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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 ii90163-182099)11905-3

I. INTRODUCTION are also consistent with hcp or 9R.
Neutron experiment$® show that while there may be

The pressure-temperature structural phase diagram abme softening of certain phonon modes in bcc Li upon
solid Li, arguably the simplest metal, is not well established.cooling, the transformation occurs well before any phonon
Even along the zero-pressure axis, Li exhibits some compleftequencies or elastic constants approach zero, ruling out the
behavior. At ambient pressure and room temperature, L$oft-mode mechanisti?for the transformation. The trans-
crystallizes in the bcc structure, but upon cooling, it underformation more likely results from a competition between
goes a martensitic transformation around 80 K. The transforthe internal energies and entropies of the different phases.
mation was first observed in 1936ut the crystal structure For example, Friedét argued on general grounds that the
of the low-temperature phase remained a subject of debagghonon spectrum should scale roughly with coordination
for several decades. In 1984, Overhauser suggested that thember, leading to an overall lowering of the bcc phonon
neutron scattering data were consistent with the 9Rspectrum compared to that of close-packed structures. The
structure? a close-packed phase with a nine-layer stackingesulting larger vibrational entropy associated with the bcc
sequence. Subsequent investigations confirmed 9R as the psiructure provides a qualitative explanation for the preva-
mary structure at low temperaturébut also showed that it lence of the bcc structure as the high-temperature phase in
is accompanied by a large and variable amount of a disometals. While these ideas are believed to apply to many sys-
dered polytype consisting of short-ranged fcc- and hcp-typgems that exhibit martensitic transformations, it is useful to
stacking order, as well as some amount of bBarthermore,  examine them in the context of detailed materials-specific
upon heating, the 9R phase and disordered polytype appephonon spectra which are accessible from first-principles cal-
to transform first to an ordered fcc phase before reverting teulations.
bce Li above about 150 K. Several first-principles theoretical investigations have fo-

Little information is available about the phase diagram ofcused on the relative stability of different crystal structures
Li at higher pressures. Upon compression, the temperature fir Li at zero pressur&*'®Conflicting results have emerged,
which the martensitic transformation begilMd,, rises at a  but all the studies agree that the energy differences between
rate of about 20 K/GPa, at least up to pressures of 3%Pa, structures are smaluch less than 1 mRy/atopmaking it
with the structural characteristics of the low-temperaturedifficult to determine the ordering reliably. Most of the the-
phase remaining the same as at ambient pressure. At rooametical work has been based on zero-temperature calcula-
temperature, a structural transition is observed Rt tions that do not even include zero-point energies. Given that
=6.9 GPa’ The crystal structure of the compressed phasé.i is such a light atom, finite-temperature effects arising
was initially identified as fcc, but the limited diffraction data from vibrational degrees of freedom are likely to play a role
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in the structural energetics of this system. In a recent studycal density approximatiofLDA). The Li pseudopotential is
vibrational contributions to the free energies of bcc and fcayenerated by the Troullier-Martins methdThe Wigner

Li were computed within the harmonic approximatiGithe  interpolation formula is used for the correlation potentfal,
fcc phase was found to be favored B0 K, which is  and a partial core correction is used to treat the nonlinearity
consistent with experiments. Furthermore, the free-energyf the exchange and correlation interaction between the core
difference between the two phases was calculated to decreagfd valence charge densitiésSince the structures lie very
with increasing temperature, but, in contrast to what is obg|gse in energy, large sets kfpoints are needed to reliably
served in experiments, the fcc phase was calculated to répmpare the total energies of different structures. We use
main thermodynamically stable up to at least a few hundre 120, 1122, 1300, and 918 points in the bee, 9R, fec, and hep

kelvin. .irreducible Brillouin zonegIBZ), respectively, to obtain to-

In this paper, we go beyond the purely harmonic approXiy, ~ oorgies that are converged to within  about
mation and include anharmonic effects at the quasmarmonlf _5 . ; "
0> Ry/atom with respect to BZ sampling. In addition, a

level1® This approximation, in which the volume depen- ; . X
dence of the Fr))?lonon spectrum is explicitly includedp haéarge plane-wave cutoff of 20 Ry is used in the calculation of
of thdotal energies.

been shown to provide a remarkably good description of th - _—
temperature dependence of the lattice constant and bulk 'N€ free energy at finite temperature has contributions
modulus of bce Li up to its melting poiff. The density- from both electronic excitations as well as lattice vibrations.

