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a  b  s  t  r  a  c  t

The  fluorine  K-edge  of  LiF  is  studied  both  experimentally  and  theoretically  as a  function  of  temperature.
Instantaneous  thermal  fluctuations  in atomic  positions  are  shown  in molecular  dynamics  simulations
to  increase  in  amplitude  from  0.029  to  0.064  nm  in the  temperature  range  from  40  to  298  K. This  is
sufficient  to  cause  instantaneous  deviations  from  local  octahedral  atomic  symmetry  in this  rock-salt
vailable online 30 May  2017
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crystal,  resulting  in  altered electronic  structure.  The lowered  symmetry  of  the  lowest  core-excited  states
of fluorine  atoms  is  evident  in  X-ray  absorption  spectra  at the  F  K-edge.  In addition,  sufficient  radiation
exposure  produces  a new  X-ray  absorption  peak, below  the F  K-edge  of  LiF,  which  is  assigned  to  defects
in  LiF  based  on  both  calculations  and  comparison  to previous  experiments.

©  2017  Elsevier  B.V.  All  rights  reserved.

emperature effects

. Introduction

Lithium fluoride at room temperature and pressure is a sim-
le and well-studied crystal with the rock salt structure [1–3]. It
as found applications in optics, radiation detection, and nuclear
eactors [4–7]. Herein, we study variations in the near-edge X-ray
bsorption fine structure (NEXAFS) [8] of this salt with tem-
erature. NEXAFS is an element-specific probe that excites core
lectrons into available unoccupied orbitals with a dipole selection
ule that constrains the overall change in angular momentum about
he excited atom. The effects of temperature on X-ray absorption
pectra have been discussed previously [9–13]. It was  noted that
emperature can cause vibrational modes to become excited. This
an enhance the intrinsic motion due to zero point effects and lead
o noticeable spectral changes.

The NEXAFS of LiF at the fluorine K edge has been inves-
igated previously [14,15]. We  show that, even for this simple
rystal, a temperature dependence is evident in NEXAFS with

pectral changes appearing with increasing temperature. Using
rst-principles calculations we show that fluctuations in the rel-
tive atomic coordinates consistent with thermal motion can give

∗ Corresponding author.
E-mail address: dgprendergast@lbl.gov (D. Prendergast).

ttp://dx.doi.org/10.1016/j.elspec.2017.05.007
368-2048/© 2017 Elsevier B.V. All rights reserved.
rise to noticeable spectral changes. Additionally, the radiation sen-
sitivity of the crystal is investigated, which is particularly important
since LiF is sometimes used as a radiation detector. It is shown that
radiation damage results in missing fluorine atoms in the LiF lattice.

2. Materials and methods

A 0.5 �m LiF film was deposited by Lebow Company onto a
200 nm Si3N4 window fabricated by Norcada Inc. The LiF film was
mounted with double sided carbon tape to the end of a cold fin-
ger that can be inserted into a synchrotron endstation and cooled
to ∼4 K with a helium flow cryostat. We  estimate the temperature
was ∼10 K near the surface of the sample. Electrical contact to the
samples was made using silver paint, and samples were loaded into
the 2T magnet chamber on beam line 6.3.1 of the Advanced Light
Source synchrotron at Lawrence Berkeley National Laboratory. The
beamline monochromator has a nominal resolving power (E/�E)
of 5000 at 700 eV and provides a flux of 5 × 1010 photons/s/0.1%BW
for the line density of 600/mm grating.

