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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®0é)LiF
(1x1) 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 @\& 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 (0B1-(1X1) 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 nunter78.20.Bh, 71.35.Cc, 73.20.At, 78.66.Nk
I. INTRODUCTION (EELS) on LiF(001),>* transitions have been observed at en-

ergies of about 10.3 eV, which would be more than 2 eV
Optical spectra play a central role in materials sciencebelow the bulk exciton. In excitation-stimulated particle de-
Absorption, reflectivity, photoluminescence, and other specsorption from LiF> the onset of desorption has been ob-
troscopic techniques are widely used to characterize materserved at an excitation energy of 9.6 eV, which was inter-
als. In addition, excited states provide the basis for a widgreted as the surface exciton. In a theoretical sfudgsed
range of technical applications, such as light-emitting de-on quantum-chemical approaches and a cluster geometry, a
vices, solid-state lasers, optical fibers, and photochemicaurface exciton energy of 11.5 eV has been reported. The
and photobiological reactions. In the case of surfaces, spectdata scatter over a broad range of excitation energies; more-
are important tools to identify the surface structuamd to  over, the reported difference of more than 2 eV between the
monitor processes like molecular adsorption, catalysis, anexcitation energy of the surface exciton and the bulk exciton
chemical reactions. appears to be very large for an ionic material, in which al-
The alkali halides can be considered as prototype insulaeady the bulk excitons are rather Frenkel-like, having an
tor materials since they allow us to carefully investigate theexciton radius of a few A, only. The purpose of our present
role of electronic correlation on the boundary between localwork is to analyze the formation of the exciton in detail and
ized and delocalized electronic states. They are importarip contribute to the interpretation of the available data.
materials for a range of optical applications; in addition, they The theoretical description of the excited states of sur-
show a variety of interesting interaction mechanisms befaces poses several demanding problems. The electronic
tween the electronic and geometric structure. Many of thesstructure of surface systems is dominated by quantum states
features, like the characterization of color centers or thdocalized on a length scale of only a few A, calling for an
emission of atoms from laser-excited alkali halides, involveatomic-scale approach. In addition, optical spectra are se-
excited electronic states. Among the alkali halides, LiF takeyerely influenced by electronic many-body effects. To ac-
an extreme position, having the largest fundamental bullcount for both, we employ a highly reliab&b initio scheme
band gap(14.4 eV} and showing an exciton peak at 12.6 eV. of many-body perturbation theoty!® based on density-
It is the ideal material to study excited electronic statesfunctional theory for the electronic ground state.
the formation of excitons, and the corresponding optical Density-functional theory in the local-density approxima-
properties. tion (LDA) has proven to be a very powerful tool for the
Excited states of surface systems usually differ qualita€alculation of the electronic ground-state properties of many
tively from those of bulk systems in many respects. In manymaterials. Spectral properties, on the other hand, are in gen-
cases, characteristic surface states are observed both in gl not directly accessible in such a calculation since DFT
band structure and in the optical spectrum of materialsdoes not describe excited electronic states, like quasiparticle
These states, that are strongly localized at the surface, at@P) excitations and correlated electron-hole excitations.
important for the characterization of the surface, and they aréhe state-of-the-art approach to calculate QP spectra is He-
very interesting since they allow us to study electronic inter-din’s GW approximation(GWA,***°in which the nonlocal,
action effects on an extremely short length sdaldew A). energy-dependent electron self-energy operator is approxi-
In the present work we focus on excited electronic states anated by a convolution of the one-electron Green function
the LiF001) surface, in particular on the surface exciton,and the dynamically screened Couloumb interaction. Very
which has a binding energy larger than the LiF bulk exciton.accurate quasiparticle properties have been obtained by this
The LiF001) surface exciton has been investigatedmethodf.‘
extensively’~’ but no final conclusion regarding its nature  Optical spectra of nonconducting solids are dominated by
could be drawn, so far. In electron energy-loss spectroscopglectron-hole correlation effects that are described neither by
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DFT nor byGWA It has been shown that the investigation of B. Quasiparticle band structure

optical excitations requires an effective two-body approach, qyasiparticle excitations can be described using many-
which must take the electron-hole interaction intopody perturbation theort:*%in which the self-energy opera-
consideratiori, ** thus going beyond the independent- tor 3 is expanded in a series containing the one-body Green
quasiparticle picture. A rigorous approach to optical spectraynction G, and the screened Coulomb interactdof the

is given by evaluating the two-body Green functiSrithe  system. The first term of the expansion constitutesGiw
equation of motion for the two-body Green functigthe  approximation>2%-2?

