
PHYSICAL REVIEW B 15 SEPTEMBER 2000-IIVOLUME 62, NUMBER 12
Pairing, p-bonding, and the role of nonlocality in a dense lithium monolayer

A. Bergara,* J. B. Neaton, and N. W. Ashcroft
Laboratory of Atomic and Solid State Physics and the Cornell Center for Materials Research, Cornell University,

Ithaca, New York 14853-2501
~Received 22 March 2000!

Results of self-consistentab initio all-electron calculations of a lithium monolayer are presented. Upon
increase in mean density, the electronic structure of the monolayer is found to deviate significantly from nearly
free electronlike behavior: instead of growing with compression, the width of lowest subband actually di-
minishes. The resulting band structure exhibits ap-bonding character, and it is found that this feature cannot
be modeled with a local pseudopotential. Similar to the case in three dimensions, the monatomic monolayer is
also found to be unstable to pairing atr s51.96.
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I. INTRODUCTION

In their most dilute phases, the group-I elements~the al-
kalis! exist as weakly interacting atomic and molecular v
pors. As the density increases, the atomic and molec
wave functions overlap, broadening the formerly discr
electronic levels into bands. For all group-I elements exc
hydrogen, the ensuing intermolecular interactions resul
dissociation and the formation under ambient conditions o
monatomic metallic liquid or solid. Because of the
monovalency and high conductivity, the light alkali meta
have long been considered prototypicalsimple metals. In-
deed it is commonly anticipated that the electronic struct
of the alkalis should become even simpler und
compression.1 However, when lithium and sodium are com
pressed, significant deviations from this elementary pict
have been recently predicted. First-principles calculati
show diminishing coordination with increasing pressure a
nearly insulating electronic properties close to fourfold co
pression in lithium.2 Experiments performed with diamond
anvil cells have measured changes in optical propertie
lithium which are consistent with this prediction;3,4 a recent
shock experiment reports a negative temperature deriva
of the dc conductivity above 60 GPa,5 indicative of activated
or semiconducting behavior for lithium at these eleva
pressures and temperatures.

Many of these important differences in physical prop
ties may be expected to persist as the dimensionality of
system is decreased, and this has prompted the present
of Li monolayers. Although the monolayer~ML ! consists of
three-dimensional atoms, their associated electrons
mainly confined within an atomic plane. Atomic monolaye
have been studied in the past to analyze the insulator-m
transition at lower dimensions.6 With the advent of new tech
niques in atomic manipulation using scanning tunneling
croscopy~STM!,7 it is now possible to study the effects o
dimensionality by experiment. In addition, it may be possi
to study MLs of variable density by deposition on inert su
strates and even under compression through implementa
of a ‘‘sandwich’’ geometry.

An evident consequence of the planar confinement is
lower coordination as compared to the bulk, and the exp
tation is that atoms in the ML should then be less stron
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bound. But this change in the coordination number may a
have a profound effect on the nature of the chemical bo
between the atoms. For example, diamond possesses c
lent tetrahedral bonds, while graphite is a layeredp-bonded
material. Different orbital hybridizations and occupancies
low dimensions can lead to interesting variations in bo
electronic and structural properties.

In what follows, we present results of self-consistentab
initio all-electron calculations of a single lithium ML, trea
ing the ions as static. Because of the remarkable change
electronic and structural properties already occurring in th
dimensions, a first-principles study of a lithium ML und
compressive strain is also expected to lead to a better un
standing of the bulk system. In addition, it can assist m
generally in providing further insight into the behavior
electrons in low-dimensional systems. Section II descri
the theoretical and computational methods that we have u
in this study. In Sec. III we present our results. In Sec. IV
use a nonlocal pseudopotential model to explain the m
novel features observed at high densities. Finally, conc
sions are presented in Sec. V.