Fluorine K-edge X-ray absorption spectra of the LiF film were
taken by total electron yield using a Keithley picoammeter. The sig-

nals were normalized to the incident beam intensity measured with
a gold mesh located upstream of the sample, and the energy scale
was calibrated based on previous studies [14,15]. Pristine samples
were freshly exposed to X-rays, while damaged samples had been

dx.doi.org/10.1016/j.elspec.2017.05.007
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2017.05.007&domain=pdf
mailto:dgprendergast@lbl.gov
dx.doi.org/10.1016/j.elspec.2017.05.007
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xposed for several minutes (a minimum of 15 min). A fresh sample
pot was used following temperature changes. Total electron yield
TEY) was used due to deviations from Beer’s law behavior in trans-

ission mode due to saturation. The experiments were repeated at
east five times. The effect of radiation damage was predominantly
een in giving rise to a new peak at low energy. The effects of polar-
zation have previously been shown to be of minimal importance
or LiF [15].

We calculated NEXAFS spectra using the OCEAN package
16,17], which generates X-ray absorption spectra by solving the
ethe-Salpeter equation (BSE) within a basis of electron and hole
tates (and associated core-hole dielectric screening) provided by
he Kohn-Sham orbitals of density functional theory (DFT) [18].
he DFT electronic structure was calculated within the general-
zed gradient approximation using the Quantum ESPRESSO code
19], and efficient numerical sampling of the Brillouin zone was
nabled through use of the Shirley interpolation scheme [20,21].
or the final states we included the first 672 conduction bands, from
ur plane wave DFT calculation, and the screening of the core-hole
otential included 2000 bands. For the BSE calculations we used

 5 × 5 × 5 k-point grid and down-sampled the wavefunctions to
 20 × 20 × 20 real-space mesh from a DFT plane wave cut-off of
00 Ry using the Perdew Berke Ernzerhof (PBE) functional within
he generalized gradient approximation (GGA) [22]. Calculated LiF

 K-edge spectra (p-type transitions) were numerically broadened
ia convolution with a Lorentzian with half-width half-maximum
f 0.272 eV to match the core-hole lifetime. In comparison to the
xperiment, the overall calculated spectra have a slightly smaller
eature spacing due to a lack of a GW correction to counteract the
nderestimated bandwidth within PBEGGA [23]. The LiF spectra,
ampled from molecular dynamics trajectories, are aligned with
espect to one another based on total energy differences of the
ore-excited states; a valid procedure as all simulation cell dimen-
ions and number of atoms are kept constant. A single constant
nergy shift was applied to these simulated spectra to align them
ith the experimental data. The LiF defect structure consisted of

 single missing F atom in a 3 × 3 × 3 supercell (215 atoms), and
he ionic positions were relaxed. The transition energy was deter-

ined based on total energy differences as compared to a known
tandard MgF2 using the XCH scheme detailed previously [24]. The
rystal coordinates of Li and F in LiF were taken from the literature
25], and used as a starting point for generation of distributions
f atomic positions at various temperatures. These were sampled
rom 15 ps DFT PBE GGA molecular dynamics (MD) trajectories gen-
rated by the VASP code for a 2 × 2 × 2 cubic supercell (64 atoms)
osé-Hoover thermostat and used to calculate the relevant spec-

ra [26]. A different simulation was run for each temperature and
he snapshots were separated in time by at least 4 picoseconds
ach. The molecular dynamics simulations agree well with previous
imulations [26].

The potential energy surfaces were generated by taking a
 × 3 × 3 cubic supercell (216 atoms), freezing the atoms on the
eriphery of the cell to preserve the ground state lattice constant,
oving a central fluorine atom along a given lattice vector while

llowing the rest of the atoms to relax freely to accommodate the
erturbed F atom.