Bethe-Salpeter equatipis solved, yielding coupled excited _
electron-hole states. Using the optical transition matrix ele- y e | w0t — ,

ments corresponding to these coupled electron-hole excita-z(r’r B)= EJ € G, E-0)W(rr,w)do.
tion stategwhich are expressed as coherent superpositions of 1)

the matrix elements of free electron-hole pairthe entire |, practical evaluations, the one-body Green funct@nis
linear optical spectrum of a material can be obtained. Thigjescriped approximately in terms of the results of the DFT-
approach has been applied successfully to investigate semipA calculation. For the frequency dependence\iéfwe
conductors and insulatot$-**Up to date, most of these cal- employ a generalized plasmon-pole approximation. The
culations were focused on bulk crystals. A few studies orstatic partW(w=0) of the interaction is calculated using
semiconductosurfaceshave been presentédl’’*indicat-  either the random-phase approximatitRPA) or a model

ing very pronounced electron-hole correlation effects. In thidielectric functior?? After constructing the self-energy op-
paper, we present aab initio calculation of the optical re- erator 3, we solve the quasiparticle equatithin most
sponse of annsulator surface, i.e., of LiF0O01)-(1xX1). We  cases, the LDA wave function,tz,ﬁDA are already very close
discuss the excitonic effects on the absorption and reflectivto wSF’, Therefore, the QP equation can often be solved per-

ity spectra of the surface in some detail. turbatively, leading to
The paper is organized as follows. In Sec. Il, we briefly
summarize the basic theoretic formulation. In Sec. Ill, we ERP=EP A+ (4P A (ERP) = Ve 5 °%) 2

discuss the LiF bulk crystal. In Sec. IV, we determine theyhich as we have carefully investigated, is sufficient in our
ground-state geometry of the LBO1)-(1x1) surface and resent case. The expectation valug B{EQP) — V] de-
discuss the LDA and GWA band structures of the surface. I1§,e5 a QP correction to the LDA band structure. For semi-
Sec. V, our results for the optical absorption and reflectivityconductors and insulators, this correction is often in the order
spectrum of the surface are presented. Finally, a short sungs 1_10 ev.

mary is given in Sec. VI.

C. Optical excitation

Il. BASIC THEORETICAL EORMULATION _While theGWAyieIds banld structur_es in g(_)oq agreem_ent
with experimental data for single-particle excitations, optical
A. Ground state properties cannot be obtained correctly from QP band struc-

The ground-state properties of semiconductors and insyures within an independent-par_ticle picture. This is due to
lators can be obtained from density-functional the@yT) the interaction between the excited electrons and holes oc-
in the local-density approximatiofLDA), yielding LDA curring in optical excitations. To describe the resulting two-
band-structure energies, wave functions, and the total energhedy correlation effects on optical properties, an effective
Based on the total energy and the resulting forces on th o—partlcle_ theory_ is required. .The most .general procedure
atoms, we optimize the geometric structure of the bulkfor calculatln_g optical spectrg is to consider the two-pody
and of the surface by relaxing the system to mechanicaPreen functionG, (or, equivalently, the corresponding
equilibrium. electron-hole correlation functiorand to solve the equation

Gaussian orbitals are used to construct the LDA basi®f motion for it1® This procedure can be formulated in terms
sets?® We use 30 Gaussian orbitals®fp, d, ands* type for of coupled electron-hole ex0|te.d stat@@). We assume that
both Li and F. The decay constarits atomic unit are 0.3, thegse states can be expanded in a basis given by the QP states
1.34, and 6.0 for Li and 0.2, 0.95, and 4.5 for F. The samé‘Sl

basis functions are also used for the representation of all hole elec
guantities occurring in th&W self-energy operator and the _ AR |y ck
electron-hole interaction in the next section. |SQ> ; g ; vekv€K)
For the ionic potential we use nonlocal, norm-conserving hole elec
ab initio pseudopotentials. The potential for F is taken from _ sQat ot
Ref. 21. We find that the Li 4 state(which is often treated _; g 2 Avckavkbc,k+Q|O>’ ©)

as a core state and eliminated by pseudopotential construc- R

tion) significantly influences the structural properties ofwhereél;rk and bZ’HQ denote the operators creating a hole
LiF. To account for this, in particular for the following sur- (in valence band at wave vectork) and an electror{in
face calculations, we include the Lislstate among the conduction band at wave vectok+Q), respectively, in the
valence states. many-body ground staié). Q is the total momentum of the
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electron-hole state which, in optical processes, corresponds
to the momentum of the involved photon. Since the photon
wavelength is very large compared to the lattice constant of
crystals, the momentur® of the exciton created in photo-
absorption is very close to zero. Nevertheless, the direction
of the exciton momentur® may be important for details of
the spectrum. For simplicity of the equations, we suppress
the indexQ at|S) in the following.

Since the electronic ground state of LiF is given by a
closed-shell spin-singlet state, the excitations can be classi-
fied (in the absence of spin-orbit interactjoas singlet-to-
singlet and singlet-to-triplet excitations. We will focus on the
singlet-to-singlet transitions that are relevant for the optical
spectra. From the equation of motion®@§, one obtains the
following equation of motion of the excited state®) (usu- I
ally called the Bethe-Salpeter equation, BSE® Te) S I N .

Energy (eV)

hole elec ]

(B9 ERDA%E S S 3 (voklko kAT |

C

:QSAI?CK' (4) YY) ESSPSSISNISPIN RSPUSSIHN SR MR EON— ]

The electron-hole interactioki®" consists of a screened, di-
rect termK®"? and an exchange teri{®™*. In general, ~50
Kehd is frequency dependent. For the system under study, L r X W K r
however, the excitominding energys small in comparison FIG. 1. Bulk band structure of LiF, as obtained within GWA
to the band gap, which defines the characteristic energy sca{ olid c'ur\./é and within LDA (dotted cu;véz
of the dielectric screening. Therefore a statically screene
electron-hole interaction can be usédr details, see Refs.
13 and 16.

