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Quasiparticle band structure and optical spectrum of LiF„001…
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We present the quasiparticle band structure and the optical excitation spectrum of bulk LiF and the LiF~001!-
~131! surface. First, we calculate the ground-state geometry of the bulk and the surface using density-
functional theory within the local-density approximation. Next, applying theGW approximation for the self-
energy, we evaluate the corresponding quasiparticle band structure. Finally, we calculate the electron-hole
interaction, solve the Bethe-Salpeter equation for the two-particle Green function, and investigate the optical-
absorption spectrum. The obtained spectrum of bulk LiF, which is dominated by a strong exciton peak at 12.7
eV, is in good agreement with experiment. At the LiF~001!-~131! surface, the excitonic effects are strongly
modified with respect to the bulk. In particular, we observe a surface exciton at 12.3 eV, i.e., 0.4 eV below the
bulk exciton.

DOI: 10.1103/PhysRevB.67.115111 PACS number~s!: 78.20.Bh, 71.35.Cc, 73.20.At, 78.66.Nk
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I. INTRODUCTION

Optical spectra play a central role in materials scien
Absorption, reflectivity, photoluminescence, and other sp
troscopic techniques are widely used to characterize ma
als. In addition, excited states provide the basis for a w
range of technical applications, such as light-emitting
vices, solid-state lasers, optical fibers, and photochem
and photobiological reactions. In the case of surfaces, spe
are important tools to identify the surface structure1 and to
monitor processes like molecular adsorption, catalysis,
chemical reactions.2

The alkali halides can be considered as prototype ins
tor materials since they allow us to carefully investigate
role of electronic correlation on the boundary between loc
ized and delocalized electronic states. They are impor
materials for a range of optical applications; in addition, th
show a variety of interesting interaction mechanisms
tween the electronic and geometric structure. Many of th
features, like the characterization of color centers or
emission of atoms from laser-excited alkali halides, invo
excited electronic states. Among the alkali halides, LiF ta
an extreme position, having the largest fundamental b
band gap~14.4 eV! and showing an exciton peak at 12.6 e
It is the ideal material to study excited electronic stat
the formation of excitons, and the corresponding opti
properties.

Excited states of surface systems usually differ qual
tively from those of bulk systems in many respects. In ma
cases, characteristic surface states are observed both i
band structure and in the optical spectrum of materi
These states, that are strongly localized at the surface
important for the characterization of the surface, and they
very interesting since they allow us to study electronic int
action effects on an extremely short length scale~a few Å!.
In the present work we focus on excited electronic state
the LiF~001! surface, in particular on the surface excito
which has a binding energy larger than the LiF bulk excito

The LiF~001! surface exciton has been investigat
extensively,3–7 but no final conclusion regarding its natu
could be drawn, so far. In electron energy-loss spectrosc
0163-1829/2003/67~11!/115111~11!/$20.00 67 1151
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~EELS! on LiF~001!,3,4 transitions have been observed at e
ergies of about 10.3 eV, which would be more than 2
below the bulk exciton. In excitation-stimulated particle d
sorption from LiF,5 the onset of desorption has been o
served at an excitation energy of 9.6 eV, which was int
preted as the surface exciton. In a theoretical study,6 based
on quantum-chemical approaches and a cluster geomet
surface exciton energy of 11.5 eV has been reported.
data scatter over a broad range of excitation energies; m
over, the reported difference of more than 2 eV between
excitation energy of the surface exciton and the bulk exci
appears to be very large for an ionic material, in which
ready the bulk excitons are rather Frenkel-like, having
exciton radius of a few Å, only. The purpose of our prese
work is to analyze the formation of the exciton in detail a
to contribute to the interpretation of the available data.

The theoretical description of the excited states of s
faces poses several demanding problems. The electr
structure of surface systems is dominated by quantum st
localized on a length scale of only a few Å, calling for a
atomic-scale approach. In addition, optical spectra are
verely influenced by electronic many-body effects. To a
count for both, we employ a highly reliableab initio scheme
of many-body perturbation theory,8–13 based on density-
functional theory for the electronic ground state.

Density-functional theory in the local-density approxim
tion ~LDA ! has proven to be a very powerful tool for th
calculation of the electronic ground-state properties of ma
materials. Spectral properties, on the other hand, are in g
eral not directly accessible in such a calculation since D
does not describe excited electronic states, like quasipar
~QP! excitations and correlated electron-hole excitatio
The state-of-the-art approach to calculate QP spectra is
din’s GW approximation~GWA!,14,15 in which the nonlocal,
energy-dependent electron self-energy operator is appr
mated by a convolution of the one-electron Green funct
and the dynamically screened Couloumb interaction. V
accurate quasiparticle properties have been obtained by
method.8

Optical spectra of nonconducting solids are dominated
electron-hole correlation effects that are described neithe
©2003 The American Physical Society11-1
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DFT nor byGWA. It has been shown that the investigation
optical excitations requires an effective two-body approa
which must take the electron-hole interaction in
consideration,9–13 thus going beyond the independen
quasiparticle picture. A rigorous approach to optical spec
is given by evaluating the two-body Green function.16 The
equation of motion for the two-body Green function~the
Bethe-Salpeter equation! is solved, yielding coupled excite
electron-hole states. Using the optical transition matrix e
ments corresponding to these coupled electron-hole ex
tion states~which are expressed as coherent superposition
the matrix elements of free electron-hole pairs!, the entire
linear optical spectrum of a material can be obtained. T
approach has been applied successfully to investigate s
conductors and insulators.10–13Up to date, most of these ca
culations were focused on bulk crystals. A few studies
semiconductorsurfaceshave been presented,12,17–19indicat-
ing very pronounced electron-hole correlation effects. In t
paper, we present anab initio calculation of the optical re-
sponse of aninsulator surface, i.e., of LiF~001!-~131!. We
discuss the excitonic effects on the absorption and reflec
ity spectra of the surface in some detail.