. Results and discussion

The total electron yield fluorine K-edge absorption spectrum
as measured at both room temperature and a nominal 10 K
Fig. 1a). The experimental spectra (dotted lines) are dominated by
 large feature centered at ∼694 eV and another feature at ∼703 eV.
here is a low energy shoulder at ∼692 eV. Noticeable differences
etween the warm (purple) and cold (light blue) spectra are that
y and Related Phenomena 218 (2017) 30–34 31

the warm spectrum has a slightly lower energy feature (∼692 eV)
and the main feature at ∼694 eV is both less intense and broader.
These variations are consistent with our temperature-dependent
simulations (solid lines), in which the feature at ∼703 eV becomes
broader with increasing temperature (red to orange to yellow to
green to blue) due to the resulting increase in the amplitude of
atomic motion. There are very minor changes between 0 K and 77 K,
with changes becoming noticeable at 198 K, similar to previous
simulations of the lithium K-edge [27]. The main peak loses inten-
sity and the spectrum shifts to lower energies at 298 K. An effect is
seen in the low energy feature: with increasing temperature in our
experiments, this feature is observed to broaden, exhibiting a lower
energy absorption onset, as shown in Fig. 1b. Our temperature-
dependent simulations indicate both an overall increase in spectral
broadening and a new spectral feature (∼692 eV) appearing with
increasing temperature. This feature grows in the calculated spec-
tra monotonically with increasing temperature. This low energy
feature is absent when the atomic positions are locked in their
high symmetry octahedral coordination. However, sampling ther-
mal  distributions of atomic positions yields this low energy feature,
which grows in intensity with increasing temperature. This is due
to local atomic symmetry being instantaneously broken by ther-
mal  motion, enabling transitions to orbitals that would nominally
be forbidden under octahedral coordination of the excited F atom
[27].

The appearance of the ∼692 eV pre-edge peak can be explained
in a manner analogous to previous non-resonant inelastic X-ray
scattering (NRIXS) measurements on LiF [14]. By changing the
scattering angle in NRIXS, one can increase the contribution to
the total absorption intensity to s-like final states at the F K-
edge (1 s −> 3 s). These measurements indicate that the F K-edge
absorption onset is dominated by excited states with significant
s-character about the excited fluorine atom [14,15]. In standard
soft X-ray NEXAFS experiments, where photon momentum trans-
fer is negligible and X-ray induced transitions are firmly within
the dipole limit, this s-character would preclude the observation
of such transitions without invoking some additional mechanism.
First-principles simulations indicate that the lowest energy F 1s
excited state in LiF results in an exciton that can be factorized
into a F 1s hole and an electronic component of predominantly
s-character at the excited F atom – consistent with the ideal
octahedral coordination. In principle, this optically inaccessible
(dark) state should be observable with NRIXS, at finite momen-
tum transfer, without any deviation from octahedral symmetry. In
our experiments, with negligible momentum transfer, the pre-edge
absorption intensity was  triggered instead by temperature-induced
structural deviations from octahedral symmetry. This reduces the
symmetry of atomic coordination about the excited atom and
results in hybridization of the local electronic structure to produce
final states with a first-moment, i.e., some p-character to enable
dipole-allowed transitions.

This interpretation of the origins of the pre-edge intensity relies
on approximating the nuclear degrees of freedom as classical, from
the context of the much lighter and faster electrons, which, in
the absence of electronic state-crossing, adiabatically evolve on
the potential energy surface defined by the nuclear subsystem.
The physics embodied within this picture is essentially equiva-
lent to a quantum mechanical interpretation, which would label
this pre-edge transition as vibronic in character. Within perturba-
tion theory, the leading order contribution to transition amplitudes
of electronically dipole-forbidden transitions reflects the varia-
tion of the electronic dipole moment with respect to collective

nuclear degrees of freedom (vibrons in the case of isolated sys-
tems; phonons in the case of periodic models) – the so-called
Herzberg-Teller effect. Previous work has already noted that for
light atoms, nuclear displacements at finite temperature (result-
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Fig. 1. a) Experimental X-ray Absorption Spectrum at the F K-edge of LiF at 10 K (blue dashed) and 298 K (purple dashed) as compared to spectra calculated at 0 K, 40 K, 77 K,
198  K, and 298 K (red, orange, yellow green, blue solid respectively). With increasing temperature in both experiment and theory there is a lower energy feature present.
b)  Zoom of pristine low energy feature showing more broadening at higher temperature compared to low temperature for both experiment (298 K purple, 0 K blue) and
calculations (0 K red, 298 K blue). The intermediate points show a gradual rise in the feature at ∼692 eV. c) Zoom of a low energy pre-edge feature at the F K-edge before that
g al spe
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rows in as a result of radiation damage at the F K-edge. Shown are the experiment
reen and blue) in increasing order of radiation exposure. The expected first transit
he  references to colour in this figure legend, the reader is referred to the web  versi