Once the Bethe-Salpeter equatigh is solved, the ob-
tained coefficientsA>,, can be used to evaluate the real-

space wave function of an excited st§®?,

is not affected by such small changes of the lattice constant,
the main effect of a change in the lattice constant on the
optical spectra is a rigid shift of the entire spectrum in en-

ergy. We consider the band structure at the experimental lat-
tice constant as the more realistic electronic quasiparticle
hole elec spectrum. Therefore we calculate the spectral properties at

Xs(Thfd =2 2 2 At (T dao(re). (5  the experimental lattice constant.
kK v ¢ Figure 1 shows the LiF bulk band structure, calculated

Here,r, andr, denote the coordinates of the electron and the/Vithin GWA (solid lines. For comparison sake the LDA
hole, respectively. Furthermore, the entirety of all excited®@nd structuredashed linesis shown, as well. Th&W

states yields the optical spectrusee, e.g., Ref. 13Before valence-band structure consists of five bands, that can unam-
we address the main topic of our work, i.e., the optical exci-Piguously be classified as a Lsband(at —47.2 eV}, aF
tations of LIK001)-(1x1), we briefly summarize the spectral and(at —24.8 eV, and three F @ bands(between—3.9

properties of the bulk, as well as the geometric and electroni@nd 0 @Y. Our calculated F @ band width is in excellent
properties of the surface. agreement with the measured band width of 3.5%&hd a

previous theoretical result of 3.6 &/We will often label the
lowest conduction banthaving its minimum at thé" point)
as the Li & band, although this classification is not exactly
We first address the bulk crystal of LiF to check the va-possible due to significant coupling of the L& 2rbital to
lidity of our approach and to provide a basis for discussingother states. The fundamental band gap amounts to 8.3 eV,
the surface features of L{B01)-(1X1) in the next section.  only, in LDA. Due to the QP corrections, it is increased by
LiF is an ionic insulator material, having rocksalt struc- about 6 eV, resulting in a QP gap of 14.3 eV. Such large
ture with a lattice constant ci=4.026 A. By LDA total- GWA corrections are expected in a system in which the di-
energy minimization we obtain a slightly lower theoretical electric screening is weak. In addition to the change of the
lattice constant oA=3.918 A. The band gap is highly sen- gap, also the dispersion of the bands is affected by the QP
sitive to the lattice constant: whea is reduced from the corrections, leading to slightly increased band widths of the
experimental to the theoretical value, the fundamental LDAF 2p bands and of the lowest conduction band. Thesfagd
energy gap increases from 8.26 to 8.91 eV, while the disperti 1s core levels observe much stronger QP corrections of
sion of the bands remains unchanged. Note that the electror-4.2 and—7.9 eV, respectively, which is typical for strongly
hole interaction effects depend mainly on the band disperocalized electronic states. The Lsland F X core levels
sion, not on the fundamental gap. Since the band dispersidmave been observed experimentally by Johanssai?® at

. LiF BULK CRYSTAL
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energies of—49.8 and—23.9 eV, respectively. Kowalczyk 12

et al. have reported a core-level energy ©£4.9 eV for F

2s.26 Our GW energies of these two core levels within RPA | © o oexperiment

. . LiF 3 val., 4 cond. bands

are close to these experimental data. Cle&Wy corrections —=== 3val. 1 cond. bands

to the LDA improve the agreement with experiment. 8} I —-— noe-hinteraction
The screening in the abov&W calculation has been

treated within RPA, which is numerically very demanding, in o

particular for the surface system to be addressed in the next

section. For the surface calculations, it would be highly de-

sirable therefore to replace the RPA dielectric function by a

model dielectric function like the one suggested by Hybert-

sen and Louié? This model function has been shown to

describe the dielectric function of bulk and surface systems

very accurately, leading to very reliable QP band-structure 0

energies within th&GWA?° [We have carried out some test

calculations for LiF001) which indicate that the uncertainty

induced by the model function does not exceed about 0.1 eV FIG. 2. Calculated optical absorption spectréngfw) of bulk

in the band-structure energig$n the case of bulk LiF, we LiF, obtained from two different subsets of occupied and empty

find that this model dielectric functiofusing the same di- bands(see text The dashed-dotted curve indicates the free inter-

electric constant of 1.8 as obtained by the REAes indeed band spectrum, i.e., with the electron-hole interaction switched off.

yield basically the sam&W QP band structure as the RPA. A Lorentzian broadening of 0.3 eV has been used. The open circles

For the occupied F |2 bands and for the lowest conduction denote the optical data measured by Roessler and WaRedr 27.

band, the largest deviation between the QP energies resulting

from RPA and from the model amounts to 0.06 eV, only. Thegood agreement between experiment and theory is obtained

accuracy of the screening using the model dielectric functiorior both the energy and the oscillator strengdmplitudex

is thus sufficient for the following discussion of the optical width) of the main peak. The results presented here are es-

spectra of the surface, while being numerically much moresentially the same as those discussed in Refs. 11 and 12.

efficient than RPA. We will therefore employ the model di- They are included at this point to motivate one further sim-

electric function throughout the remainder of the paper explification of the calculations which provides the basis for

cept where noted. We note in passing that the model dieledhe following investigations of the surface.