volume-dependent phonon frequencies. We find that a quaspected to be weak at the temperatures of interest, their con-
harmonic treatment of the phonon free energies reproducdgbutions to the free energy can easily be included by using
the experimentally observed bcc-9R transformation, thougthe Mermin functionalF ¢ (V,T) =E— TS, rather than the
the transition temperature is overestimated. The thermodystandard DFT total enerdy. The lattice excitations are
namic stabilization of the bcc structure at high temperaturesreated within the quasiharmonic approximattényhere the

is shown to be completely attributable to its excess phonofull Hamiltonian at a given volume is approximated by a
entropy. harmonic expansion about the equilibrium atomic positions,

A possibly related issue is the lack of a superconductingut anharmonic effects are included through the explicit vol-
transition in Li. Specific heat measuremefftsas well as  ume dependence of the vibrational frequencies. The Helm-
first-principles calculatiorfd~?® suggest that the electron- holiz free energy is then given by
phonon mass enhancement parameter in Ar<0.45. Using
the McMillan equatiorf® with a Coulomb repulsion param- [ fog(V)
eter of u* =0.12, which is believed to be typical for simple F(V.T)=Fe(V,T) +kgT> In| 2 sml‘(T
metals, we would expect to find a superconducting transition a B
in Li at temperatures on the order of 1 K. Yet no transitionwherew,, (V) is the frequency of theth phonon band at the
has been observed in experiments, at least down to 6'mK. point g in the Brillouin zone.

Because of uncertainties in the low-temperature crystal The density-functional linear-response method is used to
structure, most of the previous calculations, as well as thgompute the phonon spectra for each structure at several dif-
analysis of the specific heat data, were based on bcc Li. Ongrent volumes. The dynamical matrices are computed using
calculation of the electron-phonon coupling strength in OR Lithe scheme described in Ref. 19, where the self-consistent
suggested that the coupling is indeed weaker in the 10Wgpange in the Hamiltonian caused by ionic displacements is
temperature pha§é.However, there were large uncertainties o, aineq by solving a Bethe-Saltpeter equation for the
lcir]o;gaitnrailijtl:thsil{l\?veaslt (\)/\r/]?s fzzsz?eotr(‘) fer?(gm;]r’ehg?ec’zocualfula(':hange in the charge density. At each volume, the dynamical

y PING 1 atrix is computed for 285, 240, 98, and 95 phonon wave

constants at a few phonon wave vectors. Using the Imear\; ctors in the bec, fec, 9R. and hep IBZs, respectively. A

response approach rather than the frozen-phonon method, w ) : :
are able to efficiently sample wave vectors throughout thd'anewave cutoff of 12 Ry is used in the calculation of pho-

Brillouin zone, and more accurately calculate the structurd'©n SPectra.
dependence of the electron-phonon interaction in Li in this
work. Our results show that in 9R, fcc, and hcp hi,is B. Results and discussion

significantly smaller than in bce Li. We argue that the calcu- 0 equilibrium volumes and energies calculated for bec,

lated coupling in the close-packed phases is weak enough}gc, hcp, and 9R Li are listed in Table I. For volumes within

be consistent with current experimental limits on the tran5|-about +12% of the equilibrium volume, we find that the
tion temperature.

The remainder of this paper is organized as follows. Instacking of the close-packed planes in 9R Li is near idgal:
Sec. II, we outline the methods used to compute the fregvhen structural parameters are chosen to correspond to ideal
energies and present our results for the structural phase st%ttfa_CAK'ng' the calculated forces on the atoms are less than
bility of Li. Section Il focuses on the comparison of the 10~ Ry/au and the differences between dlfigonal compo-
electron-phonon interaction in bee and 9R Li. A summaryN€nts of the stress tensor are less thanl@ ® Ry/au.

(D

and concluding remarks are given in Sec. IV. This is consistent with neutron data which show ¢ ratio
to be within 0.1% of the ideal valu&Similarly, for the hcp
Il. STRUCTURAL PHASE STABILITY OF LITHIUM structure, the optimal value foc/a is found to be 1.63,

which is very close to the ideal close-packed value of 1.633.
The T=0 K static calculations, which include only the
The zero-temperature structural energetics are calculatddDA total energies, show bcc Li to be the least favorable of

using the plane-wave pseudopotential method within the loall the structures considered. Bcc Li lies about 0.1 mRy/atom

A. Method
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TABLE I. Equilibrium volume and energy calculated for bcc, -0.6075
fcc, 9R, and hcp Li. Results are presented for both static zero-
temperature LDA calculations, as well as zero-temperature calcula-
tions that include zero-point energies. For hcp Li, only static results
are presented because full quasiharmonic calculations were not per-—

formed for this phase. g
©
T=0 static T=0 with ZP € 06100
Vo Eo—EQ Vo Fo—Fo% —
=
bcc 133.2 0.000 136.3 0.000 L|>\':
fcc 132.7 —0.146 135.9 —-0.113
9R 132.8 —-0.130 136.1 —-0.100
hcp 132.8 —-0.123
-0.6125 ! ! L L
110 120 130 140 150 160

above the close-packed structures, all three of which have Volume (a.u./atom)
nearly the same energy. We find the lowest lying structure to
be fcc, with 9R and hcp Li only about 0.01 mRy/atom higher
in energy.