The paper is organized as follows. In Sec. II, we brie
summarize the basic theoretic formulation. In Sec. III,
discuss the LiF bulk crystal. In Sec. IV, we determine t
ground-state geometry of the LiF~001!-~131! surface and
discuss the LDA and GWA band structures of the surface
Sec. V, our results for the optical absorption and reflectiv
spectrum of the surface are presented. Finally, a short s
mary is given in Sec. VI.

II. BASIC THEORETICAL FORMULATION

A. Ground state

The ground-state properties of semiconductors and in
lators can be obtained from density-functional theory~DFT!
in the local-density approximation~LDA !, yielding LDA
band-structure energies, wave functions, and the total ene
Based on the total energy and the resulting forces on
atoms, we optimize the geometric structure of the b
and of the surface by relaxing the system to mechan
equilibrium.

Gaussian orbitals are used to construct the LDA ba
sets.20 We use 30 Gaussian orbitals ofs, p, d, ands* type for
both Li and F. The decay constants~in atomic units! are 0.3,
1.34, and 6.0 for Li and 0.2, 0.95, and 4.5 for F. The sa
basis functions are also used for the representation o
quantities occurring in theGW self-energy operator and th
electron-hole interaction in the next section.

For the ionic potential we use nonlocal, norm-conserv
ab initio pseudopotentials. The potential for F is taken fro
Ref. 21. We find that the Li 1s state~which is often treated
as a core state and eliminated by pseudopotential cons
tion! significantly influences the structural properties
LiF. To account for this, in particular for the following su
face calculations, we include the Li 1s state among the
valence states.
11511
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B. Quasiparticle band structure

Quasiparticle excitations can be described using ma
body perturbation theory,14,15 in which the self-energy opera
tor S is expanded in a series containing the one-body Gr
function G1 and the screened Coulomb interactionW of the
system. The first term of the expansion constitutes theGW
approximation:15,20,22

S~r ,r 8,E!5
i

2pE e2 iv01
G1~r ,r 8,E2v!W~r ,r 8,v!dv.

~1!

In practical evaluations, the one-body Green functionG1 is
described approximately in terms of the results of the DF
LDA calculation. For the frequency dependence ofW we
employ a generalized plasmon-pole approximation. T
static partW(v50) of the interaction is calculated usin
either the random-phase approximation~RPA! or a model
dielectric function.22 After constructing the self-energy op
erator S, we solve the quasiparticle equation.20 In most
cases, the LDA wave functionscn

LDA are already very close
to cn

QP . Therefore, the QP equation can often be solved p
turbatively, leading to

En
QP5En

LDA1^cn
LDAuS~En

QP!2Vxcucn
LDA& ~2!

which, as we have carefully investigated, is sufficient in o
present case. The expectation value of@S(En

QP)2Vxc# de-
fines a QP correction to the LDA band structure. For se
conductors and insulators, this correction is often in the or
of 1–10 eV.

C. Optical excitation

While theGWAyields band structures in good agreeme
with experimental data for single-particle excitations, optic
properties cannot be obtained correctly from QP band st
tures within an independent-particle picture. This is due
the interaction between the excited electrons and holes
curring in optical excitations. To describe the resulting tw
body correlation effects on optical properties, an effect
two-particle theory is required. The most general proced
for calculating optical spectra is to consider the two-bo
Green function G2 ~or, equivalently, the correspondin
electron-hole correlation function! and to solve the equation
of motion for it.16 This procedure can be formulated in term
of coupled electron-hole excited statesuSQ&. We assume tha
these states can be expanded in a basis given by the QP
as13

uSQ&5(
k

(
v

hole

(
c

elec

Avck
SQ uvck&

5(
k

(
v

hole

(
c

elec

Avck
SQ âvk

† b̂c,k1Q
† u0&, ~3!

where âvk
† and b̂c,k1Q

† denote the operators creating a ho
~in valence bandv at wave vectork! and an electron~in
conduction bandc at wave vectork1Q!, respectively, in the
many-body ground stateu0&. Q is the total momentum of the
1-2
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electron-hole state which, in optical processes, correspo
to the momentum of the involved photon. Since the pho
wavelength is very large compared to the lattice constan
crystals, the momentumQ of the exciton created in photo
absorption is very close to zero. Nevertheless, the direc
of the exciton momentumQ may be important for details o
the spectrum. For simplicity of the equations, we suppr
the indexQ at uS& in the following.