tric function does not describe accurately the QP energy of As just discussed, the use of three valence and four con-

the localized Li k state, which results as45.8 eV com- duction bands allows for the calculation of a converggd

pared to the RPA result of47.2 eV (see the discussion of spectrum for excitation energies upt®5 eV. Analysing the

the surface core-level shift in Sec.)\Since such energeti- influence of the four conduction bands on our results, we

cally deep states are irrelevant for the optical properties ohave observed that the main contributions stem from the

low-energy excitations, this deviation does not matter for thdowest conduction ban(Li 2s band while the three higher

calculation of the spectra. conduction bandsg=7-9) do not contribute significantly
Using the approach presented in Sec. IIC, the opticato the low-energy part of the spectrum. Therefore we do not

spectrum can be calculated. Initially, we have included theneed to retain the latter bands in the electron-hole matrix of

three F 2 valence bandé.e.,v =3-5) and the four lowest EQ. (4). It is sufficient to evaluate the optical spectrum from

conduction bandéncluding the Li X band, i.e.c=6-9) in  the three F p valence and the one Li2conduction bands,

the evaluation of Eq(4). The low-lying Li 1s and F & only (i.e., by only considering transitions from Fp2o Li

bands(i.e., v=1,2) need not to be taken into account since2s). The resulting spectrum for bulk LiF is shown by the

they cannot contribute to the excitations belev@5 eV. The  dashed line in Fig. 2. Apparently, for energies below 18 eV

latter are in the focus of our interest. We use 25points,  this spectrum is in good agreement with the above discussed

yielding a spectral resolution of better tharD.2 eV in the  fully converged spectrum. This holds, in particular, for the

continous part of the resulting spectrum. The electron-hol@xciton peak. In the case of the LID1) surface this means

matrix in Eq.(4) thus has a size 0f’84x256=3072. that, as long as we are mainly interested in the low-energy
After solving the eigenvalue problem of E@4), the exciton states—say below 18 eV—it is sufficient to restrict

optical-absorption spectrum is calculated including in totalthe excitations to transitions from Fp2o Li 2s.

the seven bands mentioned above. The results are compiled

in Fig. 2. The dashed-dotted curve indicates the spectrum | (001)-(1X1) SURFACE BAND STRUCTURE

without electron-hole interaction effects, thus corresponding

to independent interband transitions. The solid curve shows Now we turn to the LiF001) surface. We consider the

the spectrum with the interaction included. Apparently, sig-unreconstructed1x1) surface, which is prototypical for

nificant changes occur due to the interaction, in particular i(001) surfaces of rocksalt-structured insulatétsthe DFT-

the low-energy range which is now dominated by a charactDA is used to determine the ground-state geometry. We

teristic exciton peak at 12.7 eV, i.e., 1.6 eV below the QPtake the surface normal as tlzedirection. The surface is

gap. The circles denote experimental ddt&learly, very  represented by a supercell geometry of six atomic layers con-
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V. OPTICAL EXCITATIONS OF THE LiF (001)-(1X1)
SURFACE

Now we address the calculation of excited states and the

Il
'"“II optical spectrum of the Li@01)-(1x1) surface.

Iy il

n
5

A. Introductory remarks

= | \ il i

C IIIIHHH"""“' ‘!!:“,Imﬂ.|||||HHH""i i As mentioned above, the surface is represented by a su-
> illl“!!!”!!!m'" """'“!!!!“!!!!lllli percell geometry of six atomic layers with six Li and six F

E 8F ) atoms per superceli.e., six times as many as in the bulk

= calculation of Sec. Il and sufficiently many vacuum layers

to decouple the two surfaces of neighboring supercells. As
far as the coupled electron-hole excitations in the slabs of
each supercell are concerned, this slab size would imply that
six times as many valence and conduction bands have to be
taken into account to be consistent with the bulk calcula-
tions. The case of three valence and four conduction bands in
r T K J rr J K J r the bulk calculation of the, spectrum would then translate

) to 18 valence and 24 conduction bands in the slab represent-

FIG. 3. Surface band structure of LI1-(1x1), obtained . yhe syrface. Simply speaking, the size of the electron-

within LDA (left pane) and GWA (right pane]. The vertical lines g . . .
indicate the projected bulk band structure. In the right panel, onthOIe band-to-band product basis scales quadratically with the

the bands that are included in the Bethe-Salpeter equation arfséZe of the syste_m. Fortunately, Iels_qaomt§ are necessary
shown. or the surface since only the two-dimensional surface Bril-

louin zone must be sampled, as compared to the three-
dimensional bulk Brillouin zone. In practice, we use up to 64

taining six Li atoms and six F atoms in the unit cell, resultingk points for the surface as compared to 256 for the bulk.
in 30 valence bands. For the structure optimization and th@lonetheless, the corresponding size of the electron-hole ma-
calculation of the electronic surface band structure the samgix for the surface systerfEq. (4)] would amount to 1824
basis states as in the bulk calculations are used. The optk64=27 648, which is too demanding for diagonalization.
mized geometry turns out to be close to that of the idealFortunately, however, we can reduce the size of the matrix in
surface, with very small relaxations, only. In the surfacegq. (4)—without significant loss of accuracy in that part of
layer, the Li atoms relax towards the substrate & the optical spectrum we are interestedsay below 18 ey
=-0.03 A while the F atoms relax outwards b§z  — by restricting the excitations to transitions from B o
=0.03 A?® These results are in very good agreement withLj 2s. It is thus sufficient to retain 18 valence and 6 conduc-
the data of a very recent low-energy electron diffractiontion bands for the calculation of the optical spectrum of the
measuremefit showing an inward relaxation of the Li atoms LiF(001)-(1x 1) surface. This subset of bands of the six-layer
by 6z=—0.02 A and an outward relaxation of the F atomss|ab corresponds to the subset of three valence b@hap)
by 6z=0.02 A. and one conduction bar(li 2s) in our respective bulk cal-

