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Ab initio calculation of the density response function within the random-phase approximation is presented
for lithium, berillium, and boron freestanding metal monolayers~ML’s !. Although the monolayers manifest
common features related to their reduced dimensionality, their different band structures lead to significant
modifications in the density response function. Besides the common intraband and interband collective exci-
tations, the beryllium ML also presents characteristic features of acoustic plasmons associated with the pres-
ence of two types of carriers at the Fermi level. Contrary to the bulk, long-wavelength intraband plasmons in
lithium and beryllium ML’s cannot decay via umklapp processes associated with the band structure. At the
same time, these processes lead to a significant reduction of the momentum threshold for decay of these
plasmons comparing with a free-electron two-dimensional gas model. It is also shown how a change of the
symmetry of the boron ML modifies completely the character of the intraband plasmons.
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I. INTRODUCTION

Reduction of the dimensionality of an electron syste
leads to the appearance of properties that are different f
those of bulk solids. Thus, dynamical screening of a tw
dimensional ~2D! electron gas is fundamentally differen
from that of a three-dimensional~3D! electron system. If in
3D the collective electron excitations have a nonzero m
mum energy,1 in 2D these modes have a well-knownAq
dispersion for small momentaq.2 Investigation of these low-
energy collective excitations has been a subject of ac
experimental and theoretical research, especially for se
conductor heterostructures.3 At the same time, investigation
of collective excitations of 2D atomic structures are just
the beginning. Recent experiments performed for ato
coverages withu<1 adlayers on semiconductors have
vealed the two-dimensional collective excitations of t
overlayers.4,5 On the other hand, there are materials with
clear layered structure, i.e., graphite, high-temperature su
conductors, and the recently discovered medium-tempera
superconductor MgB2,6 which are characterized by a stron
anisotropy. For example, in the latter compound bo
monolayers~ML’s ! alternate with hexagonal layers of M
atoms which donate their electrons to the boron planes
electron properties of MgB2 are dominated by the electron
characteristics of boron ML’s.

Contrary to situation in a strict 2D electon gas model w
studied up to now, the ions confined in a ML interact via t
full three-dimensional Coulomb potential: both the poten
and electronic charge density are therefore allowed to ex
out of the plane. An evident consequence of the planar c
finement is the lower atomic coordination as compared to
bulk, and the expectation is that atoms in the ML should
0163-1829/2003/67~24!/245402~8!/$20.00 67 2454
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less strongly bound. This change in the coordination num
also has a profound effect on the electronic structure a
respectively, on the response function. Although some ch
acteristics of the response function related to the dimens
ality of the system are common for ML’s, band structu
features that depend on the valence of atoms and symm
of ML’s may lead to important distinctions.

In what follows, we present the evaluation of theab initio
dynamic response function within a random-phase appr
mation~RPA! for lithium, beryllium, and boron free ML’s. In
Sec. II we briefly describe the theoretical and computatio
methods that we have used. The calculation results and
cussion are presented in Sec. III, and conclusions are g
in Sec. IV. Unless otherwise stated, we use atomic u
throughout, i.e.,e25\5me51.

II. Ab initio DENSITY RESPONSE FUNCTION
OF A MONOLAYER

In linear response theory the density response funct
x(r ,r 8;v), of an interacting electron system is defined
the equation

nind~r ,v!5E dr 8x~r ,r 8;v!Vext~r 8;v!, ~1!

wherenind(r ,v) is the electron density induced by an exte
nal potentialVext(r ,r 8;v). In the RPA,1 the density response
function satisfies the integral equation

x~r ,r 8;v!5x0~r ,r 8;v!

1E d3r1E d3r2x0~r ,r1 ;v!

3V~r1 ,r2!x~r2 ,r 8;v!, ~2!
©2003 The American Physical Society02-1
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wherex0(r ,r 8;v) is the response function for noninteractin
electrons, which will be defined below, andV(r1 ,r2)
51/ur12r2u is the bare Coulomb potential.