II. METHODOLOGY

To investigate the electronic properties of a ML from fir
principles, we employ density functional theory~DFT!
within the local density approximation8 ~LDA ! and with an
assessment of gradient corrections~see below!. In many
implementations of DFT using plane-wave basis sets,
core electrons are integrated out of the problem and inco
rated, with the nuclei, into ionic cores. The resulting intera
tion between the valence electrons and ions, orpseudopoten-
tial ~generally nonlocal!, simplifies the calculation by
reducing the number of required basis functions. While t
approach is successful in modeling solids at their norm
stabilizing densities, it requires increasing scrutiny as
atomic spacing is reduced and the cores overlap. All-elec
calculations, which fully treat the core electrons, are th
better suited for predicting the behavior of solids under s
nificant compression. But because of the divergence of
Coulomb potential at the nucleus, many plane waves are
essary to converge both total energies and, most importa
our application,total energy differences. The large plane-
8494 ©2000 The American Physical Society
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wave cutoffs are impractical, and here we make use o
newly developed method, the projector augmented-w
~PAW! method.9 All-electron PAW potentials, treating bot
the 1s and 2s states as valence, have had success reprodu
previous LDA work on bulk and molecular lithium;10 they
have also been used recently for predicting new phase
bulk lithium at high pressure.2

In what follows we have used the Viennaab initio simu-
lations package11 ~VASP! to calculate total energies an
electronic properties at several densities. Because core o
lap may affect the accuracy of calculations for small int
atomic spacings, the all-electron PAW, calculations are u
for atomic densities12 corresponding tor s,2.5. To obtain
the equilibrium properties of the monolayer, total energ
were evaluated with a Vanderbilt ultraso
pseudopotential13,14 ~US-PP! at lower densities (r s.2.5).
Although more complex structures can be envisaged,
have selected three competitive lattices for study: a squ
~sq!, a hexagonal~hex!, and a paired-square~p-sq! structure.
The paired-square structure consists of a square cell wi
two-atom basis~one atom at the corner and the other near
center!. The supercell containing the lithium monolayer i
corporates ten equivalent layers of vacuum~absence of at-
oms! in order to minimize any Coulomb and exchange int
action between monolayers. The lattice spacing w
systematically reduced to simulate the effects of comp
sion, and the total energy and electronic properties were
sequently determined as a function of area. The ions w
relaxed into their equilibrium positions using forces calc
lated from the Hellmann-Feynman theorem. Throughout
calculations the system has been confined to a plane~i.e., no
buckling out of the plane is presently permitted15!. The con-
fined ions interact at long range via the full thre
dimensional~3D! Coulomb potential: both field lines an
electronic charge density are therefore allowed to extend
of the plane.

III. RESULTS

At an equilibrium density ofr s53.02 ~a unit cell area of
A0528.75 a.u.2!, the ML considerably favors hex over the s
structure by 63 meV/ion~Fig. 2!. The nearest-neighbor dis
tance~5.80 a.u.! is just 4% larger than the interatomic di
tance of bulk bcc lithium~5.52 a.u.!, indicating, as suggeste
above, that the ML has weaker binding because of the
duced coordination. Since lithium atoms have open-shells1

electronic configurations, the lithium molecule can be qu
strongly bound, and the calculated bond length of the2
molecule~5.12 a.u. within the LDA! is thus smaller than the
nearest-neighbor distance of both the bulk and ML. In Fig
the corresponding band structure for the hex ML at equi
rium is shown. As expected, the occupied lowest band ha
s-like character and an essentially nearly free electron
dispersion, although the gap atM is comparable to the band
width ~;3 eV!, as is the case in three dimensions. The b
tom of the next-highest subband is found to be 0.34
above the Fermi energy (EF), and these states have apz
symmetry: i.e., their charge distribution is perpendicular
the plane and therefore characteristic ofp-bonding. In con-
trast to the known electronic structure of the heav
a
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alkalis,16 the d-like states remain well aboveEF and there is
little s-d hybridization.

