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Trions in bulk LiF and at the LiF(001) surface
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We study the neutral and charged optical excitations (excitons and trion) in the prototypical wide-gap insulator
LiF using the first-principles GW /BSE approach and its extension for trions. In addition to neutral excitons we
find bound trion states with a trion binding energy of 20–30 meV. At the same time the lowest bright exciton and
trion are well separated by about 400 meV in the absorption spectrum both for the bulk and the (001) surface
crystal. Even though the charged trions are slightly more extended compared to their neutral counterparts, they
remain localized on a few atoms only and keep the Frenkel-like character of the neutral excitons. With such
strongly localized trions, LiF stands out from currently investigated trionic materials and highlights itself for
further studies.
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I. INTRODUCTION

The optoelectronic properties of matter are of key interest
for next-generation technology. Their applications include
light generation (e.g., using light-emitting devices such as
lasers), information transfer (e.g., with optical fibers), and
light collection and transformation to energy (e.g., using
photodetectors or solar cells). For such different applications,
materials with a variety of different properties are needed.
Moderate band gaps are required for visible light, which has
inspired intensive research into two-dimensional (2D) mate-
rials like transition metal dichalcogenides [1]. Another class
with distinctly different materials with remarkable properties
are insulating alkali halides, and among them LiF, with a
huge bulk band gap of about 14.2 eV [2] and large exciton
binding energies (the lowest bright peak shows up at about
12.7 eV [3]), is of particular interest. For applications, the
surface of a material can play an important role. Khemliche
et al. [4,5] have shown that the LiF(001) surface can be doped
effectively by Ne+ bombardment and that signatures of trions
can be observed thereafter.

Until now the description of trions in LiF has been limited
to the approximative multiconfiguration self-consistent field
calculations of small clusters [6]. Furthermore, the usage of a
Wannier-Mott model (i.e., employing k-dependent envelope
functions) is questionable for LiF because excitations are
strongly localized [7]. We note that this Frenkel-like behavior
of the excitons and trions is in contrast to other materials,
such as 2D transition metal dichalcogenides [8], 1D nanos-
tructures like carbon nanotubes or carbon nanoribbons [9,10],
or quantum dots [11,12]. In a number of theoretically studies
[7,13–15] the electronic and neutral optical properties of
LiF turned out to be well described by the GW /BSE ap-
proach [16,17]. In this study we will describe neutral excitonic
and charged trionic effects on equal footing, employing our
recently developed ab initio approach [9,18]. This method is
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applied to the 3D bulk LiF crystal (Sec. II) as well as the
LiF(001) surface (Sec. III).

II. THE LiF BULK CRYSTAL

Bulk LiF has a rocksalt crystal structure with an exper-
imental lattice constant of 4.03 Å [19], which we employ
in this study. As starting point for the investigation of the
optical properties, the electronic band structure (see Fig. 1) is
calculated. Compared to the experimental value of 14.2 eV,
the direct band gap at � is drastically underestimated in
LDA, with 8.63 eV only. For our DFT calculations we use
norm-conserving pseudopotentials in the Kleinman-Bylander
form [20,21] and expand the wave functions in a basis of
localized atom-centered Gaussian orbitals of s, p, d, and
s∗ symmetry [22]. When employing the GW approxima-
tion [23,24] a drastic increase of the band gap to about
14.28 eV is observed. We note that this result is achieved by
employing Gaussian orbitals (GO) to calculate the two-point
quantities, which are in good agreement with the result of
14.33 eV employing plane waves (PWs) (extrapolated to an
infinite basis size).1 In the experiment a gap of about 14.2 eV
[2] is observed, which agrees well with our GW result as
well as previous calculations [7,13–15]. In Fig. 2 the optical
absorption of neutral bulk LiF is shown in black. To evaluate
this, we solve the Bethe-Salpeter equation

(εc − εv)AS
vc +

∑

v′c′
〈vc|Keh|v′c′〉AS

v′c′ = �SAS
vc, (1)

in which εv/c (v/c denotes the band v/c and k point) are
the quasiparticle energies of valence and conduction band
electrons, Keh is the electron-hole kernel (in the GW approx-
imation) including the screened direct and the bare exchange

1In both calculations we employ a scissors operator before the
RPA screening and the GW self-energy operator are evaluated, to
anticipate the opening of the gap in a self-consistent approach.
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FIG. 1. Band structure of LiF bulk in LDA (grey) and GW with
a Gaussian orbital (GO, black) and plane-wave basis set (PW, blue).
The inset shows the convergence of the band gap with the cutoff
energy Ecut in comparison to the GO calculation. For all calculations
a 4 × 4 × 4 k mesh is used.

interaction, and �S and AS
vc are the exciton energies and coef-

ficients. We find the lowest-energy exciton peak at 12.77 eV
with a large exciton binding energy of 1.51 eV. Again this
is in good agreement with the experimentally observed value
of 12.7 eV [3] and previous theoretical studies [16,17]. This
bright exciton peak results from a spin singlet exciton. In
addition, we note that the lowest dark transition results from a
triplet exciton and is found at 12.37 eV.