The relative ordering of various structures for Li has bee
the subject of some controversy. Several static LDA studies
have been carried out, with varying resuit$® Because the served experimentally. Interestingly, this close-packed to bcc
different calculations differ in the basis sets employed, thdransition was not found in a recent LDA calculation based
sampling of the BZ, the form of the LDA potential, and the on the purely harmonic approximatiohin that work, free
shape approximations used, it is difficult to sort out the rea€nergies for bcc and fcc Li were compared, and fcc Li was
sons for the discrepancies. Nevertheless, all the calculatiorfeund to be energetically favored all the way frai=0 K
agree that the structures are close in energy, and hence arelé to several hundred kelvin. In the present work, we find
least qualitatively consistent with the coexistence of varioughat the temperature range over which the close-packed
phases at low temperatures. Given the structural similaritphase is favored indeed expands if the volume dependence of
between the various close-packed phases, their near degdhe phonon spectrum is neglected, but we still find the bcc
eracy in this monovalersp metal is not surprising. While phase to be favored over both fcc and 9R Li at 300 K.
the calculated total-energy differences between the close- TO pin down the transition temperature, it is useful to
packed phases are too small to allow us to definitively deterexamine the Gibbs free energy at zero pressure. The differ-
mine their relative ordering, we are confident in our resultence between the 9R and bcc zero-pressure Gibbs energies,

that the close-packed phases are clustered close in energyGw(P=0,T), is plotted as a function of temperature in
and that all are more stable than the bcc phase. Fig. 2. The calculation indicates that 9R Li is thermodynami-

The average phonon frequency is calculated to be abowally stable below abouf=200 K. Based on the uncertain-
1% lower in bee Li than in the close-packed phases. Thudies in the calculated energy differences, we estimate error
when zero-point energies are included, the energy differencears of about-50 K on the calculated transition tempera-
between bcc Li and the close-packed phases decreases. We
find however that the relative ordering of the structures re- 0.3 . . .
mains the same. As can be seen in Table I, the inclusion of _

. . . . A—A electronic
zero-point energy also leads to an expansion in the equilib- &— phonon
rium volume. For bcc Li, the static LDA energies underesti- 021 o etotal
mate the volume by nearly 7%. Since the atoms are so light,
vibrational effects are significant, and when zero point mo-
tion is taken into account, the error in the calculated volume
becomes about 4.5%, which is more typical of the size of
errors found in LDA studies of other simple metals.

Since the close-packed phases are virtually indistinguish-
able energetically, we choose the 9R structure, which is the _
predominant low-temperature phase, as representative of all T A £ A
the close-packed structures. For the remainder of this section,
we focus on comparing the energetics of bcc a_nd 9R Li. -0.2 0 00 200 300 200

The Helmholtz free energy for bcc and 9R Li are plotted T (K)
as a function of volume in Fig. 1. Results are presented for
T=0 KandT=300 K. For each crystal structure, calcula-  FiG. 2. Calculated difference in Gibbs free energy between 9R
tions are carried out for six to eight volumes, and the resultsind bcc Li at zero pressure, plotted as a function of temperature.
are fit to the Birch equation of statéWith increasing tem-  The triangles show the difference in electronic contributions to the
perature, the ordering of the phases reverses, and the bftee energy and the squares show the difference in phonon contri-
phase is calculated to be stable at room temperature, as olmtions.

FIG. 1. Calculated Helmholtz free energy versus volume for bcc
and 9R Li at two temperatures. The curves are fits of the calculated
r,ooints to the Birch equation of state.

Ggr-G,,, (MRy/atom)

g
L
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TABLE II. Electronic and electron-phonon-related properties 0.2 T . . T
computed for bcce, fce, 9R, and hcp Li: the electronic density of (@)
states at the Fermi lev®l(Eg), a logarithmic average of the pho- o~ Ll ——- g;c
non frequenciesvy, the electron-phonon mass enhancement pa- > == \
rameterA, and the minimum value of the Coulomb pseudopoten- £ 01 r 7Tz T
tial, wupin, that is consistent with the observed lack of a 3 7/
superconducting transition above 6 mK. (g e
N(Eg) @iog 0.0 - I I I
(states/Ry/spin/atom (meV) N Lmin 03 ' ' ' '
b
bce 3.33 14.9 0.45 0.27 0o L © y [ — g;c_
fcc 3.75 20.2 037 021 3 y/a
9R 3.57 20.6 0.34 0.19 “‘US S
hcp 3.60 20.7 0.33 0.19 01 % .
///
i i - 0.0 =", ' .
ture. Since the transformation actually takes place via nucle- 0 10 20 30 40 50
ation and growth of the close-packed phase within the bcc o (meV)

matrix, the experimentally observed starting temperature for _
the transition upon cooling, about 80 K, provides a lower FIG. 3. (2) Phonon density of statéper atom and (b) electron-
bound on the thermodynamic transition temperature. SimiPhonon spectral function calculated for bee and 9R Li.
larly, the experimental starting temperature for the close- L .
packed to bcc transformation upon heating, about 150 kpletely by the excess wpratlonal entropy arising from the
serves as an upper boufd. low-energy shear modes in the bcc phase.