In Fig. 2 we have plotted the calculated enthalpies for
three structures considered, and we observe two struc
phase transitions as the density of the monolayer increa
We find that atr s51.96 (A/A050.42) the lithium ML be-
comes unstable topairing, exactly as in three dimensions. I
the p-sq structure the dimer is oriented along the diagona
the square, initially with an intra-atomic distance of 2.
a.u., which decreases to 2.00 a.u. atr s51.4. As the density
increases tor s51.34 (A/A050.20), the p-sq structure give
way to the relatively open sq structure. This is stable to
highest densities considered (r s51) and becomes even mor
stable as the density increases despite the~Madelung! ener-
getic cost for four-fold coordination~as opposed to highe
packing in the hex structure!. The transition from a paired
structure to an open structure~rather than to a close-packe
arrangement! closely parallels previous predictions for den
lithium and hydrogen17 in 3D, where the pairedCmcaphase
was found for both cases to be unstable to an eventual C
structure. The effects of gradient corrections18 are found to
be minimal: they do not shift the transition densities, b
they do result in a slightly larger dimer length at each v
ume than that calculated within the LDA. Calculation
within the local spin-density approximation~LSDA! do not
change the total energies at densities considered in
study.

As in the 3D case, an increase in density has an un
pected effect on the electronic structure, and we find that
lithium ML becomes progressivelylessfree-electron-like. In
Fig. 3 we show the band structure of a lithium ML atr s
52 near the density at which the pairing instability occu
Despite the elevated density, the bandwidth of the first s
band is nearly the same as atr s53.02 ~Fig. 1!, although the
gap at M has nearly tripled in size. As the monolayer
compressed further, the energy gap atG decreases and, cru
cially, the upperpz subband begins to overlap thes subband.
In fact, nearr s52.1, the upper subband isoccupiedand as a
consequence the valence electrons now assume a dis

FIG. 1. Band structure of a hexagonal lithium monolayer
equilibrium (r s53.02). As expected for lithium, only the lowes
(2s) band is occupied. The Fermi energy is represented by
dotted line. Although the occupied band has essentially fr
electron-like dispersion, the gap observed atM is notably large.
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FIG. 2. Enthalpy (H5E1sA) as a function
of intralayer surface tensions52dE/dA for
competitive structures of lithium; all enthalpie
are referenced to the square structure (DH5H
2Hsq). The total energies are well fit toE(A)
5a11a2A21/21a3A211a4A1/21a5A. Our cal-
culations with the all-electron PAW potential
~having core radii of 1.1 a.u. required an 80-R
cutoff and k-point meshes of 2032032 for a
relative error in the total energy of 1 meV/atom
Calculations with a single-valence US-PP~incor-
porating the 1s states into the core! confirm most
features~including the pairing! predicted with the
all-electron potential, even at densities in whic
there is appreciable core overlap between nei
bors. However, the differences in energy o
served between both methods increases at h
densities (r s,2), illustrating the important role
of the core electrons in determining the total e
ergy at these densities.
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p-bonding character. New pathways for conduction theref
open.

The electronic structure continues to differ from nea
free electronlike behavior at densities near and above
pairing instability. Figure 4 shows the energy band disp
sion for the p-sq structure atr s51.65. The 2s subband actu-
ally flattensand the band gap atG is negative~the pz sub-
band has now progressed below the 2s subband!, resulting in
an increase in the number of conducting electrons w
p-bonding character and continuing the trend observed in
monatomic case. Although the presence of two electrons
unit cell satisfies the necessary condition for insulating
havior, the lithium ML remains metallic because of the ov
lap between the first twosubbands~an interesting difference
from 3D!. For larger densities the bottom of thep band
drops with respect to the 2s band and, contrary to free

FIG. 3. Band structure of a hexagonal lithium ML atr s52.0
~near the pairing instability!. The bandwidth of the first subband ha
decreased with respect to the substantial gap atM compared with
the bands in Fig. 1. The second band, havingp-bonding character,
is also partially occupied at this density.
e
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electron-like~k2-type! behavior, the minimum point in the
band is at the edge of the Brillouin zone. The flat dispers
at the zone boundary results in van Hove singularities n
the Fermi energy, markedly increasing the density of sta
there. These two features are not unexpected: at s
ciently high densities the gap between the 1s and 2s bands
will inevitably close.