Since the electronic ground state of LiF is given by
closed-shell spin-singlet state, the excitations can be cla
fied ~in the absence of spin-orbit interaction! as singlet-to-
singlet and singlet-to-triplet excitations. We will focus on t
singlet-to-singlet transitions that are relevant for the opti
spectra. From the equation of motion ofG2, one obtains the
following equation of motion of the excited statesuS& ~usu-
ally called the Bethe-Salpeter equation, BSE!:13,16

~Ec,k1Q
QP 2Ev,k

QP!Avck
S 1(

k8
(
v8

hole

(
c8

elec

^vckuKehuv8c8k8&Av8c8k8
S

5VSAvck
S . ~4!

The electron-hole interactionKeh consists of a screened, d
rect term Keh,d and an exchange termKeh,x. In general,
Keh,d is frequency dependent. For the system under stu
however, the excitonbinding energyis small in comparison
to the band gap, which defines the characteristic energy s
of the dielectric screening. Therefore a statically scree
electron-hole interaction can be used~for details, see Refs
13 and 16!.

Once the Bethe-Salpeter equation~4! is solved, the ob-
tained coefficientsAvck

S can be used to evaluate the rea
space wave function of an excited stateuS&,

xS~r h ,r e!5(
k

(
v

hole

(
c

elec

Avck
S cvk* ~r h!cck1Q~r e!. ~5!

Here,r e andr h denote the coordinates of the electron and
hole, respectively. Furthermore, the entirety of all excit
states yields the optical spectrum~see, e.g., Ref. 13!. Before
we address the main topic of our work, i.e., the optical ex
tations of LiF~001!-~131!, we briefly summarize the spectra
properties of the bulk, as well as the geometric and electro
properties of the surface.

III. LiF BULK CRYSTAL

We first address the bulk crystal of LiF to check the v
lidity of our approach and to provide a basis for discuss
the surface features of LiF~001!-~131! in the next section.

LiF is an ionic insulator material, having rocksalt stru
ture with a lattice constant ofa54.026 Å. By LDA total-
energy minimization we obtain a slightly lower theoretic
lattice constant ofa53.918 Å. The band gap is highly sen
sitive to the lattice constant: whena is reduced from the
experimental to the theoretical value, the fundamental L
energy gap increases from 8.26 to 8.91 eV, while the dis
sion of the bands remains unchanged. Note that the elec
hole interaction effects depend mainly on the band disp
sion, not on the fundamental gap. Since the band disper
11511
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is not affected by such small changes of the lattice const
the main effect of a change in the lattice constant on
optical spectra is a rigid shift of the entire spectrum in e
ergy. We consider the band structure at the experimental
tice constant as the more realistic electronic quasipart
spectrum. Therefore we calculate the spectral propertie
the experimental lattice constant.

Figure 1 shows the LiF bulk band structure, calculat
within GWA ~solid lines!. For comparison sake the LDA
band structure~dashed lines! is shown, as well. TheGW
valence-band structure consists of five bands, that can un
biguously be classified as a Li 1s band~at 247.2 eV!, a F 2s
band ~at 224.8 eV!, and three F 2p bands~between23.9
and 0 eV!. Our calculated F 2p band width is in excellent
agreement with the measured band width of 3.5 eV,23 and a
previous theoretical result of 3.6 eV.24 We will often label the
lowest conduction band~having its minimum at theG point!
as the Li 2s band, although this classification is not exac
possible due to significant coupling of the Li 2s orbital to
other states. The fundamental band gap amounts to 8.3
only, in LDA. Due to the QP corrections, it is increased
about 6 eV, resulting in a QP gap of 14.3 eV. Such la
GWA corrections are expected in a system in which the
electric screening is weak. In addition to the change of
gap, also the dispersion of the bands is affected by the
corrections, leading to slightly increased band widths of
F 2p bands and of the lowest conduction band. The F 2s and
Li 1s core levels observe much stronger QP corrections
24.2 and27.9 eV, respectively, which is typical for strongl
localized electronic states. The Li 1s and F 2s core levels
have been observed experimentally by Johanssonet al.25 at

FIG. 1. Bulk band structure of LiF, as obtained within GW
~solid curve! and within LDA ~dotted curve!.
1-3
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WANG, ROHLFING, KRÜGER, AND POLLMANN PHYSICAL REVIEW B67, 115111 ~2003!
energies of249.8 and223.9 eV, respectively. Kowalczyk
et al. have reported a core-level energy of224.9 eV for F
2s.26 Our GW energies of these two core levels within RP
are close to these experimental data. Clearly,GW corrections
to the LDA improve the agreement with experiment.

The screening in the aboveGW calculation has been
treated within RPA, which is numerically very demanding,
particular for the surface system to be addressed in the
section. For the surface calculations, it would be highly
sirable therefore to replace the RPA dielectric function b
model dielectric function like the one suggested by Hybe
sen and Louie.22 This model function has been shown
describe the dielectric function of bulk and surface syste
very accurately, leading to very reliable QP band-struct
energies within theGWA.20 @We have carried out some te
calculations for LiF~001! which indicate that the uncertaint
induced by the model function does not exceed about 0.1
in the band-structure energies.# In the case of bulk LiF, we
find that this model dielectric function~using the same di-
electric constant of 1.8 as obtained by the RPA! does indeed
yield basically the sameGW QP band structure as the RPA
For the occupied F 2p bands and for the lowest conductio
band, the largest deviation between the QP energies resu
from RPA and from the model amounts to 0.06 eV, only. T
accuracy of the screening using the model dielectric func
is thus sufficient for the following discussion of the optic
spectra of the surface, while being numerically much m
efficient than RPA. We will therefore employ the model d
electric function throughout the remainder of the paper
cept where noted. We note in passing that the model die
tric function does not describe accurately the QP energy
the localized Li 1s state, which results as245.8 eV com-
pared to the RPA result of247.2 eV~see the discussion o
the surface core-level shift in Sec. IV!. Since such energeti
cally deep states are irrelevant for the optical properties
low-energy excitations, this deviation does not matter for
calculation of the spectra.