Considering the periodicity on the plane of the ML w
introduce a two-dimensional Fourier transform of the dens
response function,

x~r ,r 8,v!5
1

S (
q

2DBZ

(
G,G8

e-i(q1G)•x

3xG,G8~q,z,z8;v!ei(q1G8)•x8, ~3!

whereS represents the normalization area, the first sum r
over q vectors within the two-dimensional Brillouin zon
~2DBZ!, G and G8 are reciprocal two-dimensional lattic
vectors of the ML, andx andx8 correspond to vectors lying
on the plane parallel to the ML. Inserting Eq.~3! into Eq.~2!
leads to the matrix equation

xG,G8~q,z,z8;v!5xG,G8
0

~q,z,z8;v!

1(
G1

(
G2

E dz1E dz2xG,G1

0 ~q,z,z1 ;v!

3VG1 ,G2
~q,z1 ,z2!xG2 ,G8~q,z2 ,z8;v!,

~4!

where VG1 ,G2
(q,z1 ,z2)52pdG1 ,G2

e2uq1G1uuz12z2u/uq1G1u
represents the two-dimensional Fourier transform of
Coulomb interaction potential. Fourier transforms of the
sponse function of the noninteracting electron system h
the well-known form1

xG,G8
0

~q,z,z8;v!5
2

S (
k

2DBZ

(
n,n8

f k,n2 f k1q,n8
Ek,n2Ek1q,n81~v1 ig!

3^fk,nue2 i(q1G)•xufk1q,n8&

3^fk1q,n8ue
i(q1G8)•xufk,n&, ~5!

where the second sum runs over the band structure for
wave vectork in the 2DBZ, f k,n , are the Fermi factors,Ek,n
represent the one-particle eigenvalues, andfk,n the corre-
sponding eigenfunctions of the ground state.

We consider a perturbing positive charge located far fr
the ML, z0@d (d being the thickness of the ML!. The dif-
ferential cross section~loss function! for a process in which
the electron is scattered with energyv and momentum trans
fer q (q belonging to the 2DBZ! is proportional to
Im g(q,v), whereg(q,v) is defined as the response fun
tion of a ML,7–9

g~q,v!52
2p

uqu E dzE dz8xG50,G850~q,z,z8;v!euqu(z1z8),

~6!

which only depends on the electronic properties of the M
We use a local density approximation in order to calcul

the total energy and one-particle eigenvalues and co
sponding wave functions of free ML’s. These quantities
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evaluated with Troullier-Martins pseudopotentials10 by using
a supercell containingL540 a.u. of vacuum in the direction
perpendicular to the ML. In this approach, the Fourier tra
form of the electronic potential of electrons located at neig
boring layers is given by 2pe2uquL/uqu, which decays expo-
nentially with uquL. Therefore, although the interlaye
spacing used in theab initio calculation is large (L@d), for
very small momentum transfers (uqu,1/L) electrons can fee
the interaction with other layers and collective excitatio
show a three-dimensional character. As we are intereste
analyzing the intrinsic two-dimensional characteristics
ML’s, calculations will be restricted to momentauqu.1/L.
The number of bandsn required in the evaluation ofxG,G8

0 in
Eq. ~5! depends on the value of the frequencyv, and we
have checked that the results presented below are well
verged when; 80 bands are included. The sampling of t
2DBZ used for the evaluation of the response function in E
~5! is ;7700. In the present work we avoid, however, dire
use of Eq.~5!, doing faster calculations of the spectral fun
tion matrix according to the approach described in Refs.
and 12 which is used for evaluation of imaginary and r
parts ofxG,G8

0 matrices.

III. CALCULATION RESULTS AND DISCUSSION

In this section we present the results for the electro
response for freestanding hexagonal ML’s of lithium, ber
lium, and boron as well as for graphitelike honeycomb ML
of boron.