The triangles in Fig. 2 show the 9R-bcc difference in the  1he Clausius-Clapeyron equation allows us to estimate
electronic contributions to the free energyG.(P=0,T) the slope of the phase line from the changes in entropy and

=AE,—TAS,. This quantity shows negligible temperature VolUme at the transitiondT/dP=AV/AS=23 K/GPa at
=0 GPa. This is in good agreement with the experimen-

dependence and favors the close-packed 9R phase throu
P P P %Ily determined values for the pressure dependence of the

out the range of temperatures considered. In fAcd,, is X -+
dominated by the difference in internal energiesE,,  ©NSet temperaﬁture, which range fraivs/dT=15 K/GPa
to 30 K/IGP&® In principle, the entire phase line can be

which is over an order of magnitude larger thBAS, at T ) ) ) .
=300 K. At low temperatures, the leading term in the e|eC_determ|ned by analyzing the free energies at different pres-

tronic entropy is proportional to the electronic density of SUres- However, as noted in Refs. 34 and 15, the LDA pre-

states at the Fermi leval(E¢). In this case of a simple UICtS @ negative Gruneisen parameter forThpg£0] branch

monovalent metal, the electronic density of states depend8 Pcc Li, and an elastic instability at volumes corresponding

weakly on crystal structuréTable 1), and hence the elec- (© Pressures oP>2.5 GPa aff=0 K (or P>3.1 GPa at

tronic entropy plays a negligible role in the structural transi-| — 300 K). Experimentally, bcc Li indeed becomes un-
tion. stable upon compression, and transforms to a close-packed

The squares in Fig. 2 show the difference between the gRhase, but the transformation occurs at a higher pressure of

and bcc phonon free energies. The difference in vibrationaf'f‘bOUt 7 GPa. The underestimation of the transition pressure

energies between bcc and 9R Li is virtually temperature inIndicates that anharmonic effects beyond the quasiharmonic

dependent, at least up =400 K, and it is the entropic level become increasingly important with compression, and a
term in the free energy that stabilizes the bec structure witdéatment that includes phonon-phonon interactions that can

increasing temperature. The phonon densities of stateStaPilize the bee structure is needéd.

F(w), for the two phases are plotted in FigaB While the

maximum phonon frequency is nearly the same in the two lll. ELECTRON-PHONON COUPLING STRENGTH
structures, the bcc phonon spectrum has more weight in the IN LITHIUM

low-frequency regimébelow about 15 me¥ This enhanced A Method

weight arises primarily from th& ;[ ££0] phonon branch, _ ' _

corresponding to &110] polarization, and surrounding re- 1€ matrix ele,:n":ent for scattering of an electron from
gions in the BZ. The entird,[ ££0] branch lies below 8.5 Statenk to staten’k’ by a phonon with frequency,, and
meV, and none of the close-packed structures have comp&igenvectoreg, is given by

rable low-energy phonon branches. These low-energy shear

modes in bcc Li are easy to excite and give large contribu- o h - .

tions to the vibrational entropy. Over the range of tempera- ~ 9(NK,n'K’,qv) ="/ W<”k|fqv' Nscdn'k’), (2)
tures considered, the vibrational entropy arising from phonon a

modes with frequency smaller than 8.5 meV is about twicewhere §Vscr is the self-consistent change in the potential
as large in bcc Li than in 9R Li, while the entropy associateddue to atomic displacements. This scattering gives rise to a
with higher-frequency modes is about the same in the twdinite phonon linewidth,

structures. From the thermodynamic standpoint, the close-

packed to bce transformation in Li is therefore driven com- Ygr=270q,[N(ER)1%(|9q.%)), 3
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where the double bracke{$)) denote a doubly constrained 2 :
Fermi surface average as defined in Ref. 36. This scattering @ be Li
process also contributes to the effective mass of the electrons & I PN
via the mass enhancement parameter

rad/s

Yav
)\ql,:—z .
fimN(Er) wg,

The total mass enhancement paramekerjs obtained by 0.50
summing over branches and averaging over wave vectors )
throughout the Brillouin zone. “ I
Within the Eliashberg theory of superconductivity, the E‘r’ 0.25
electron-phonon spectral function, which measures the effec- <
tiveness of phonons of a given energy to scatter electrons or <