Using the approach presented in Sec. IIC, the opt
spectrum can be calculated. Initially, we have included
three F 2p valence bands~i.e., v53 – 5) and the four lowes
conduction bands~including the Li 2s band, i.e.,c56 – 9) in
the evaluation of Eq.~4!. The low-lying Li 1s and F 2s
bands~i.e., v51,2) need not to be taken into account sin
they cannot contribute to the excitations below;25 eV. The
latter are in the focus of our interest. We use 256k points,
yielding a spectral resolution of better than;0.2 eV in the
continous part of the resulting spectrum. The electron-h
matrix in Eq.~4! thus has a size of 334325653072.

After solving the eigenvalue problem of Eq.~4!, the
optical-absorption spectrum is calculated including in to
the seven bands mentioned above. The results are com
in Fig. 2. The dashed-dotted curve indicates the spect
without electron-hole interaction effects, thus correspond
to independent interband transitions. The solid curve sh
the spectrum with the interaction included. Apparently, s
nificant changes occur due to the interaction, in particula
the low-energy range which is now dominated by a char
teristic exciton peak at 12.7 eV, i.e., 1.6 eV below the Q
gap. The circles denote experimental data.27 Clearly, very
11511
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good agreement between experiment and theory is obta
for both the energy and the oscillator strength~amplitude3
width! of the main peak. The results presented here are
sentially the same as those discussed in Refs. 11 and
They are included at this point to motivate one further si
plification of the calculations which provides the basis f
the following investigations of the surface.

As just discussed, the use of three valence and four c
duction bands allows for the calculation of a convergede2
spectrum for excitation energies up to;25 eV. Analysing the
influence of the four conduction bands on our results,
have observed that the main contributions stem from
lowest conduction band~Li 2s band! while the three higher
conduction bands (c57 – 9) do not contribute significantly
to the low-energy part of the spectrum. Therefore we do
need to retain the latter bands in the electron-hole matrix
Eq. ~4!. It is sufficient to evaluate the optical spectrum fro
the three F 2p valence and the one Li 2s conduction bands,
only ~i.e., by only considering transitions from F 2p to Li
2s). The resulting spectrum for bulk LiF is shown by th
dashed line in Fig. 2. Apparently, for energies below 18
this spectrum is in good agreement with the above discus
fully converged spectrum. This holds, in particular, for t
exciton peak. In the case of the LiF~001! surface this means
that, as long as we are mainly interested in the low-ene
exciton states—say below 18 eV—it is sufficient to restr
the excitations to transitions from F 2p to Li 2s.

IV. LiF „001…-„1Ã1… SURFACE BAND STRUCTURE

Now we turn to the LiF~001! surface. We consider the
unreconstructed~131! surface, which is prototypical for
~001! surfaces of rocksalt-structured insulators.28 The DFT-
LDA is used to determine the ground-state geometry.
take the surface normal as thez direction. The surface is
represented by a supercell geometry of six atomic layers c

FIG. 2. Calculated optical absorption spectrume2(v) of bulk
LiF, obtained from two different subsets of occupied and em
bands~see text!. The dashed-dotted curve indicates the free int
band spectrum, i.e., with the electron-hole interaction switched
A Lorentzian broadening of 0.3 eV has been used. The open cir
denote the optical data measured by Roessler and Walker~Ref. 27!.
1-4
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QUASIPARTICLE BAND STRUCTURE AND OPTICAL . . . PHYSICAL REVIEW B 67, 115111 ~2003!
taining six Li atoms and six F atoms in the unit cell, resulti
in 30 valence bands. For the structure optimization and
calculation of the electronic surface band structure the s
basis states as in the bulk calculations are used. The
mized geometry turns out to be close to that of the id
surface, with very small relaxations, only. In the surfa
layer, the Li atoms relax towards the substrate bydz
520.03 Å while the F atoms relax outwards bydz
50.03 Å.29 These results are in very good agreement w
the data of a very recent low-energy electron diffracti
measurement30 showing an inward relaxation of the Li atom
by dz520.02 Å and an outward relaxation of the F atom
by dz50.02 Å.

Figure 3 shows the LDA andGWAband structures of the
relaxed LiF~001!-~131! surface. Most of the states are bul
like, being energetically in resonance with bulk states. N
the G point, only the highest valence bands and the low
conduction bands are truly localized surface states. As
pected for an ionic system without chemically acti
dangling-bond surface states, the QP corrections at the
face are very similar to those in the bulk.

For completeness sake, we also report on the sur
properties of the Li 1s core state at247.2 eV~not shown in
Fig. 3!, in particular on its surface core-level shift~SCLS!.
The Li 1s level at the Li surface atoms is lower in energ
than the Li 1s level in the bulk. The SCLS amounts to20.2
eV in LDA and 20.5 eV in GWA. We note in passing that
careful calculation of the QP correction to Li 1s and its
SCLS is only possible with the RPA dielectric function. Th
model dielectric function does not correctly describe the
lated self-energy and the SCLS of this strongly localiz
state, in contrast to the excellent results of the states clos
the gap~see above!. We are not aware of experimental da
on the Li 1s SCLS at the LiF~001! surface.

