000. This difference is due to
the deeperp pseudopotential in Li arising from the lack ofp
states in the Li core. The stronger potential gives rise t
larger change in the bare potentialdVbare when atoms are
displaced. Furthermore, because thep orbitals are more
tightly bound in Li, the electrons are less effective in scre
ing dVbare. In combination, these two effects result in si
nificantly larger electron-phonon matrix elements in Li th
in Na. In Na the electrons are able to very effectively scre
the change in ionic potential, particularly for the transve

FIG. 5. ~a! Phonon linewidths and~b! electron-phonon coupling
parameters calculated for bcc Na along high-symmetry direction
the Brillouin zone. The coupling parameterslqn are weighted by a
phase-space factor of (q/q0)2, whereq052p/a. Solid circles de-
note longitudinal branches, while open symbols indicate transv
branches. Along the@110# direction (G to N), the open squares

correspond to theT1 branch with polarization along@11̄0# and the
open circles correspond to theT2 branch with polarization along
@001#. The dashed curve~shown only along the@100# direction!
corresponds to linewidths calculated for a free-electron model.
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modes along@jj0# which contribute so strongly tol in Li.
Thus despite similarities in their electronic structure a
phonon spectra, bcc Na and bcc Li differ significantly
their electron-phonon coupling parameters.

The superconducting transition temperatures calcula
for bcc and 9R Li are plotted as functions ofm* (vmax) in
Fig. 6. For bcc Li, the standard value ofm* 50.12 yields
Tc50.8 K, similar to earlier results in which estimates forl
were input into the McMillan equation. As can be seen
Fig. 6, a value ofm* 50.27 is needed in order to suppressTc
below the experimental limit of 6 mK. For 9R Li, the tran
sition temperature is found to be consistent with the exp
mental limit if m* 50.19. An approximate upper limit onm*
can be obtained by lettingm become infinite in the two-
square well expressionm* (vmax)5m/@11m ln(EF /vmax)#.
For all the structures considered here, this condition lead
m* (vmax),0.23. This confirms that the large value need
to suppressTc below the experimental limit in bcc Li is mos
likely unphysical. For the 9R structure, as well as the ot
close-packed structures, the electron-phonon interactio
weak enough to be consistent with the lack of a transit
above 6 mK, provided that the Coulomb pseudopotentia
somewhat larger than is commonly assumed. A realistic
culation ofm* is extremely difficult since it requires know
ing the full frequency- and momentum-dependent dielec
response function of the system. In a recent paper, s
momentum-dependent dielectric matrices calculated wit
the LDA were used to estimate the Coulomb repulsion
rameters in bcc and 9R Li.42 The estimates ofm* '0.16 for
both bcc and 9R Li indicate that the standard values assu
for m* are not appropriate for this material. This is al
supported by a recent study of solutions to the Eliashb
equation for the electron gas which found that the role
Coulomb repulsion is significantly underestimated in lo
density metals ifm* '0.1 is used.43

The thermal effective mass derived from heat capac
measurements provides additional information on
electron-phonon mass enhancement parameter. The the
mass is related to the band mass according tomth5mb(1
1l) and is found experimentally from the electronic cont
bution to the specific heat. Measurements for Li yieldmth

in

se

FIG. 6. Superconducting transition temperature versusm* for
bcc and 9R Li. The experimental upper limit onTc is 6 mK.
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52.22m, where m is the bare electron mass.20 The band
mass for 9R Li is calculated to be about 7% larger than t
for bcc Li, which offsets the difference inl. The calculated
thermal masses ofmth52.25m and 2.24m for bcc and 9R Li,
respectively, are both in good agreement with the spec
heat data. Note however that this analysis does not p
strict constraints onl since contributions to the mass reno
malization arising from electron-electron manybody effe
beyond the LDA have been assumed to be negligible.

Our results for the electron-phonon interaction in 9R
are thus consistent both with the observed lack of a su
conducting transition as well as with the specific heat da
One complication is that since Li is never observed to tra
form completely to a perfect 9R lattice—there is always
mixture of the disordered close-packed polytype, as wel
some amount of bcc, the exact amounts of which depend
thermal history—the exact structural characteristics of
samples used in the various experiments are not known.
pending on the details of how grains with different crys
structures are distributed within the samples, the struct
disorder itself may play a role in the suppression of sup
conductivity in this material. We hope this work motivat
future experimental studies on well-characterized sample
low-temperature Li and on possible connections between
microstructure of the samples and electronic and trans
properties.

IV. CONCLUSIONS

We have used the first-principles linear-response met
to compute the vibrational properties of Li in various crys
structures. The low-energyT1@jj0# phonon modes, which
correspond to shearing of~110! planes, distinguish the vibra
tional properties of the bcc phase from those of the clo
packed phases. In particular, while the close-packed 9R,
and hcp phases are energetically favorable atT50, the large
phonon entropy associated with the low-energy modes in
Li stabilizes the bcc structure upon heating. The quasih
monic approximation gives a reasonable description of
thermodynamics of the transformation at zero press
-
V.

J
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t

c
ce
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s
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e
e-
l
al
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e
rt

d
l
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c,

cc
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e
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yielding a transition temperature within about 100 K of t
observed starting temperatureMs .

The thermodynamic properties addressed in this w
provide a starting point for understanding the details of
structural transformation in Li. Many interesting questio
remain about the kinetics of the transition, including for e
ample, details about the reaction path,44 the role played by
coherency stresses in determining which close-packed p
appears,4 the appearance of the fcc phase intermediate
tween 9R and bcc upon heating,4 and the importance of het
erophase fluctuations and defects for triggering
transition.45,46

The T1@jj0# phonon modes which are responsible f
stabilizing the bcc phase at high temperatures also play
important role in the variation of the electron-phonon co
pling strength with crystal structure. It is primarily contribu
tions from these modes that make the coupling parametel
about 30% larger in bcc Li than in the close-packed phas
The coupling in the 9R structure, which is the predomina
phase at low temperatures, is weak enough to be consis
with the current experimental upper limit onTc , provided
that a value ofm* (vmax)'0.19 is assumed. This is a plau
sible value given recent theoretical work that shows that
Coulomb repulsion parameter in low-density metals like
can significantly exceed the standard values assumed42,43

The calculated enhancement of the electronic mass due to
electron-phonon interaction in 9R Li is also consistent w
available specific heat data.
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