T (1011

(4)

the Fermi surface, plays a central role. The spectral function NSy, ”'g}//
is given by 0.00 £ " b = N
1 Y FIG. 4. (a) Phonon linewidths an¢b) electron-ph li
5 _ B qv . 4. phonon coupling
a’F(w)= ZWN(EF)% o(w qu)ﬁwqy' (5 parameters calculated for bcc Li along high-symmetry directions in

o ) the Brillouin zone. The coupling parameterg, are weighted by a
Within this framework, the mass enhancement parameter ighase-space factor oi{q,)2, whereqy=2m/a. Solid circles de-

proportional to the inverse-frequency moment of the spectrahote longitudinal branches, while open symbols indicate transverse
function. branches. Along th¢110] direction (" to N), the open squares

In the ||near're§p9nse approa(ﬂyscﬂs C(_)mpUtEd inthe  correspond to th@; branch with polarization alongl 10] and the
process of determlplng the dynamical matrices. Therefore W8Bpen circles correspond to the branch with polarization along
calculate the matrix elements on the same grid of phononoo1]. The dashed curvéshown only along th¢100] direction
wave vectors used in the phonon calculations described iorresponds to linewidths calculated for a free-electron model.
the previous section. The doubly constrained Fermi surface | _
average ofy is computing using Bloch functions at 72850) density of states_, the bcc phase has enhanced spectral weight
k points in the bco@R) IBZ, with delta functions at the at low frequencies compared to the close-packed structures.
Fermi level replaced by Gaussians of width 0.02 Ry. Al OfSiche)\ is proportional to the inverse-frequency moment of
our studies of the electron-phonon interaction are carried out F» this difference at low frequencies leads to significant
at the experimental volume for bee Li at 78 K since previousdifferences ink. As can be seen in Table Il, we find
work has shown that this yields phonon frequencies thaf 045 for bcc Li, which is _'959°°d agreement with earlier
agree well with measured dispersion cur¢egurthermore, first-principles calculation$:2° and smaller values ranging
extrapolations based on available thermal expansion daffom 0.33 to 0.37 for the three close-packed structures.
suggest the equilibrium volume changes by less than 0.5% Further evidence for the importance of_ contributions
betweenT=0 K andT=78 K.37 from low-frequency modes can be found in the values

The calculateda®F functions are used as input to the sz wioq tabulated in Table II. A logarithmic moment of
Eliashberg equations. By solving the Eliashberg equations® F» _this parameter can be expressed asg
we obtain the superconducting transition temperafyras a  — €XH2q,Aq,109(wg,)/2q,Aq,]. Although the average pho-
function of the Coulomb pseudopotentialt. The Eliash- 0N frequenme_s for the different strl_Jctures ;hffer by only
berg equations are solved numerically on the imaginary@P0Ut 1%.wi5 is nearly 30% smaller in bee Li than in the
frequency axis with a cuUtoff o= 6w, Wherew g is close-packed phases. This indicates that some low-frequency
the maximum phonon frequency. The repulsive Coulomb paPhonon modes in bec Li couple strongly to the electrons,
rameteru* is a function of the cutoff frequency, and the thereby dramatically lowering tha—we|ghted logarithmic
value used in the numerical solution of the Eliashberg equa2verage of the phonon frequencies. ,
tions is not necessarily what should be used in approximate 1he wave-vector- and branch-dependent phonon line-
T, equations such as McMillan®. In fact, it is not com- vv_ldths and coupll_ng parameters for bcce Li are plotted along
pletely clear which value of.* is most appropriate for such Nigh-symmetry directions in Fig. (4. The dashed curve

purposes, but a value scaleddg,,, is usually reasonabf®. al?ng thle[loo] dlrecthr;] SEOWS the I|neW|dthsI calculadted fpr
For the results reported herg* is scaled tow=wyg & ree electron gas with the same average electron density as

according to U (07) = Up* (@0) + IN(0g/ @) bce Li. Within _the simplg free-electron model, v_vhich as-
= Up* (wg) +1.792. sumes a spherical Fermi surface, Thomas Fgrml screening,
and a single plane wave for the wave function, umklapp

processes are neglected and only longitudinal phonon modes
couple to electrons. The model yields a lingadependence

The computed electron-phonon spectral functions for bcdor ¢ at small wave vectors and gives a reasonable descrip-
and 9R Li are plotted in Fig. (). The fcc and hcpe®F tion of the calculated linewidths for longitudinal modes near
curves resemble the 9R results and are omitted for claritythe zone center. However, the full calculation finds sizable
For each structure, the spectral function is similar in shape ttinewidths for transverse modes along all the directions plot-
the corresponding phonon density of states, and as with thed.