A. Lithium monolayer

At equilibrium lithium ML forms the compact hexagona
structure, the energy difference with respect to the stabili

FIG. 1. Band structure of the compact hexagonal lithium M
The Fermi energy is shown by the dotted line. Although the oc
pied band has essentially free-electron-like dispersion, the ga

M̄ , indicated by the arrow, is notably large as a result of the h
nonlocal atomic pseudopotential. The various parameters ar
follows: ms1

* 51.45 and the Fermi momentum in theGK̄ direction is
kF,s1

50.52 a.u.21.
2-2
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square structure being; 0.2 eV/atom. The nearest-neighb
distance in the ML is 3.07 Å whereas for bulk it is 3.03
and the corresponding two-dimensional electronic den
parameter isr s53.02 a.u.13 In Fig. 1 we show the band struc
ture of the lithium ML. As expected, the occupied lowe
band iss like and is characterized by an effective mass
ms1

* 51.45. As a result of the high nonlocal pseudopotent

the energy gap atM̄ (;3 eV) is comparable to the occupie
bandwidth. The bottom of the next-highest band labeled
p is found at 0.34 eV above the Fermi energy (EF), and this
state has ap character.

In Fig. 2 we display the loss function of the lithium M
for selected wave vectors in theGK̄ direction. As collective
excitations will be mainly analyzed, small momentum tran
fers (1/L50.025 a.u.21,uqu,kF50.52 a.u.21) are consid-
ered. As uqu,1/L is much smaller than the characteris
Fermi momentum of the monolayers, we do not expect
portant quantum effects to happen in this range but just
classical Auqu dispersion of two-dimensional plasmon
would be recovered. The main spectral weight correspo
to two plasmon peaks, but a more detailed spectrum
allows us to analyze the structure of particle-hole excitatio
The first main peak at energy;3 eV corresponds to the
intraband collective excitation, and the second one with
ergy of ;5.5 eV is associated with the interband plasm

FIG. 2. Loss function Img(q,v) of the hexagonal lithium ML

for four different values ofuqu in the GK̄ direction. The main two
peaks are associated to intraband and interband collective ex
tions, and the detailed spectrum~dashed lines! allows us to analyze
the contribution associated with particle-hole excitations.
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which physically corresponds to the collective motion
electrons in the direction perpendicular to the ML. There
two main ranges in frequency where single-particle exc
tions contribute significantly~see Fig. 3!. For small energies
the contribution corresponds to intraband excitations. T
region is denoted by the dark gray area. At higher energ
one can see the contributions~shown in light gray! associ-
ated with interband excitations.

From the location of the different peaks in the dynamic
response function we plot in Fig. 3 the dispersion curves
both collective excitations. In this figure, we also present
comparison the dispersion relations of both plasmons fo
free-electron ML of finite thicknessd within the jellium
model when just the first two bands are included.14 The value
of d;10.5 a.u. has been chosen so that the energy differe
between the first two bands obtained within the infinite b
rier approximation,E1253p2/2m1* d2, corresponds to theab
initio band structure calculation. Within this model, in th
long-wavelength limit the intraband plasmon can be appro
mated byv intra5v2D(120.1035uqud) ~see Ref. 15!, where
the first term gives the plasmon dispersion for the stric
two-dimensional electron gas, v2D5@2EFuqu1(3EF/
2m1* )uqu21O(uqu3)#1/2 ~see Ref. 2!, and the second term rep
resents the form factor correction corresponding to the fin
width of the ML. As the electronic wave functions belongin
to different bands have an alternative symmetry along
direction perpendicular to the ML, the intraband plasmon
not coupled tos1→p interband excitations. Therefore, con
trary to bulk lithium,16 within the RPA the intraband plasmo