FIG. 3. Surface band structure of LiF~001!-~131!, obtained
within LDA ~left panel! and GWA~right panel!. The vertical lines
indicate the projected bulk band structure. In the right panel, o
the bands that are included in the Bethe-Salpeter equation
shown.
11511
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V. OPTICAL EXCITATIONS OF THE LiF „001…-„1Ã1…
SURFACE

Now we address the calculation of excited states and
optical spectrum of the LiF~001!-~131! surface.

A. Introductory remarks

As mentioned above, the surface is represented by a
percell geometry of six atomic layers with six Li and six
atoms per supercell~i.e., six times as many as in the bu
calculation of Sec. III! and sufficiently many vacuum layer
to decouple the two surfaces of neighboring supercells.
far as the coupled electron-hole excitations in the slabs
each supercell are concerned, this slab size would imply
six times as many valence and conduction bands have t
taken into account to be consistent with the bulk calcu
tions. The case of three valence and four conduction band
the bulk calculation of thee2 spectrum would then translat
to 18 valence and 24 conduction bands in the slab repres
ing the surface. Simply speaking, the size of the electr
hole band-to-band product basis scales quadratically with
size of the system. Fortunately, lessk points are necessar
for the surface since only the two-dimensional surface B
louin zone must be sampled, as compared to the th
dimensional bulk Brillouin zone. In practice, we use up to
k points for the surface as compared to 256 for the bu
Nonetheless, the corresponding size of the electron-hole
trix for the surface system@Eq. ~4!# would amount to 18324
364527 648, which is too demanding for diagonalizatio
Fortunately, however, we can reduce the size of the matri
Eq. ~4!—without significant loss of accuracy in that part
the optical spectrum we are interested in~say below 18 eV!
— by restricting the excitations to transitions from F 2p to
Li 2s. It is thus sufficient to retain 18 valence and 6 condu
tion bands for the calculation of the optical spectrum of t
LiF~001!-~131! surface. This subset of bands of the six-lay
slab corresponds to the subset of three valence bands~F 2p)
and one conduction band~Li 2s) in our respective bulk cal-
culation ~see Sec. III!. With 64 k points from the surface
Brillouin zone, this yields a matrix size of 183636456912,
which can be handled. Therefore all further discussion w
be based on this restricted subset of bands.

B. Electron-hole excited states

Let us first consider the case of normal incidence, i.e.,
electric-field vector of the light is oriented in thexy plane
parallel to the surface. Defining the exciton momentumQ
along thez direction and solving the eigenvalue problem
Eq. ~4!, the excitation energiesVS and coefficientsAvck

S are
obtained. The top panel of Fig. 4 depicts the joint density
states, which is characterized by a number of exciton sta
For the light with the electric field polarized along thex or y
directions, the bottom panel of Fig. 4 shows the optical
sorption spectrum, which is dominated by two strong pe
below the QP surface band gap (Egap

sur f514.4 eV). The most
important exciton states are also compiled in Table I.

Next we address the excited states and their optical p
erties in detail. Let us label the first four peaks in the t

ly
re
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panel of Fig. 4, in energy-increasing order, asSxy ~at 12.3
eV; fourfold degenerate!,31 B1 ~at 12.8 eV; twofold
degenerate!,31 B2 ~at 13.0 eV; twofold degenerate!,31 andSz
~at 13.1 eV; twofold degenerate!.31 The analysis of the wave
functions ofSxy andSz clearly shows that they are strong
localized at the surface, i.e., these states are surface exc
~see below!. The wave functions ofB1 andB2, on the other
hand, reveal that they originate from the LiF bulk exciton
modified by quantum-confinement effects due to the fin
thickness of the slab. More bulklike states occur at hig
energies, but they become more and more difficult to iden
due to increasingly complicated mixture with other stat

FIG. 4. Top panel: joint density of states~in arbitrary units! of
the surface system. Bottom panel: optical-absorption spectrum
the surface calculated for normal incidence of light. The broaden
is 0.07 eV.

TABLE I. Calculated surface exciton states at the LiF~001!-
~131! surface. The surface is represented by a slab geometry o
atomic layers~see text!. The momentum is chosen perpendicular
the surface.

State
Energy
@eV#

Degeneracy
~Ref. 31! Transition

Sxy 12.3 4 surf. F 2px/y→Li2s
B1 12.8 2 bulk F 2px/y→Li2s
B2 13.0 2 bulk F 2px/y→Li2s
Sz 13.1 2 surf. F 2pz→Li2s
11511
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,
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Note that the individual bulklike states of our slab a
slightly different from those of a semi-infinite LiF crysta
The entirety of all those bulklike states, however, does all
for an excellent representation of the spectral properties
the surface system~see, e.g., the calculation of the reflecti
ity spectrum in Sec. V!. The surface exciton states are una
fected by the finite thickness of the slabs as long as it is la
compared to the vertical extent of the surface states~which is
only a few Å in the present case!.