B. Results and discussion
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FIG. 5. (@) Phonon linewidths anth) ele_ctron-phonon c_oupl_lng . FIG. 6. Superconducting transition temperature vergtisfor

parameters calculated for bcc Na along high-symmetry directions in . . o )
S : . bcec and 9R Li. The experimental upper limit @R is 6 mK.

the Brillouin zone. The coupling parametexg, are weighted by a
phase-space factor ofj{q,)?, whereq,=2/a. Solid circles de-
note longitudinal branches, while open symbols indicate transver
branches. Along th¢110] direction (" to N), the open squares
correspond to th&,; branch with polarization alongl 10] and the
open circles correspond to the branch with polarization along
[001]. The dashed curvéshown only along thg¢100] direction
corresponds to linewidths calculated for a free-electron model.

modes alongd ££0] which contribute so strongly ta in Li.
SThus despite similarities in their electronic structure and
phonon spectra, bcc Na and bcc Li differ significantly in
their electron-phonon coupling parameters.

The superconducting transition temperatures calculated
for bcc and 9R Li are plotted as functions @f (w4 in
Fig. 6. For bcc Li, the standard value pf* =0.12 yields
T.=0.8 K, similar to earlier results in which estimates for

Figure 4b) shows that the low-lyingl;[££0] phonon  were input into the McMillan equation. As can be seen in
modes give anomalously large contributions\toYet Fig.  Fig. 6, a value ofu* =0.27 is needed in order to supprdss

4(a) shows that the linewidths for these modes are compabelow the experimental limit of 6 mK. For 9R Li, the tran-
rable in magnitude to those for transverse modes along otheition temperature is found to be consistent with the experi-
directions. Since\q, is proportional tqu,,/wfw, and yq,  mental limit if »* =0.19. An approximate upper limit op*

does not depend explicitly on,,, the large values ok,,  can be obtained by letting. become infinite in the two-
associated with th&,[ ££0] modes arise primarily from the square well expressiop* (wmad = /[ 1+ u IN(Ep/wma 1-

small phonon frequencies rather than from Fermi surfacé-or all the structures considered here, this condition leads to
nesting or other properties related to the electronic structureu* (wmga) <0.23. This confirms that the large value needed

It is interesting to compare these results for bcc Li toto suppresd . below the experimental limit in bce Li is most
results for bcc Na, which also has a low-lyifig[ ££0] pho-  likely unphysical. For the 9R structure, as well as the other
non branch. The phonon dispersion curves of bcc Na arelose-packed structures, the electron-phonon interaction is

similar to those of bcc Li, with the frequencies scaled by theweak enough to be consistent with the lack of a transition
square root of the ratio of atomic mas$e&’ Yet first-  above 6 mK, provided that the Coulomb pseudopotential is
principles calculatiorf§** for bce Na findh~0.2, which is  somewhat larger than is commonly assumed. A realistic cal-
less than half the value calculated for bcc Li. Since the deeulation of u* is extremely difficult since it requires know-
gree of Fermi surface nesting, as measured(tty), and the ing the full frequency- and momentum-dependent dielectric
electronic density of state®N(Eg), are similar in the two response function of the system. In a recent paper, static
systems, the differences in electron-phonon coupling arissnomentum-dependent dielectric matrices calculated within
from differences in the matrix elements. There is a particuthe LDA were used to estimate the Coulomb repulsion pa-
larly striking difference in the phonon linewidths along the rameters in bcc and 9R Ef. The estimates ofi* ~0.16 for

[ ££0] direction, as can be seen by comparing Figs. 4 and Shoth bcec and 9R Li indicate that the standard values assumed
For both of the transverse branches along this direction, wéor u* are not appropriate for this material. This is also
find [ yq,M 1L /[ ¥4,M Ina>1000. This difference is due to supported by a recent study of solutions to the Eliashberg
the deepep pseudopotential in Li arising from the lack pf  equation for the electron gas which found that the role of
states in the Li core. The stronger potential gives rise to &oulomb repulsion is significantly underestimated in low-
larger change in the bare potentiéV/,,. when atoms are density metals ifu* ~0.1 is used?

displaced. Furthermore, because theorbitals are more The thermal effective mass derived from heat capacity
tightly bound in Li, the electrons are less effective in screenmeasurements provides additional information on the
iNng 6Vyare- In combination, these two effects result in sig- electron-phonon mass enhancement parameter. The thermal
nificantly larger electron-phonon matrix elements in Li thanmass is related to the band mass accordingngg=m,(1

in Na. In Na the electrons are able to very effectively screent\) and is found experimentally from the electronic contri-
the change in ionic potential, particularly for the transversebution to the specific heat. Measurements for Li yielg,
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=2.22m, wherem is the bare electron ma&s.The band Yielding a transition temperature within about 100 K of the
mass for 9R Li is calculated to be about 7% larger than tha@bserved starting temperatué .