FIG. 2. Optical properties of bulk LiF below the band gap Eg.
The neutral excitons (black) are compared to negatively charged
trions (red). We note that the spectral weights of excitons and
trions cannot be compared directly (see main text). Above 13.3 eV
(grey arrow) the spectrum is calculated with the Haydock recursion
scheme. The inset shows the convergence of the energetically lowest
bright exciton, the energetically lowest optically dark triplet exciton
(blue), and the trion with respect to the employed k point mesh. All
curves are linear extrapolations.

FIG. 3. Electron/hole probability of the exciton X and trion T −

along the [100] direction of the bulk crystal. The blue curve shows
the hole probability of the exciton for an electron localized at a Li
atom; the black curve shows the electron probability if the hole is
localized on a F atom. In red the corresponding electron distribution
of the trion is shown after averaging over the second electron.

In red (Fig. 2) we show the result for a negative doping. We
note in passing that the spectrum for positive doping is nearly
identical and is not further discussed here. To calculate this
spectrum we solve

(εc1 + εc2 − εv)AT
vc1c2

+
∑

v′c′
1c′

2

〈vc1c2|Keeh|v′c′
1c′

2〉AT
v′c′

1c′
2

= �T AT
vc1c2

, (2)

which now incorporates an additional electron c2 and the
electron-electron-hole interaction kernel Keeh (see Ref. [9]
for further details). The energetically lowest peak is found
at 12.34 eV and thus the corresponding trion obtains a large
energetic distance of 430 meV compared to the corresponding
bright exciton.2 We underline that the trion binding energy
with reference to the triplet exciton is much smaller, with a
value of 30 meV only. To get deeper into the character of
the excitations, we evaluate the spatial extent of the exciton
and trion wave functions in real space (Figs. 3 and 4). Both
low-energy excitons (singlet and triplet) and the trion T −
have a similar character in reciprocal space; i.e., they are
located around � and arise from transitions between the spin-
degenerated uppermost valence band and lowermost conduc-
tion band (Fig. 1). The valence bands show strong F (2p)
character while the conduction band can be characterized as
Li (2s). Therefore, the energetically lowest excitation exhibit
an electron on Li and a hole on F.

In Fig. 3 we have fixed the electron on the lithium atom
(upper panel) or the hole on the central fluorine atom (middle
panel) and plotted the hole or electron distribution, respec-
tively. In good agreement with previous studies [7,15] we
observe that the corresponding hole or electron mostly resides
on the first neighboring atoms. We note that the two-atomic

2We note that all binding energies are extrapolated to an infinite k

mesh; see inset in Fig. 2.
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FIG. 4. Electron distribution of the trion for different positions of
the second electron compared to the centered hole. The probability
is shown on a line along the [100] direction (see Fig. 3).

unit cell is extended by a 10 × 10 × 10 mesh to allow for the
description of excitations larger than the unit cell. For the trion
T − (lower panel) we also fix the hole on a fluorine atom and
evaluate the distribution of the first electron while integrating
over the second electron (for fixing the second electron, see

FIG. 5. LiF(001) band structure using GW with GO (black) and
PW (extrapolated, blue). The inset shows the gap at � with respect
to the employed PW cutoff and its linear extrapolation.

FIG. 6. (a) Optical absorption of the LiF(001) surface due to neu-
tral excitons (black) and negative trions (red). The spectrum above
11.5 eV (grey arrow) is calculated by the Haydock recursion scheme.
The inset shows the convergence with respect to the employed k point
mesh. (b) Schematic diagram for the lowest optical bright exciton and
trion states for LiF bulk and surface.

below). In comparison to the exciton, we observe a slightly
larger amplitude on the first, second, and third neighbors. The
larger extent of the trion arises due to the additional electron-
electron repulsion. However, the trion is clearly localized,
especially in contrast to the character of trions observed in
2D or 1D materials [10,18].