ta-

FIG. 3. Dispersion curves of theab initio collective intraband

~squares! and interband~triangles! excitations in theGK̄ direction.
For comparison, dashed lines show the plasmon dispersion cu
evaluated within the free-electron-gas model by using theab initio
parameters. The hatched areas denote the regions where intra
~cross-hatched! and interband~line-hatched! particle-hole excita-
tions are allowed. Although the intraband plasmon enters the in
band excitation area atuqu;0.05 a.u.21, corresponding tos1→p
interband particle-hole excitations, it does not decay untiluqc8u
;0.2 a.u.21, where it begins to have finite linewidth because of t
coupling to the interbands1→s2 particle-hole excitations.
2-3
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cannot decay because of the coupling with these excitat
for small momenta. At the same time, as follows from Fig.
the intraband plasmon begins to have a finite linewidth
q.qc850.2 a.u.21, significantly before the entering to th
intraband particle-hole excitation region at momentumqc .
The origin of this decay is the coupling with thes1→s2
interband excitations. On the other hand, the energy of
interband plasmon is proportional toE12 and the difference
between the interband plasmon andE12 corresponds to the
so-called depolarization shift. One can see that for smaq
the energies of the collective interband excitations are ab
2 times (;2.2) as high as the interband single-particles1
→p excitations. In the long-wavelength limit the interban
plasmon dispersion is negative, which is also reprodu
within the free-electron-gas model and is a common fea
of surface plasmons of alkali metals.9 Contrary to the intra-
band collective excitation, the interband plasmon presen
finite lifetime even atq50 due to its coupling to differen
interband particle-hole excitations.

B. Beryllium monolayer

As in the case of the lithium ML, a compact hexagon
structure also stabilizes the geometry of the berillium M
with an interatomic distance of 2.28 Å~2.29 Å for bulk!
corresponding to an electronic density parameter ofr s
51.6. The band structure of the beryllium ML at equilibriu
is shown in Fig. 4. In this case, because of the higher
valence compared to Li, the second bandp drops below the
Fermi level, which significantly changes the electronic pro
erties of the ML. Similarly to lithium, the first band has as
character and the second one isp like, being antisymmetric
in the perpendicular direction to the ML. The main modi
cation of the effective mass compared with free-electron-
dispersion corresponds to the first band (ms1

* 51.48) while

the p band is more free electron like (mp* 51.04) and the
occupation of two bands implies the presence of two Fe
lines. The growing pseudopotential, as evidenced by the

FIG. 4. Band structure of the hexagonal beryllium ML. Th
various parameters are as follows:ms1

* 51.48, mp* 51.04 and the
Fermi momenta alongGK̄ direction arekF,s1

50.81 a.u.21 and
kF,p50.27 a.u.21.
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creasing gap at theM̄ point (;5 eV), results in a full occu-
pation of the first band around this point.

The loss function calculated for the beryllium ML at s

lected momenta in theGK̄ direction is displayed in Fig. 5
Corresponding particle-hole excitation regions and disp
sion relations of the main collective excitations are presen
in Fig. 6. Because of the presence of two partly occup
energy bands, the areas of intraband and interband part
hole excitations are more complicated than in the case of
lithium ML. Thus, in Fig. 6 with dark and light gray color
we show particle-hole intraband and interband excitatio
respectively, related to thes1 energy band, whereas tw
hatched areas denote corresponding regions for thep energy
band. Besides the two plasmons that appear for the Li M
here one can also see peaks associated with two other d
ent interband collective excitations with energies;8 eV and
;10 eV. While the two interband plasmons are high
coupled to interband single-particle excitations, the 2D-l
intraband collective excitation only can decay atuqu.0.1
a.u.21 by entering thes1→s2 interband excitation area

FIG. 5. Loss function of the beryllium ML for several momen

in the GK̄ direction. Although main features are associated w
2D-like ~intraband! plasmons at energy;3 eV and two different
interband collective excitations with energies;8 eV and;10 eV,
one can also see~as indicated by the arrows! a noticeable peak
corresponding to the acoustic plasmon as a result of the presen
two types of electrons at the Fermi level.
2-4
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But, again, as for the lithium ML, it happens for momentu
uqu significantly smaller thanqc .