for bee Li, which offsets the difference in. The calculated The thermodynamic properties addressed in this work
thermal masses fi;,= 2.25m and 2.24n for bee and 9R Li, provide a starting point fo_r un_derstanqmg the_ details o_f the
respectively, are both in good agreement with the Sloeciﬁcc,tructural transformation in Li. Many interesting questions

heat data. Note however that this analysis does not placrgmai” about the kinetics of the transition, including for ex-
strict constraints om. since contributions to the mass renor- ample, details about the reaction péftthe role played by

- L coherency stresses in determining which close-packed phase
malization arising from electron-electron manybody effects . X i
beyond the LDA have been assumed to be negligible. appear$, the appearance of the fcc phase intermediate be

Our results for the electron-phonon interaction in 9R Li tween OR and bee upon heatifignd the importance of het-

. . erophase fluctuations and defects for triggering the
are thus consistent both with the observed lack of a SuPe'i‘ranpsition‘.‘f"“G ggenng

conducting transition as well as with the specific heat data. The T,[ ££0] phonon modes which are responsible for
One complication is that since Li is never obseryed to trans'stabilizing the bce phase at high temperatures also play an
form completely to a perfect OR lattice—there is always ajmportant role in the variation of the electron-phonon cou-
mixture of the disordered close-packed polytype, as well agjing strength with crystal structure. It is primarily contribu-
some amount of bcc, the exact amounts of which depend of,ns from these modes that make the coupling parameter
thermal hlstory—the exact structqral characteristics of they,q,t 300 larger in bee Li than in the close-packed phases.
samples used in the various experiments are not known. Derhe coupling in the 9R structure, which is the predominant
pending on the details of how grains with different crystal pjaqe at low temperatures, is weak enough to be consistent
structures are distributed within the samples, the structuquth the current experimental upper limit ofy, provided
disorder itself may play a role in the suppression of SUPerinat a value ofu* (wma) ~0.19 is assumed. This is a plau-

conductivity in this material. We hope this work motivates gjp e yaye given recent theoretical work that shows that the
future experimental studies on well-characterized samples Q. ;iomb repulsion parameter in low-density metals like Li

low-temperature Li and on possible connections between thg, significantly exceed the standard values assdff8d.
microstructure of the samples and electronic and ranspoktpe cajculated enhancement of the electronic mass due to the
properties. electron-phonon interaction in 9R Li is also consistent with

available specific heat data.
IV. CONCLUSIONS

. L . ACKNOWLEDGMENTS
We have used the first-principles linear-response method

to compute the vibrational properties of Li in various crystal We thank D.W. Hess and B. Sadigh for helpful discus-

structures. The low-energ¥,[ ££0] phonon modes, which sions. This work was supported by National Science Foun-
correspond to shearing 610 planes, distinguish the vibra- dation Grant No. DMR9627778 and by the United States
tional properties of the bcc phase from those of the closebepartment of Energy, Office of Basic Science, Division of

packed phases. In particular, while the close-packed 9R, fciVaterials Science. A.Y.L. acknowledges the support of the
and hcp phases are energetically favorabl€-aD, the large  Clare Boothe Luce Fund. E.J.N. was supported by the Re-
phonon entropy associated with the low-energy modes in bcsearch Corporation and by the Natural Sciences and Engi-
Li stabilizes the bcc structure upon heating. The quasihameering Research Council of Canada. Supercomputing time
monic approximation gives a reasonable description of thevas provided by the NSF at the Pittsburgh Supercomputing
thermodynamics of the transformation at zero pressureCenter and the San Diego Supercomputer Center.

1C. S. Barrett, Acta Crystallog®, 671 (1956. 12p_W. Anderson, irFizika Dielectrikoy edited by G. I. Skanavi
2A. W. Overhauser, Phys. Rev. LeB3, 64 (1984. (Akad. Nauk SSR, Moscow, 1950
3H. G. Smith, Phys. Rev. Letb8, 1228(1987. 133, Friedel, J. PhygFrance Lett. 35, L59 (1974).

4W. Schwarz and O. Blaschko, Phys. Rev. Léf, 3144(1990.  4J. C. Boettger and S. B. Trickey, Phys. Rev3B 3391(1985);
5V. G. Vaks, M. I. Katsnelson, V. G. Koreshkov, A. I. Likhten- M. M. Dacorogna and M. L. Coheribid. 34, 5065(1986; H.
stein, O. E. Parfenov, V. F. Skok, V. A. Sukhoparov, A. V. Bross and R. Stryczek, Phys. Status Solidi#} 675(1987; J.
Trefilov, and A. A. Chernyshov, J. Phys.: Condens. Matter C. Boettger and R. C. Albers, Phys. Rev3B, 3010(1989; J.