Figure 3 shows the LDA an@WAband structures of the culation (see Sec. I)l. With 64 k points from the surface
relaxed LiK00D)-(1x1) surface. Most of the states are bulk- Brillouin zone, this yields a matrix size of ¥6Xx64=6912,
like, being energetically in resonance with bulk states. Neaghich can be handled. Therefore all further discussion will
the I' point, only the highest valence bands and the lowesbe based on this restricted subset of bands.
conduction bands are truly localized surface states. As ex-
pected for an ionic system without chemically active
dangling-bond surface states, the QP corrections at the sur-
face are very similar to those in the bulk. Let us first consider the case of normal incidence, i.e., the

For completeness sake, we also report on the surfacglectric-field vector of the light is oriented in they plane
properties of the Li & core state at-47.2 eV(not shown in  parallel to the surface. Defining the exciton momentQ@m
Fig. 3), in particular on its surface core-level shi8CLS.  along thez direction and solving the eigenvalue problem of
The Li 1s level at the Li surface atoms is lower in energy Eq. (4), the excitation energieQ s and coefficientdA>,, are
than the Li Is level in the bulk. The SCLS amounts t60.2  obtained. The top panel of Fig. 4 depicts the joint density of
eV in LDA and —0.5 eV in GWA. We note in passing that a states, which is characterized by a number of exciton states.
careful calculation of the QP correction to Lisland its  For the light with the electric field polarized along thery
SCLS is only possible with the RPA dielectric function. The directions, the bottom panel of Fig. 4 shows the optical ab-
model dielectric function does not correctly describe the resorption spectrum, which is dominated by two strong peaks
lated self-energy and the SCLS of this strongly localizedbelow the QP surface band gaﬁé@rpfz 14.4 eV). The most
state, in contrast to the excellent results of the states close important exciton states are also compiled in Table 1.
the gap(see above We are not aware of experimental data  Next we address the excited states and their optical prop-
on the Li 1s SCLS at the LiF001) surface. erties in detail. Let us label the first four peaks in the top

B. Electron-hole excited states
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4 - - - - Note that the individual bulklike states of our slab are
slightly different from those of a semi-infinite LiF crystal.
The entirety of all those bulklike states, however, does allow
Su By for an excellent representation of the spectral properties of
S, the surface systerfsee, e.g., the calculation of the reflectiv-
B ity spectrum in Sec. Y The surface exciton states are unaf-
fected by the finite thickness of the slabs as long as it is large
compared to the vertical extent of the surface statdsch is
only a few A in the present case
The binding energy of the lowest excitd, is 2.0 eV,
which is significantly stronger than the binding energy of the
bulk exciton(1.6 eV). S, thus observes a 25% increase of
the electron-hole interaction, as compared to the bulk exci-
25 . , . , ton. Apparently, only thes,, surface stat¢at 12.3 eV and

JDOS (arb. units)
N

Sy the B, bulklike state(at 12.8 eV contribute significantly to
the optical response for normal-incidence geometry. This is

20 £ 5 ] due to the fact that the statd®, and S, have no dipole
1

E || surface strength parallel to the surface.

To understand this behavior in more detail, let us discuss
the spatial properties of the exciton states. Using the coeffi-
cientsA>, , the real-space wave function of each exciton
state can be evaluated from E&). |xs(rn.re)|? gives the
real-space correlation between the excited Haler,,) and
electron(at r,). This quantity is a scalar function in a six-
dimensional spacerf,r.), which makes it difficult to visu-

[ alize salient features. To analyze the surface-related features
o 11 12 13 14 15 of each state, we define raducedcorrelation function be-
E (V) tween thez coordinates of the hole and electron by

15 |

10 |

FIG. 4. Top panel: joint density of statéim arbitrary unitg of
the surface system. Bottom panel: optical-absorption spectrum of
the surface calculated for normal incidence of light. The broadening
is 0.07 eV.