The binding energy of the lowest excitonSxy is 2.0 eV,
which is significantly stronger than the binding energy of t
bulk exciton~1.6 eV!. Sxy thus observes a 25% increase
the electron-hole interaction, as compared to the bulk e
ton. Apparently, only theSxy surface state~at 12.3 eV! and
the B1 bulklike state~at 12.8 eV! contribute significantly to
the optical response for normal-incidence geometry. Thi
due to the fact that the statesB2 and Sz have no dipole
strength parallel to the surface.

To understand this behavior in more detail, let us disc
the spatial properties of the exciton states. Using the coe
cients Avck

S , the real-space wave function of each excit
state can be evaluated from Eq.~5!. uxS(rh ,re)u2 gives the
real-space correlation between the excited hole~at rh) and
electron~at re). This quantity is a scalar function in a six
dimensional space (rh ,re), which makes it difficult to visu-
alize salient features. To analyze the surface-related feat
of each state, we define areducedcorrelation function be-
tween thez coordinates of the hole and electron by

x̄S
2~zh ,ze!ªE uxS~rh ,re!u2dxhdyhdxedye , ~6!

i.e., by averaging the full electron-hole correlation over t
coordinates parallel to the surface.x̄S

2(zh ,ze) gives the aver-
aged distributions of the electron and the hole along the
face normal.

For illustration, the top panel of Fig. 5 shows the conto
plot of x̄S

2(zh ,ze) for a bulk exciton state in the periodic LiF
crystal. The horizontal~vertical! axis denotes thez coordi-
nate of the hole~electron!. The straight lines indicate thez
position of the atomic layers; the spacing corresponds to
interlayer distance of 2.01 Å. The reduced correlation fu
tion has its largest amplitude close to the diagonalzh
5ze), indicating the attractive correlation between hole a
electron in the exciton state. For the periodic bulk crystal,
correlation function is periodic inz, corresponding to the free
mobility of the exciton as a whole. The fine structure is ch
acterized by a smooth spread of the electron (ze) over a
distance of aboutzh63 Å. There is no detailed structur
smaller than 3 Å for the electron coordinate because the lo
est conduction states in LiF~i.e., Li 2s) are rather delocal-
ized. For the hole coordinate, on the other hand, there
strong corrugation, with no amplitude in the regions betwe
the atomic layers. The reason is that the hole results from
F 2p orbitals, which are strongly localized on the F atom
Due to the much larger extent of the envelope functio
which ranges from aboutze23 Å to ze13 Å, the hole has
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nonzero amplitude on the neighboring atomic layers. T
extent of the hole is thus similar to that of the electron, i
;3 Å in both directions.

The middle and bottom panel of Figs. 5 show thex̄S
2

correlation function for the exciton statesB1 andB2 of our

FIG. 5. Reducedzh /ze correlation functionx̄S
2 for the bulk ex-

citon state in bulk LiF~top panel!, as well as for the bulklike exci-
ton statesB1 andB2 of the six-layer slab system~middle and bot-
tom panels!. The straight lines indicate the atomic layers~see text!.
11511
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slab calculation. Again, the horizontal and vertical lines
dicate thez coordinates of the six atomic layers used in t
slab geometry. The correlation function ofB1 has almost
zero amplitude at the surface and subsurface layers. Ins
it is localized at the third and fourth layers, i.e., in the cen
of the slab. The fine structure of the function is essentia
the same as that of the bulk exciton discussed in the
panel. The exciton stateB2 behaves in a different way~see
the bottom panel!. Here the electron and the hole are loca
ized at the second and fifth layers, with very small amplitu
at the central layers of the slab. Again, the amplitude at
surface is zero. From these correlation functions we concl
that B1 andB2 are bulklike exciton states, with wave func
tions that are strongly affected by quantum confinement
to the finite slab thickness in thez direction. We interpreteB1

as a bulk exciton with an even envelope function~corre-
sponding to the ground state in a one-dimensional box! while
B2 has an odd envelope function with a node in the cente
the slab ~corresponding to the second state in a on
dimensional box!. Consequently, the excitation energy ofB2
is higher than that ofB1 ~0.17 eV!, resulting from the higher
kinetic energy of the stateB2 with a node. More bulklike
states with more complicated nodal structures occur at hig
energy.

More detailed information about the statesB1 andB2 can
be obtained from the exciton probability densityuxS(rh ,re)u2
at fixed hole positionrh , showing the distribution of the
electron with respect to the hole, or vice versa. The top pa
of Fig. 6 shows a side view of this quantity for stateB1, with
the hole being fixed at an F atom in one of the two cen
layers of the slab. The excited electron covers a range
several Å, consistent with the correlation function discuss
in Fig. 5. The amplitude of the electron is rather smoo
with maximum values on the central and neighboring F
oms. The simple idea of a Frenkel exciton, with the elect
hopping from the F atom to a neighboring Li atom, obv
ously does not apply in the current system because the
responding Li 2s orbitals are quite delocalized. The botto
panel of Fig. 6 shows the corresponding contour plot of
hole relative to the electron~which is now fixed at the centra
F atom!. This clearly shows that the excited hole consi
mainly of F 2px /py orbitals. The same general behavior
found for the exciton stateB2 ~not shown here!.