5319(1989. A. Nobel, S. B. Trickey, P. Blaha, and K. Schwaikid. 45,
6H. G. Smith, R. Berliner, J. D. Jorgensen, M. Nielsen, and J. 5012(1992.
Trivisonno, Phys. Rev. B1, 1231(1990. 15p . staikov, A. Kara, and T. S. Rahman, J. Phys.: Condens. Matter
B. Olinger and J. W. Shaner, Scien2&9, 1071(1983. 9, 2135(1997).
8G. Ernst, C. Artner, O. Blaschko, and G. Krexner, Phys. Rev. B'SA. A. Maradudin, E. W. Montroll, G. H. Weiss, and I. P. Ipatova,
33, 6465(1986. Theory of Lattice Dynamics in the Harmonic Approximation
9H. G. Smith, R. Berliner, and J. Trivisonno, Phys. Rev48 2nd ed.(Academic, New York, 1971
8547(1994). 7A. A. Quong and A. Y. Liu, Phys. Rev. B6, 7767 (1997.
10¢. Zener, Phys. Revi1, 846 (1947). 183, Baroni, P. Giannozzi, and A. Testa, Phys. Rev. 158t.1861

11w, Cochran, Adv. Phys9, 387 (1960. (1987.



PRB 59

%A, A. Quong and B. M. Klein, Phys. Rev. B6, 10 734(1992.

20N E. Phillips, Crit. Rev. Solid State S@, 467 (1971).

21D, A. Papaconstantopoulos, L. L. Boyer, B. M. Klein, A. R. Wil-
liams, V. L. Morruzzi, and J. F. Janak, Phys. Revlg 4221
(1977.

22T, Jarlborg, Phys. ScB7, 795(1988.

23G. Grimvall, The Electron-Phonon Interaction in Metalslorth-
Holland, Amsterdam, 1981

24A. Y. Liu and M. L. Cohen, Phys. Rev. B4, 9678(1991).

25A. Y. Liu and A. A. Quong, Phys. Rev. B3, R7575(1996.

26W. L. McMillan, Phys. Rev.167, 331(1968.

27T, L. Thorp, B. B. Triplett, W. D. Brewer, M. L. Cohen, N. E.
Phillips, D. A. Shirley, J. E. Templeton, R. W. Stark, and P. H.
Schmidt, J. Low Temp. Phys, 589 (1970; K. M. Lang, A.
Mizel, J. Mortara, E. Hudson, J. Hone, M. L. Cohen, A. Zettl,
and J. C. Davisibid. (to be published

28N. Troullier and J. L. Martins, Phys. Rev. 43, 1993(1991).

2%E. Wigner, Phys. Rew6, 1002 (1934).

303, G. Louie, S. Froyen, and M. L. Cohen, Phys. Rex2@1738
(1982.

3IN. D. Mermin, Phys. Rev137, A1441(1965.

32F. Birch, J. Geophys. Re83, 1257(1978.

STRUCTURAL PHASE STABILITY AND ELECTRON- ...

4035

packed phases appears to first transform to fcc around 100 K,

and then to bcec above about 150(Ref. 4.

34M. J. Mehl, Phys. Rev. BI7, 2493(1993.

35Y.-Y. Ye, Y. Chen, K.-M. Ho, B. N. Harmon, and P.-A. Lind-
gard, Phys. Rev. Let68, 1769(1987).

36p_ K. Lam, M. M. Dacorogna, and M. L. Cohen, Phys. Re\388
5065(1986.

87y, S. Touloukianet al, Thermophysical Properties of Matter
(Plenum, New York, 1979 Vol. 12.

383, P. Carbotte, Rev. Mod. Phy82, 1027(1990.

39W. Frank, C. Elsasser, and M. Fahnle, Phys. Rev. [Z&t1791
(1995.

40A. Y. Liu and A. A. Quong(unpublishel

4IR. Bauer, A. Schmid, P. Pavone, and D. Strauch, Phys. Rev.
57, 11 276(1998.

42y_G. Jin and K. J. Chang, Phys. Rev.53, 14 684(1998.

43C. F. Richardson and N. W. Ashcroft, Phys. Rev5R R764
(1996.

4Y_-Y. Ye, C. T. Chan, K.-M. Ho, and B. N. Harmon, Int. J.
Supercomput. Appi4, 111(1990.

45D. A. Vul and B. N. Harmon, Phys. Rev. 83, 6880(1993.

33Upon heating, the low-temperature mixture of 9R and other close?°J. R. Morris and R. J. Gooding, Phys. Rev4B 6057(1991).