Xz 205= [ It Paydngdye, @

panel of Fig. 4, in energy-increasing order, 3§ (at 12.3 i.e., by averaging the full electron-hole correlation over the
eV; fourfold degeneraj¢' B, (at 12.8 eV: twofold coordinates parallel to the surfa%(zh ,Ze) gives the aver-
degenerate’® B, (at 13.0 eV; twofold degeneratdt andS,  aged distributions of the electron and the hole along the sur-
(at 13.1 eV: twofold degeneraté' The analysis of the wave face normal.
functions ofS,, andS, clearly shows that they are strongly ~ For illustration, the top panel of Fig. 5 shows the contour
localized at the surface, i.e., these states are surface excitopit of ;%(Zh ,Z.) for a bulk exciton state in the periodic LiF
(see below The wave functions 0B, andB,, on the other  crystal. The horizonta{vertica) axis denotes the coordi-
hand, reveal that they originate from the LiF bulk excitons,nate of the holdelectron. The straight lines indicate the
modified by quantum-confinement effects due to the finiteposition of the atomic layers; the spacing corresponds to the
thickness of the slab. More bulklike states occur at higheinterlayer distance of 2.01 A. The reduced correlation func-
energies, but they become more and more difficult to identifition has its largest amplitude close to the diagons| (
due to increasingly complicated mixture with other states=z,), indicating the attractive correlation between hole and
electron in the exciton state. For the periodic bulk crystal, the
TABLE |. Calculated surface exciton states at the (F)-  correlation function is periodic in, corresponding to the free
(1x1) surface. The surface is represented by a slab geometry of six,opjlity of the exciton as a whole. The fine structure is char-
atomic layergsee text The momentum is chosen perpendicular to 5 tarized by a smooth spread of the electrag) (over a
the surface. distance of abouiz,=3 A. There is no detailed structure
smaller tha 3 A for the electron coordinate because the low-
est conduction states in Lift.e., Li 2s) are rather delocal-

Energy Degeneracy

State [eV] (Ref. 33 Transition ized. For the hole coordinate, on the other hand, there is a
Sy 12.3 4 surf. F py—Li2s strong corrugation, with no amplitude in the regions between
B 12.8 2 bulk F D,,,—Li2s the atomic layers. The reason is that the hole results from the
B, 13.0 2 bulk F D,,,—Li2s F 2p orbitals, which are strongly localized on the F atoms.
S, 13.1 2 surf. F p,—Li2s Due to the much larger extent of the envelope function,

which ranges from about,—3 A to z,+3 A, the hole has
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FIG. 5. Reducedy,/z, correlation function;% for the bulk ex-
citon state in bulk LiKtop panel, as well as for the bulklike exci-
ton statesB; andB, of the six-layer slab systerfmiddle and bot-
tom panels The straight lines indicate the atomic layésee text
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slab calculation. Again, the horizontal and vertical lines in-
dicate thez coordinates of the six atomic layers used in the
slab geometry. The correlation function Bf, has almost
zero amplitude at the surface and subsurface layers. Instead,
it is localized at the third and fourth layers, i.e., in the center
of the slab. The fine structure of the function is essentially
the same as that of the bulk exciton discussed in the top
panel. The exciton stat®, behaves in a different wagsee
the bottom panel Here the electron and the hole are local-
ized at the second and fifth layers, with very small amplitude
at the central layers of the slab. Again, the amplitude at the
surface is zero. From these correlation functions we conclude
that B, and B, are bulklike exciton states, with wave func-
tions that are strongly affected by quantum confinement due
to the finite slab thickness in ttedirection. We interpret8;
as a bulk exciton with an even envelope functi@orre-
sponding to the ground state in a one-dimensiona) bdle
B, has an odd envelope function with a node in the center of
the slab (corresponding to the second state in a one-
dimensional box Consequently, the excitation energyBy
is higher than that oB; (0.17 eV}, resulting from the higher
kinetic energy of the statB, with a node. More bulklike
states with more complicated nodal structures occur at higher
energy.

More detailed information about the statésandB, can
be obtained from the exciton probability denditg(rp,,re)|?
at fixed hole positiorr,,, showing the distribution of the
electron with respect to the hole, or vice versa. The top panel
of Fig. 6 shows a side view of this quantity for st&g with
the hole being fixed at an F atom in one of the two central
layers of the slab. The excited electron covers a range of
several A, consistent with the correlation function discussed
in Fig. 5. The amplitude of the electron is rather smooth,
with maximum values on the central and neighboring F at-
oms. The simple idea of a Frenkel exciton, with the electron
hopping from the F atom to a neighboring Li atom, obvi-
ously does not apply in the current system because the cor-
responding Li 3 orbitals are quite delocalized. The bottom
panel of Fig. 6 shows the corresponding contour plot of the
hole relative to the electrofwhich is now fixed at the central
F atom). This clearly shows that the excited hole consists
mainly of F 2p,/p, orbitals. The same general behavior is
found for the exciton statB, (not shown herge

The exciton states5,, and S, behave very differently.
This can be seen from their reduced correlation functions

;é(zh,ze) shown in the top and bottom panels of Fig. 7.
Apparently, both exciton stated;, andS, are surface states.
S,y is completely localized in the outermost atomic layer,
with only minimal amplitude of the electron in the subsur-
face layer. Both particles have significant amplitude in the
vacuum region, in particular the electron. In the cas&qf

the electron distribution is similar, while the hole has some
amplitude on the subsurface layer, as well. Both states have

nonzero amplitude on the neighboring atomic layers. Theero amplitude in the inner layers of the slab, which again
extent of the hole is thus similar to that of the electron, i.e.jndicates that the six-layer slab is sufficiently thick to allow

~3 A in both directions.