In the next step we discuss different snapshots which lead
to the electron distribution in Fig. 3. In Fig. 4 we keep the hole
fixed on the fluorine atom and plot the electron distribution of
the first electron when varying the position of the second. If
the second electron is far away from the hole, the distribution
of the other electron is nearly identical to those observed
in an exciton (compare Fig. 3, middle panel) with a minor
asymmetry due to the electron-electron repulsion. When the
second electron is closer to the hole (lower two panels) the
electron distribution is widened. Significant probability is
found up to the third neighbor (with respect to the fixed hole).
This broadened probability explains the previously discussed
distribution when integrating over the second electron (i.e.,
averaging over the given and many further snapshots).

III. THE LiF(001) SURFACE

After investigating the bulk we now turn to the LiF(001)
surface. As previously discussed [7], only minor relaxations
are expected at the LiF surface, and in the current study we
employ the ideal surface. The surface band structure for a
six-layer slab is shown in Fig. 5. We find a surface band gap
of 14.32 eV employing GO.3 Hence the band gap is nearly
identical to the bulk material.

Figure 6(a) shows the optical properties of the LiF(001)
surface calculated with Eqs. (1) and (2). In addition to the
previously discussed exciton and trion peaks, further states
Xsurf and T −

surf are observed. The exciton Xsurf can be excited

3We note that the calculations using PW for the two-point quantities
(extrapolated to 14.26 eV) are computationally demanding for a
surface system. Thus we have concentrated on the GO basis when
evaluating the electron-hole interaction.
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FIG. 7. Integrated electron distribution of the exciton and the
trion along a line on the [001] axis. Holes are placed on all F atoms.

with a photon energy of 11.71 eV, while the trion T −
surf is found

at 11.31 eV. The distance of the bright surface singlet exciton
and trion is about 400 meV, but the surface trion binding
energy is only 20 meV when the triplet state is referenced.
Thus it is of similar size compared to the values observed
in bulk. In addition to these bound states, further resonant
states appear in the trion spectrum which are not completely
converged. A schematic representation of optical bright peaks
in Fig. 6(b) summarizes the prominent bound states below
the band gap. The additional exciton/trion binding energy for
surface excitation is very similar and results in four bright
peaks with distances of about 0.4, 0.6, and 0.4 eV. Again we
stress that this would suggest large trion binding energies.
Incorporating the dark triplet excitons in the discussion, we
find relatively small trion binding energies of 20 and 30 meV
only, as expected for 3D materials.

Finally we analyze the character of the excited surface
states. In reciprocal space both excitons and trions have contri-
butions which reside close to �. To investigate the character of
the excitations we plot the electron distribution perpendicular
to the slab (i.e., along the [001] axis). We fix holes at all
fluorine atoms and integrate the electron probability perpen-
dicular to the [001] direction. That means a superposition of
the excitations at every fluorine atom is shown.

Due to the surface which breaks the symmetry in the z di-
rection, two excitations close by in energy have been observed
at the bulk excitations in Fig. 6. The electron probability is
shown in the upper panels of Fig. 7. We observe that both
peaks Xbulk,1 and Xbulk,2 are located on the four central layers
of the slab. In contrast to this, Xsurf and T −

surf are both localized
at the surface, predominantly at the outermost layer. For the
exciton we find a strong px/py character, i.e., the excitation
occurs in the layer. On the other hand, the surface trion
is clearly more delocalized and has an amplitude on states
with pz character. Therefore, we can conclude that surface
trions are much more sensitive to modifications close to the
outermost layer compared to the surface exciton.

Our results of the surface excitons are in good agree-
ment in comparison to previous theoretical studies [15]. The
experimental results of Khemliche et al. [4,5] suggest an
excitation energy of the trion of about 12.6 eV, which is higher
compared to the result of 11.3 eV. However, the experimental
spectrum is very broad and we speculate that it might be a
superposition with further states like the bulk trion observed
in our study. The theoretical work of Solleder et al. [6] on
small LiF clusters has estimated minimal and maximal limits
for the trion excitation energy of 10.5 to 12.1 eV, which are in
reasonable agreement with our findings.

In summary, we have performed first-principles calcula-
tions of the quasiparticle band structure and optical spectra
of neutral and negatively/positively charged LiF bulk and
surface. With our recently introduced ab initio method we
find optically active charged trions both in 3D bulk LiF and
at the 2D LiF(001) surface. The large split of 0.4 eV between
the lowest energy bright neutral and charged excitation could
be mostly traced back to effects of the exchange interaction.
The resulting trion binding energy is only 20–30 meV. In
particular, at the surface the trion is more extended than
the exciton and may help to selectively investigate neutral
or charged excitations. However, the charged trions remain
localized on a few atoms only, in contrast to many other
currently studied trionic materials.
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