As in three dimensions, the growing pseudopotential~as
evidenced by the increased gap atM in Fig. 3! results in an
electronic configuration unstable to a Peierls-type symme
breaking, which will lower the kinetic energy. Indeed, w
observe that the kinetic energy of the electrons in the pa
structure compensates the expected increases in Made
and Hartree energies abover s51.96. The growing pseudo
potential can be interpreted as the result of the exclusion

FIG. 4. Band structure of the paired-square lithium ML atr s

51.65. The difference between lowest energy levels atG changes
as thepz subband drops below thes subband, a result of the in
creasingly nonlocal character of the electron-ion interaction w
increasing density. The number of conducting electrons w
p-bonding character increases with density, significantly chang
the electronic properties of the monolayer.
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effects of the core electrons, which overlap under press
and force the valence electrons into the interstitial regio
This is reflected by the electronic charge density distribut
which is shown in Fig. 5 for the p-sq structure of the lithiu
monolayer atr s51.65. Notice that the valence electron de
sity is highestwithin the interstitial regions: in contrast t
the dilute molecular phase in which the density is high
between pairs, the charge density is rejected from that re
~as in 3D!. Because of thep-like nature of the band struc
ture, there is also an excess of charge decaying out of
plane. Both of these features result from the Pauli princi
and orthogonalization: the valence electrons energetic
prefer to reside outside the cores and regions of large
overlap, lowering its kinetic energy.

IV. DISCUSSION

The nearly free electron model normally assumes that
electron-ion interactionHei is weak andlocal. If the mono-
layer is nearly free electronlike, the band gap at the Brillo
zone ~BZ! boundary, proportional to the strength of th
electron-ion coupling, should be small; further, if th
electron-ion interaction is completelylocal, the kinetic en-
ergy should dominate and the bandwidth shouldincrease
with density relative to the gaps at the boundaries. To ill
trate, consider the scaling properties of the matrix eleme
of a purely local empty-core pseudopotential,19 i.e.,

V~G!5
24pZe2

V

1

G2 cosGRc , ~1!

whereZ is the nuclear charge,V is the volume of the unit
cell, andRc represents the core radius. The density dep
dence of the gap at the BZ boundary@}2uV(G)u# for this
pseudopotential is 1/r s , and, on the other hand, the fre
electron Fermi energyEF

0 scales as 1/r s
2. Therefore, the ratio

between the band gap and the Fermi energy islinear in the
lattice constant@ uV(G)u/EF

0}r s# and the BZ boundary gap

FIG. 5. ~Color! LDA valence charge density of a paired-squa
lithium monolayer atr s51.65. The ions are centered in the re
regions, and the valence charge density~blue areas! prefers regions
away from the pairs, accumulating in both the interstitial in-pla
regions and extending further into thez direction. It is lowest near
the nuclei and along the dimer.
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should be expected tocloseas the lattice constant decrease
In our LDA calculations summarized in Fig. 6, however, it
clear that the gap at the BZ boundarygrowswith increasing
density~leading to the pairing instability! and the 2s band-
width diminishes. In fact, thepz subband drops below th
Fermi energy nearr s52.1 and then below the 2s subband at
r s51.8. As Fig. 6 attests, thepz bandwidth fits quite well to
1/r s

2, indicating its nearly free electron behavior. Converse
the 2s bandwidth decreases slightly with density, and th
flattening behavior cannot be described within nearly f
electron physics.

A local pseudopotential, which leads to a linear dens
scaling of the strength ofHei with respect to the bandwidth
treats the electron-ion interaction without regard to the sy
metry of the Bloch valence wave function. However, as
shown in Fig. 6, we have observed quite different dens
scaling properties depending on the angular momentum c
acter of the wave function. Therefore, we consider the f
lowing nonlocalpseudopotential model:20

Hei5V~r !1(
c,R

~e2Ec!ucc,R&^cc,Ru, ~2!

where ucc& is a core state andV(r ) is a completely local
potential consisting of the bare Coulomb interaction23/r
and a screening term arising from the Hartree repulsion
the core states~1s in this case!. For lithium, the repulsive
component of the pseudopotential in Eq.~2! only projects out
thes character of the wave function. On the other hand, thp
character will sample the full nuclear potential (23/r ) as
there is no effect from orthogonalization. Therefore, for t
p- ~and higherl-! projected components of the Bloch wav
functions there will be a stronger potential at each site and