ng from incoherent superpositions of the amplitudes of populated
ibrons/phonons) are reasonably well-modeled within molecular
ynamics by treating the nuclei classically [27,28]. And, the elec-

ronic orbital evolution subject to these nuclear degrees of freedom
an, in most cases (in the absence of conical intersections etc.), be
reated within the Born-Oppenheimer approximation, thereby cap-
uring Herzberg-Teller effects and additional effects beyond the
ctra from a sample exposed at 298 K following repeated exposure to radiation (red,
ergy of LiF with a missing F atom is shown by the black line. (For interpretation of

this article.)

harmonic approximation for nuclear dynamical response. Addi-
tional nuclear amplitude, particularly with respect to zero-point
motion, resulting from a more accurate inclusion of the quantum

degrees of freedom of the nuclei has also been explored in the case
of dinitrogen [29].

The interpretation of vibronic features within X–ray absorption
spectra has a long history, coupled with advances in high-resolution
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ig. 2. Plot of potential energy increase vs. displacement distance of a fluorine ato
nd  their associated quadratic fits (dashed). The distribution of Li-F nearest neighb
eferences to colour in this figure legend, the reader is referred to the web  version o

easurements of simple molecular systems, such as methane,
here the Herzberg-Teller effect was invoked within the harmonic

pproximation [30]. More recently, studies of carbon dioxide and
initrogen at high pressure, have successfully interpreted NRIXS
y relying on the classical approximation for nuclear degrees of
reedom with associated adiabatic electronic evolution [12]. In the
olid state context, our pre-edge assignment agrees with numer-
us other materials studied. In SrTiO3 at the Ti K-edge the effect of
emperature was shown to lead to an increase in a similar pre-
dge feature [31]. In fact, this effect has been attempted to be
eneralized both with respect to direct phonon effects captured
n DFT and based on nonequilibrium Green’s functions [32,33]. The

ethod has been extended to include zero point motion and other
uasiharmonic approximations producing an excellent match with
xperiment for corundum [34]. The phonon-based method accu-
ately describes the temperature effects seen in MgO. This work
lso showed that XANES can be obtained with reasonable accuracy
y averaging together several nonequilbrium spectra, identical to
he method used in this work.

The peak at ∼694 eV has previously been assigned to the core-
xciton peak [14]. The main peak at ∼694 eV loses intensity at finite
emperature due to the movement of the atoms shifting the posi-
ion of the peak. This leads to slightly broader and noticeably less
ntense peak. However, the peak at higher energy is very sensi-
ive to the position of the atoms in a non-trivial fashion. The exact
ffect causing the peak at ∼696 eV to change intensity with dis-
rder is related to complex movements of the overall crystal and
annot be easily assigned. While this feature is correlated with an
longation of one of the Li-F bonds, this is likely not the only cause.
he trend is qualitatively in agreement with experiment, the tem-
erature effect is less pronounced in experiment. Perhaps this is
ue to a lack of major defects such as Frenkel or Schottky defects in
he simulated spectra. Such defects would lead to the subtle effects
f atomic motion being obscured.