The exciton statesSxy and Sz behave very differently.
This can be seen from their reduced correlation functio
x̄S

2(zh ,ze) shown in the top and bottom panels of Fig.
Apparently, both exciton statesSxy andSz are surface states
Sxy is completely localized in the outermost atomic lay
with only minimal amplitude of the electron in the subsu
face layer. Both particles have significant amplitude in t
vacuum region, in particular the electron. In the case ofSz ,
the electron distribution is similar, while the hole has som
amplitude on the subsurface layer, as well. Both states h
zero amplitude in the inner layers of the slab, which ag
indicates that the six-layer slab is sufficiently thick to allo
for a converged representation ofSxy andSz .

The top panels of Fig. 8 show the distribution of the e
cited electron of the statesSxy and Sz relative to the hole,
1-7
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which is fixed at a surface F atom. Within the atomic laye
the distributions resemble the electron distribution in
bulklike exciton~cf. the top panel of Fig. 6!. In the vacuum
region, however, they show significant modifications~like an
overflowing muffin!. In particular, the spatial extent parall
to the surface is larger than the spatial extent of the b
exciton. Figures 8~c! and ~d! show the distribution of the
holerelative to the electron, which is also fixed at the surfa
F atom. Apparently, the hole of theSxy exciton state@shown
in panel ~c!# is mainly composed from the F 2px and 2py
orbitals at the same surface F atom. The hole of theSz state
@shown in panel~d!#, on the other hand, consists of the F 2pz
orbital at the same atom, accompanied by some contribu
from F 2pz states at the neighboring subsurface F ato
This state thus extends more into the substrate thanSxy ~cf.
the discussion of Fig. 7!.

In brief, the exciton statesSxy , B1, andB2 are composed
of ~F 2px /py→ Li 2s) transitions~see again Table I!. The
stateSz , on the other hand, results from~F 2pz→Li2s) tran-
sitions. Note thatpx /py and pz are no longer equivalent a
the surface. This leads to the difference of 0.83 eV betw

FIG. 6. Two-dimensional projections of the probability dens
uxS(r h ,r e)u2 for the exciton stateB1 ~side view!. The top panel
shows the distribution of the electron relative to the hole~which is
fixed at a bulklike F atom in the center of the panel!. The bottom
panel shows the distribution of the hole relative to the elect
~which is now fixed at a bulklike F atom!.
11511
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the excitation energy ofSxy and Sz . Similar energy differ-
ences are observed between thepx /py-derived bulklike
statesB1 andB2 and the correspondingpz-derived bulklike
states that are found at much higher energy~.13.5 eV!.

The different orbital character of the states results in d
ferent optical properties. Simply speaking,Sxy andB1 have a
dipole moment in thex/y plane and are excitable by light i
normal incidence. Thex/y dipole moment ofB2, although
beingpx /py related, is zero due to its nodal-structured env
lope function. Therefore only the statesSxy and B1 show a
significant contribution to the optical spectrum at normal
cidence~shown in the bottom panel of Fig. 4!, which con-
sists mainly of two peaks.

The dipole moments perpendicular to the surface, on
other hand, are zero forSxy , B1, andB2 and nonzero forSz .
If one considers light with grazing incidence with th
electric-field vector polarized along thez direction, onlySz
will show a significant contribution. The resulting spectru
is shown in Fig. 9. The peaks at 12.3 and 12.8 eV (Sxy and
B1, respectively; cf. Fig. 4! have basically vanished and a
replaced by the peak at 12.8 eV, resulting from theSz state.
Note that light with grazing incidence is associated with

n

FIG. 7. Reducedzh /ze correlation functionx̄S
2 for the two ex-

citon statesSxy ~top panel! and Sz ~bottom panel! ~cf. Fig. 5!.
Equivalent states occuring at the lower surface of the slab~i.e., in
the lower left corner of each panel! are not explicitly shown.
1-8
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momentumQ which is nowparallel to the surface~alongx
in our present geometry!, different from the case discusse
above. This results in subtle changes in the electron-h
interaction Keh, in particular in the exchange term whic
contains nonanalytical dipole terms. In the present ca
changingQ from thez to thex direction results in an energ
shift of Sz by 0.3 eV, yielding the modified excitation energ
of 12.8 eV.

C. Optical reflectivity

The imaginary part of the dielectric response discusse
Figs. 4 and 9 corresponds to the absorption spectrum, w

FIG. 8. Two-dimensional projections~side views! of the prob-
ability densityuxS(r e ,r h)u2 for the surface exciton statesSxy @panels
~a! and~c!# andSz @panels~b! and~d!#. Panels~a! and~b! show the
distribution of the electron~relative to the hole, which is fixed at
surface F atom!. Panels~c! and~d! show the distribution of the hole
~relative to the electron, which is now fixed at a surface F atom!.

FIG. 9. Optical-absorption spectrum of the surface, calcula
for grazing-incidence light~with the electric field being polarized
perpendicular to the surface!. The broadening is 0.07 eV.
11511
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is very difficult to measure for a surface system. It is mu
easier to detect itsreflectivity spectrum, which can also b
evaluated from our bulk and surface results~shown in Fig.
10!. The reflectivity of a surface system can be decompo
into two parts, i.e., a bulk reflectivityRBulk(v) and a surface
contribution nR(v). The bulk reflectivity is simply ob-
tained from the bulk dielectric constanteBulk(v) ~cf. Fig. 2!.
This bulk reflectivity spectrum is shown by the dashed li
in the top panel of Fig. 10. It is dominated by a broad ma
mum between 12.5 and 13.5 eV corresponding to the b
exciton peak in Fig. 2. The reflectivity of thesurface, on the
other hand, is not simply given by the bulk spectrum.
stead, the reflectivity becomes modified by the electro
surface states, which shift spectral weight from bulk to s
face states. For normal incidence, i.e., with the electric-fi
vector parallel to the surface, this change of the reflectivity
given by32

nR

R
52

8pd

l F ~12e1
Bulk!~e2

Sur f2e2
Bulk!