FIG. 6. Occupied bandwidth~solid line!, pz bandwidth~black
dots!, ands bandwidth~dashed line! at theM point in the BZ of a
hexagonal lithium ML plotted as a function of density as calcula
within the LDA. The pz bandwidth atM is well fit by 47/r s

2 eV
~dotted line!, where 49/r s

2 is the bandwidth for the strictly two-
dimensional free-electron gas~the 2s bandwidth is nearly indepen
dent of density!. In the inset, the solid line represents the ener
difference between the first two levels at theG point, which be-
comesnegativeat r s51.8 as thepz subband drops below thes
subband.
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energy benefit for electronic charge with this symmetry. T
accounts for the difference in scaling between thepz band-
width and 2s bandwidth: interacting via a purely local po
tential, the kinetic energy~bandwidth! of the pz charge will
scale with the potential as originally assumed. As can
seen in Fig. 7, band structures calculated with a nonlo
pseudopotential reproduce the high-density characteristic
the monolayer determined with the LDA: thepz subband
drops below the 2s subband atG, and the 2s band flattens.
The importance ofnonlocal effects has already been me
tioned before23 in the context of bulk lithium at high densi
ties, in which thep band was observed to grow faster th
thes band~ultimately resulting in thes-to-p transition!. Like-
wise in that case, core overlap reduces the amount of s

FIG. 7. The lowest two valence bands for the square lithi
monolayer atr s51.2 calculated from~a! first principles using the
PAW technique,~b! the non localpseudopotential specified in Eq
~2!, and~c! the local pseudopotential of Eq.~1!. Note the significant
differences between both approximations~b! and~c!; only thenon-
local model~b! can reproduce the high-density characteristics of
monolayer determined with the LDA: thepz subband~dashed line!
dropping below the 2s subband~solid line! at G and the flattening
of the 2s band. Thepz bandwith obtained with both models is ver
similar ~;30 eV!. Both approximations include only the electro
ion interaction, allowing us to attribute the observed drastic chan
in electronic properties to nonlocality. We used 243 plane wa
~30-Ry cutoff! for both models with 10 Å of vacuum betwee
planes. For thelocal pseudopotential we have consideredRc

50.56 Å ~as in Ref. 21! for the core radius of lithium. In thenon-
local model,22 we use a hydrogenic wave functionc(r )
5(Z3/p)1/2e2Zr as the core state, even at densities predicted~by
our LDA calculations! to have significant 1s ~core! bandwidth.
Both DE5e2Ec and Z were adjusted to fit our calculated LDA
band structures, and we found thatDE52.4 Ry andZ52.8 repro-
duced the calculated band structures at equilibrium densities.
s
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of

ce

available to the valence electrons at higher densities, incr
ing the probability that they occupy the interstitial region
The overall energy is then lower in states havingp-like sym-
metry because of their stronger attraction to the nucleus

V. CONCLUSIONS

We have presented the results of self-consistentab initio
all-electron calculations of a lithium monolayer as a functi
of the interatomic spacing. These calculations show that
der compression the lithium monolayer becomes less f
electron-like with a remarkable flattening of the first subba
and an associated large gap at the Brillouin zone bound
both of which can only be understood in terms of a nonlo
electron-ion interaction. As the interatomic distance is d
creased, we have also observed gap closure atG. As a con-
sequence, thep-bonding character subband is filled, openi
a new path for conduction. The departure from nearly f
electron behavior also leads to structural phase transiti
and monoatomic lithium monolayers are predicted to beco
unstable to pairing at higher densities. The observed feat
are not unique to lithium, and preliminary calculations ind
cate that similar transitions also occur in sodium and be
lium, but at considerably higher compressions. In princip
MLs could also be formed at progressivelylower density,
and calculations indicate that nearr s54.1, the lithium mono-
layer becomes unstable to the formations of dimerspreced-
ing the metal-insulator transition. Extensions of this work
consider possible structures with more than one pair per
cell and also allowing the atoms to buckle out of the pla
would be of considerable interest in order to analyze poss
many-body consequences, e.g., the formation of charge
sity waves and possibility of superconductivity,15 both at
higher densities and lower.
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