The middle and bottom panel of Figs. 5 show tﬁ@
correlation function for the exciton stat& andB, of our

for a converged representation 8f, andsS, .
The top panels of Fig. 8 show the distribution of the ex-
cited electron of the stateS,, and S, relative to the hole,
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B;: electron distribution
Li
zZ Z
® r ¢
B;: hole distribution A
S, A )
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o o o K
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X Zh
FIG. 6. Two-dimensional projections of the probability density
[xs(rn.ra)|? for the exciton stateB; (side view. The top panel FIG. 7. Reduced,,/z, correlation function;g for the two ex-

shows the distribution of the electron relative to the He¥aich is  citon statesS,, (top panel and S, (bottom panel (cf. Fig. 5.
fixed at a bulklike F atom in the center of the pandlhe bottom  Equivalent states occuring at the lower surface of the élab in
panel shows the distribution of the hole relative to the electrornthe lower left corner of each paneire not explicitly shown.

(which is now fixed at a bulklike F atom o L .
the excitation energy o§,, andS,. Similar energy differ-

which is fixed at a surface F atom. Within the atomic layersences are observed between thg/p,-derived bulklike
the distributions resemble the electron distribution in thestatesB; andB, and the corresponding,-derived bulklike
bulklike exciton(cf. the top panel of Fig. 6 In the vacuum states that are found at much higher enetgi3.5 e\j.

region, however, they show significant modificatidlise an The different orbital character of the states results in dif-
overflowing muffin. In particular, the spatial extent parallel ferent optical properties. Simply speakir®}, andB; have a

to the surface is larger than the spatial extent of the bulldipole moment in the/y plane and are excitable by light in
exciton. Figures 8c) and (d) show the distribution of the normal incidence. The/y dipole moment of8,, although
holerelative to the electron, which is also fixed at the surfacebeingp,/p, related, is zero due to its nodal-structured enve-
F atom. Apparently, the hole of tig exciton statdshown  lope function. Therefore only the stat8g, andB; show a

in panel(c)] is mainly composed from the Fp& and 2,  significant contribution to the optical spectrum at normal in-
orbitals at the same surface F atom. The hole ofShstate  cidence(shown in the bottom panel of Fig.)4which con-
[shown in pane(d)], on the other hand, consists of the p,2  sists mainly of two peaks.

orbital at the same atom, accompanied by some contribution The dipole moments perpendicular to the surface, on the
from F 2p, states at the neighboring subsurface F atomsother hand, are zero f&,,, B;, andB, and nonzero fos, .
This state thus extends more into the substrate Saricf. If one considers light with grazing incidence with the
the discussion of Fig.)7 electric-field vector polarized along thedirection, onlyS,

In brief, the exciton stateS,,, B,, andB, are composed will show a significant contribution. The resulting spectrum
of (F 2p,/p,— Li 2s) transitions(see again Table)I The is shown in Fig. 9. The peaks at 12.3 and 12.8 &/, (and
stateS,, on the other hand, results frof 2p,—Li2s) tran- B, respectively; cf. Fig. #have basically vanished and are
sitions. Note thap,/p, and p, are no longer equivalent at replaced by the peak at 12.8 eV, resulting from Bjestate.
the surface. This leads to the difference of 0.83 eV betweelote that light with grazing incidence is associated with a
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[ ] o [ ] { ] [ ] o 0.2
X X 0.0
FIG. 8. Two-dimensional projectionside views of the prob-
ability density| xs(re,r)|? for the surface exciton stat&, [panels e A R ——
(a) and(c)] andS, [panels(b) and(d)]. Panelga) and(b) show the 10 " 12 13 14 15
distribution of the electroitrelative to the hole, which is fixed at a E (eV)

surface F atom Panelgc) and(d) show the distribution of the hole

(relative to the electron, which is now fixed at a surface F atom FIG. 10. Top panel: reflectivity spectrum of LiF, calculated for

normal incidence. The dashed curve shows the bulk reflectivity, as

momentumQ which is nowparallel to the surfacdalongx obtained from the bulk_d_ielectric functiofef. Fig: 2. The_ solid
in our present geometrydifferent from the case discussed CUrve _shows _the reflectivity of the surface-terminated LlF_ cry_stal,
above. This results in subtle changes in the electron-holicluding the influence of the surfa¢see text The broadening is
interaction K" in particular in the exchange term which 0.05 eV. Bottom panel: relative chang&/R of the reflectivity due
contains nonanalytical dipole terms. In the present casd® the surface.
changingQ from thez to thex direction results in an energy
shift of S, by 0.3 eV, yielding the modified excitation energy is very difficult to measure for a surface system. It is much
of 12.8 eV. easier to detect itseflectivity spectrum, which can also be
evaluated from our bulk and surface resuysown in Fig.
10). The reflectivity of a surface system can be decomposed

The imaginary part of the dielectric response discussed iinto two parts, i.e., a bulk reflectivitRg,, (@) and a surface
Figs. 4 and 9 corresponds to the absorption spectrum, whickontribution AR(w). The bulk reflectivity is simply ob-
tained from the bulk dielectric constaeft"'(w) (cf. Fig. 2).