~12e1
Bulk!21~e2

Bulk!2

1
e2

Bulk~e1
Sur f2e1

Bulk!

~12e1
Bulk!21~e2

Bulk!2G . ~7!
d

FIG. 10. Top panel: reflectivity spectrum of LiF, calculated f
normal incidence. The dashed curve shows the bulk reflectivity
obtained from the bulk dielectric function~cf. Fig. 2!. The solid
curve shows the reflectivity of the surface-terminated LiF crys
including the influence of the surface~see text!. The broadening is
0.05 eV. Bottom panel: relative changeDR/R of the reflectivity due
to the surface.
1-9
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with eSur f(v) being the optical response of the surface la
~of thicknessd), as obtained from our slab calculation. Th
resulting reflectivity spectrum of the surface is shown by
solid line in the top panel of Fig. 10. Note that this result
a macroscopic quantity~independent of the details of th
calculation, like the slab thickness!, and should be directly
comparable to experimental spectra.

The reflectivity of the surface is nearly identical to th
bulk reflectivity, with only one characteristic difference:
small additional peak occurs at 12.3 eV, on the low-ene
shoulder of the bulk-exciton peak. This small peak resu
from the surface excitonSxy . To obtain a reasonable ampl
tude of this peak and separate it from the bulk backgroun
fairly high spectral resolution is required~0.05 eV in Fig.
10!. This feature, as tiny as it may appear in Fig. 10, con
tutes, in our opinion, the ultimate signature of the surfa
exciton at LiF~001!. To our knowledge, experimental high
resolution reflectivity data of LiF~001! are not available, to
date. It would be highly revealing if this feature could b
detected experimentally to check the validity of our approa
and our conclusions.

The bottom panel of Fig. 10 shows the relative chan
nR/R of the reflectivity due to the surface. The most prom
nent feature is the strong peak at 12.3 eV due to the sur
exciton Sxy , which leads to a 50% enhancement of the
flectivity at that energy. A slightly negative value ofnR/R is
found at 12.8 eV, resulting from the reduced density-of-sta
of the bulklike excitons in the surface layer. Additional fe
tures are found above 13.5 eV. These structures, howe
may be difficult to measure because the reflectivity itsel
very small between 13.5 and 14.2 eV.

D. Comparison with experiment

In EELS spectroscopy of LiF~001!, peaks are observe
around 10.3 eV and around 13.5 eV, which have been in
preted as signatures of surface and bulk exciton states.3,4 In
excitation-stimulated particle desorption from LiF, an excit
state at an even lower energy of 9.6 eV has been observ5

These data would indicate an increase of excitonic bind
energy by more than 3 eV compared to the bulk. This is o
order of magnitude larger than the increase of binding ene
obtained in our present approach~0.4 eV!. We thus conclude
that our approach, which has been shown to yield relia
data for a large variety of bulk and surface systems, does
support the interpretation of the measured features at 10
9.6 eV as surface excitons of theclean, impurity-free
LiF~001! surface. At this moment we can only speculate t
the experimentally observed states may be related to m
o

ev

ia
-
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complicated features, like, e.g., point defects at the surfa
surface steps, or other perturbations of the perfect LiF~001!-
~131! surface. Another possible explanation could be t
the experimental data refer to excited states of more com
nature than the excitons discussed in this paper.

VI. CONCLUSIONS

In this work we have addressed the excited electro
states of a prototype insulator surface, LiF~001!-~131!. A
recently developedab initio approach is employed which
solves the quantum-mechanical many-body problem step
step: based on the electronic ground state~described by
density-functional theory!, we calculate the single-particl
excitations within theGW method and, finally, solve the
Bethe-Salpeter equation for coupled electron-hole states
cluding the electron-hole interaction. This approach, wh
can be considered as the state of the art for electronic e
tations, yields both bound exciton states below the fun
mental gap energy, as well as the entire linear optical
sponse above the gap.

The most salient result in the present situation of an in
lator surface is the occurrence of strongly bound surface
citons with binding energies that are significantly strong
than those of LiF bulk excitons. Our approach has allowed
obtain detailed insight into the properties of these states,
their wave function, orbital composition, and spatial localiz
tion. Such excited surface states, as fascinating as they
are difficult to directly observe in experiment. The mo
promising quantity to be detected in measurements is a s
but distinct additional peak in the surface reflectivit
0.4 eV below the strong structure corresponding to the b
exciton.

Our calculated transition energies, that have been
tained for the clean, perfectly ordered LiF~001! surface, are 2
to 3 eV higher in energy than the excitations measured
electron energy-loss spectroscopy or excitation-stimula
particle desorption. A possible explanation could be that
experimental spectra may exhibit states related to defect
this is the case, a final conclusion on the nature of th
states would only be possible after calculating the exci
states at imperfect surfaces.
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