It is known that in the presence of electrons with differe
velocities at the Fermi energy, besides, the 2D-like collec
excitation~at ;2 eV in the beryllium ML! also may exist an
acoustic plasmon with a linear dispersion inuqu.17 In this
case the light electrons can act to screen the Coulomb re
sion between the slower electrons originating the aditio
intraband acoustic collective excitations. Normally, acous
plasmons are strongly Landau damped by entering the in
band single-particle excitation region which highly depen
on the characteristic band structure of the electronic syst
However, peaks corresponding to the acoustic plasmon
be clearly distinguished in the berillium ML, as is indicate
by arrows in Fig. 5. This is a signature that for this ML th
conditions for the existence of this kind of collective electr
motion may be satisfied. In contrast to 2D-like plasmo
which are well established experimentally,4 the acoustic
counterparts have not yet been unambiguously identifi
Nevertheless, there are several speculations about their
portant role in changing the Coulomb pseudopotential as
ciated with MgB2 ~Ref. 18! and intercalated layered meta
lochloronitrides~Ref. 19! superconductors.

C. Boron monolayers

Contrary to lithium and beryllium ML’s, the geometr
minimizing the energy of boron ML corresponds to the he
agonal honeycomb structure with an interatomic distance

FIG. 6. Dispersion curves of the four collective excitations o
served in the beryllium ML in theGK̄ direction: the acoustic plas
mon ~solid circles! which is linear inuqu with a soundvelocity of
0.4 a.u., a 2D-like intraband collective excitation~squares!, and two
different interband plasmons~diamonds and triangles!. The hatched
areas denote the regions where particle-hole intraband~cross-
hatched! and interband~line-hatched! excitations are allowed for
electrons in thes1 band. The lower shaded area represents
region for intraband excitations of electrons in thep band, while
the upper one corresponds to the interband excitations of elec
in the same band.
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1.81 Å (r s51.27 a.u.). The energy difference with respect
the closest competing structure~compact hexagonal with an
interatomic distance of 1.69 a.u. andr s50.97 a.u.) is; 10
meV/atom. As is well known, the hexagonal honeycom
structure also minimizes the energy of graphite and with
three electrons per atom boron becomes the element o
row where the transition between both competing geomet
takes place. Hexagonal honeycomb structure also stabi
the geometry of boron layers in superconducting MgB2 com-
pound, with the smaller interatomic distance~1.78 Å! due to
the increased binding charge density donated by magnes
atoms.

In order to analyze differences between both geometr
in Fig. 7 we present the band structures of each one at e

librium. The symmetry of the lower two bands at theḠ point
is similar to the ones of the ML’s analyzed above. The lo

function for several momenta in theGK̄ direction of the
2DBZ corresponding to both boron ML’s is shown in Fig.
and dispersion relations of the observed collective exc
tions are presented in Fig. 9. Because of the more com
cated particle-hole excitation areas of these ML’s compa
with the cases of the lithium and beryllium ML’s, they a

-

e

ns

FIG. 7. Band structures of~a! honeycomb and~b! compact hex-
agonal boron ML’s, respectively.
2-5
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FIG. 8. Loss function of~a! honeycomb and~b! compact hexagonal boron ML’s at selected momenta in theGK̄ direction. Contrary to
beryllium, there is no distinguishable peak associated with the acoustic plasmon.
c
n

cle

e of
and
rom
y
cay
not shown in Figs. 9~a! and 9~b!. Although boron ML’s also
present two types of carriers at the Fermi level, as eviden
from Figs. 7~a! and 7~b!, the corresponding acoustic plasmo
is highly damped and indistinguished from single-parti
excitations~see Fig. 8!. Therefore, in boron ML’s there is no
24540
ed
evident sign of acoustic plasmons, which is also the cas
MgB2, and the main peaks are associated with one intrab
and two interband plasmons that are damped beginning f
relatively small values ofuqu because of the decay to man
intraband and interband particle-hole excitations. The de
n ML

FIG. 9. Dispersion curves of the intraband collective excitation~squares! and two different interband plasmons~diamonds and triangles!