Fig. 1c shows the effect of radiation damage with increasing
xposure from red to green to blue. A new feature arises at ∼685 eV
ue to radiation exposure. The transition is consistent with the evo-

ution of defects based on a calculation of the lowest F 1s excited
tate of LiF with a missing fluorine defect (blue vs. red). The large full
idth at half maximum (FWHM) of ∼1.5 eV is substantially broader

han the core-hole lifetime likely due to a large variety of defects

resent. [35] This is probably further enhanced by creation of F2 and
3

+ color centers [36,37]. Note that the peak position and width are
imilar with other defects found in fluorine samples [38–40].
ng the specified crystal direction (solid) 〈100〉 (red) 〈110〉 (blue) and 〈111〉 (black)
ances as a function of temperature is shown in the inset. (For interpretation of the

 article.)

The connection between increasing temperature and this pre-
edge spectral feature can be rationalized from Fig. 2. For all F atom
is displacement directions, the computed potential energy sur-
face exhibits a quadratic dependence (to a good approximation).
Based on a Boltzmann populated vibrational harmonic oscillator
with a frequency of 38.0 meV  calculated for the first several hun-
dred states, the population of the first vibrational excited state
exhibits ∼17.6% occupancy at 298 K, while at 40 K this is reduced
to only ∼0.0016%. At low temperatures, zero point effects will be
important, although these are absent from our molecular dynam-
ics calculations in which ions evolve as classical particles. The inset
of Fig. 2 shows the statistical distribution of Li-F separations as
a function of temperature sampled from Born-Oppenheimer MD,
in which the atomic nuclei are treated as classical particles. The
amplitude of the distribution, estimated by the half width at half
maximum expands from ∼0.029 nm to ∼0.064 nm when the tem-
perature is increased from 40 K to 298 K based on a Gaussian fitting,
between approximately 1 and 3 percent of the Li-F bond length.
However, as was seen in previous work studying Li in LiF, the F
distribution is slightly asymmetric at high temperatures, resulting
in a two Gaussian fit producing a lower residual error. [27]. Even
though the local coordination of F atoms in LiF at 198 K exhibits
significant spontaneous deviations from octahedral symmetry –
lowering the main-edge intensity at ∼694 eV – this does not lead to
a noticeable increase in the pre-edge intensity at ∼692 eV. Since the
origin of the pre-edge feature is related to electronic hybridization
between an unperturbed s-state and other orbitals which induce
some p-character at this site, and since hybridization typically
varies according to the inverse of atomic distance squared within
tight-binding models, the data are consistent with linear increases
in thermal deviations as a function of temperature which induce
non-linear increases in pre-edge intensity proportional to 1/(1-aT)
[2]. However, given the relatively few temperature points and the
difficulty in accurately extracting the pre-edge peak intensity with-
out other peaks interfering, definitive scaling confirmation awaits
further confirmation, ideally on a system with a more distinct (i.e.,
well-separated) pre-edge.

The strong harmonic nature of the curve, combined with the
high symmetry of the rock salt structure implies that a Debye-
Waller based approach might work in this case. Indeed, such was
the implied conclusion for another rock salt crystal, MgO  [41]. A

simple analysis shows that at the relatively low temperatures stud-
ied here, a Debye-Waller analysis gives a visually similar result. We
note that at high enough temperatures the Debye-Waller type anal-
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sis will break down for this system. We  expect it should always
reak down in cases of free rotation and significant anharmonicity.

. Conclusions

The F K-edge X-ray absorption spectrum of LiF has been mea-
ured at both low temperature (10 K) and room temperature. The
ata show a spectral broadening matched by simulated spectra
erived from first-principles molecular dynamics simulations and
ased on distributions of atomic positions consistent with finite
emperature. The thermal motions of atoms within LiF breaks local
ymmetry and induces noticeable spectral changes due to the per-
urbation of electronic orbitals with nominally dipole-forbidden
ransitions. These deviations in atomic separations are smaller than
.0064 nm,  yet this is still large enough to cause noticeable spectral
hanges. Furthermore, a new feature, well below the absorption
dge of LiF, is identified as missing F atoms, produced by radiation
amage.
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