C. Optical reflectivity

2 ; ' ' s, ' This bulk reflectivity spectrum is shown by the dashed line
[ in the top panel of Fig. 10. It is dominated by a broad maxi-
20 B curface ] mum between 12.5 and 13.5 eV corresponding to the bulk
i exciton peak in Fig. 2. The reflectivity of treurface on the
15[ ] other hand, is not simply given by the bulk spectrum. In-
4 [ stead, the reflectivity becomes modified by the electronic
gt ; surface states, which shift spectral weight from bulk to sur-
10 . face states. For normal incidence, i.e., with the electric-field
i vector parallel to the surface, this change of the reflectivity is
st ] given by*
0 . Sy . \ A d (1= eBulky( ESurf_ Bulk
10 11 12 18 14 15 AR_ 8mdl(1-e (T —& )
E (eV) R A (1_€?ulk)2+(egulk)2
FIG. 9. Optical-absorption spectrum of the surface, calculated eSulk(3ur— Bulk)
for grazing-incidence lighfwith the electric field being polarized Buk2 Bulk2 |- (7)
perpendicular to the surfacerhe broadening is 0.07 eV. (1-e; D+ (e )
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with €' (w) being the optical response of the surface layercomplicated features, like, e.g., point defects at the surface,
(of thicknessd), as obtained from our slab calculation. The surface steps, or other perturbations of the perfectQ0B-
resulting reflectivity spectrum of the surface is shown by the(1X1) surface. Another possible explanation could be that
solid line in the top panel of Fig. 10. Note that this result isthe experimental data refer to excited states of more complex
a macroscopic quantityindependent of the details of the nature than the excitons discussed in this paper.
calculation, like the slab thicknessand should be directly

comparable to experimental spectra. VI. CONCLUSIONS

The reflectivity of the surface is nearly identical to the ) ) )
bulk reflectivity, with only one characteristic difference: A In this work we have addressed the excited electronic
small additional peak occurs at 12.3 eV, on the low-energytates of a prototype insulator surface, (061)-(1x1). A
shoulder of the bulk-exciton peak. This small peak result§ecently developedb initio approach is employed which
from the surface excitos,, . To obtain a reasonable ampli- solves the quantum-mechanical many-body problem step by
tude of this peak and separate it from the bulk background, §tep: based on the electronic ground stedescribed by
fairly high spectral resolution is require®.05 eV in Fig. den-5|t¥-funct|9ngl theody we calculate th.e single-particle
10). This feature, as tiny as it may appear in Fig. 10, consti-€xcitations within theGW method and, finally, solve the _
tutes, in our opinion, the ultimate signature of the surfacedethe-Salpeter equation for coupled electron-hole states, in-
exciton at LiF001). To our knowledge, experimental high- cluding the electron-hole interaction. This approach, which
resolution reflectivity data of Lif@01) are not available, to €an be anS|dered as the state of the art for electronic exci-
date. It would be highly revealing if this feature could be tations, yields both bound exciton states below the funda-
detected experimentally to check the validity of our approacHnental gap energy, as well as the entire linear optical re-
and our conclusions. sponse above the gap. o _

The bottom panel of Fig. 10 shows the relative change The most sallent result in the present situation of an insu-
ARIR of the reflectivity due to the surface. The most promi-1ator surface is the occurrence of strongly bound surface ex-
nent feature is the strong peak at 12.3 eV due to the surfacdtons with binding energies that are significantly stronger
exciton S, which leads to a 50% enhancement of the re_than_those pf LiF b_qu excitons. Our approach has aIIowed_to
flectivity at that energy. A slightly negative value &R/R is obt{;un detailed |_nS|ght into the properties of thesg states, like
found at 12.8 eV, resulting from the reduced density_of_state§18|r wave funqtlon, orbital composition, an_d spatlal localiza-
of the bulklike excitons in the surface layer. Additional fea- tion. Such excited surface states, as fascinating as they are,
tures are found above 13.5 eV. These structures, howeved'€ difficult to directly observe in experiment. The most

may be difficult to measure because the reflectivity itself igPfomising quantity to be detected in measurements is a small
very small between 13.5 and 14.2 eV. but distinct additional peak in the surface reflectivity,

0.4 eV below the strong structure corresponding to the bulk
exciton.

Our calculated transition energies, that have been ob-
In EELS spectroscopy of Li®01), peaks are observed tained for the clean, perfectly ordered (801) surface, are 2
around 10.3 eV and around 13.5 eV, which have been intetg 3 eV higher in energy than the excitations measured in
preted as signatures of surface and bulk exciton stétés.  electron energy-loss spectroscopy or excitation-stimulated
excitation-stimulated particle desorption from LiF, an excitedparticle desorption. A possible explanation could be that the
state at an even lower energy of 9.6 eV has been obsérvedxperimental spectra may exhibit states related to defects. If
These data would indicate an increase of excitonic bindinghis is the case, a final conclusion on the nature of these
energy by more than 3 eV compared to the bulk. This is ongtates would only be possible after calculating the excited

order of magnitude larger than the increase of binding energ¥tates at imperfect surfaces.

obtained in our present approah4 eV). We thus conclude
that our approach, which has been shown to yield reliable
data for a large variety of bulk and surface systems, does not
support the interpretation of the measured features at 10.3 or We thank A. Mazur for useful discussions. This work was
9.6 eV as surface excitons of thelean, impurity-free financially supported by the Deutsche Forschungsgemein-
LiF(001) surface. At this moment we can only speculate thatschaft(Bonn, Germanyunder Grant Nos. Ro 1318/4-1 and
the experimentally observed states may be related to morgo 1318/5-1.

D. Comparison with experiment
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