associated with~a! honeycomb and~b! compact hexagonal boron ML’s. The lower-energy interband plasmon of the honeycomb boro
becomes highly damped and undistinguished for higher momenta.
2-6
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rate of these collective excitations, which is proportional
the width of the peaks, increases with momentum, so that
first interband collective excitation in honeycomb boron M
is only well defined for small momenta. A similar spectru
with well-defined two peaks has also been predicted for
perconducting MgB2,20,21 with two main collective excita-
tions of energies;2 –8 eV and;18–22 eV. The first col-
lective excitation, which already exists in boron honeyco
ML as intraband plasmons, has also been observed in
hypothetical structure obtained from MgB2 by removing the
magnesium atoms,20 thus manifestating the two-dimension
character associated with boron orbitals.

Considering that a perturbing external electron is loca
far from the ML,z0@d, one can define the induced dens
by9

dn~q,z;v!5
2p

uqu E dz8euquz8xG50,G850~q,z,z8;v!. ~7!

The breaking of the symmetry in the direction perpendicu
to the ML has important advantages when analyzing
character of collective excitations. As is well known, wa
functions associated with different bands have an increa
number of nodes in thez direction and, therefore, the contr
bution associated with each band, which highly depends
the geometry of the ML, can be easily deduced from
spatial symmetry of the electronic induced density cor
sponding to plasmons. When just two bands are parti
occupied, the electronic density induced by the 2D-like
traband plasmon is symmetric with respect to the cente
the ML:

dnintra~q,z;v!5dns~q,v!hs
2~z!1dna~q,v!ha

2~z!, ~8!

wherehs ~symmetric! andha ~antisymmetric! are the wave
functions in thez direction corresponding to the first an
second bands, respectively, anddns anddna are the contri-
bution weights of each band. In Fig. 10 we present the t
induced density with uqu50.156 a.u.21 and uqu
50.073 a.u.21 at the frequencies corresponding to the int
band plasmons in the honeycomb and hexagonal com
boron ML’s, respectively. The asymmetry on the induc
density is given by the contribution associated with intraba
particle-hole excitations, which slightly moves the maximu
to the side where the external perturbation is located. For
honeycomb structure the induced density presents a m
mum at the center of the ML; however, it shows a minimu
for the hexagonal compact structure. While the maximum
the center indicates that the main contribution is associa
with the first band (s plasmon! the presence of a minimum
indicates the major role played by the the second bandp
plasmon!. Therefore, the change of the symmetry of the M
~while keeping the electronic density approximately t
same! and the corresponding modification in the band str
ture completely modifies the spatial character of the in
band plasmon.
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IV. CONCLUSIONS

To summarize, we have performedab initio calculations
for the dynamical density response function of lithium, b
ryllium, and boron freestanding ML’s by using density fun
tional theory and the random-phase approximation. Althou
these density response functions share common prope
associated with the reduced dimensionality—i.e., the pr
ence of intraband and interband plasmons—they also s
important differences resulting from their characteristic ba
structure. Contrary to the bulk, within the RPA long
wavelength intraband plasmons in lithium and berylliu
ML’s cannot decay via interband particle-hole excitatio
presenting, therefore, an infinite lifetime. At the same tim
the presence of the interbands1→s2 particle-hole excita-
tions leads to the appearance of the finite lifetime of th
plasmons for significantly lower momentum compared w
the nearly free-electron-like model. We have found peaks
the loss function of beryllium ML corresponding to the e
citation of plasmons, associated with the presence of
types of electrons at the Fermi level; however, they beco
highly damped and undistinguished in boron ML’s. On t
other hand, we have shown that by changing the geometr
boron ML’s the character of the observed collective exci
tions is completely modified. This analysis also allows u
better understanding of materials with a well-defined laye
structure, as the MgB2 superconductor.
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FIG. 10. Induced density profiles in thez direction for the hon-
eycomb ~solid line! and compact hexagonal~dashed line! boron
ML’s associated with the excitation of the corresponding intraba
plasmons withuqu50.156 a.u.21 and uqu50.073 a.u.21, respec-

tively, in theGK̄ direction originated by an external perturbation
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