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ABSTRACT: Investigations  of  Li  metal  and  ionic  compounds  through  experimental  and  theoretical
spectroscopy has been of tremendous interest due to their prospective applications in Li-metal and Li-ion
batteries. Li  K-edge soft X-ray absorption spectroscopy (sXAS) provides the most direct spectroscopic
characterization; unfortunately, due to the low core-level energy and the highly reactive surface, Li-K
sXAS of Li metal has been extremely challenging, as evidenced by many controversial reports. Here,
through  controlled  and  ultra-high  energy  resolution  experiments  of  two  kinds  of  in-situ prepared
samples, we report the intrinsic Li-K sXAS of Li-metal that displays a prominent leading peak that has
never been revealed before. Furthermore, theoretical simulations show that, due to the low number of
valence electrons in Li, the Li-K sXAS is strongly affected by the response of the valence electrons to the
core-hole. We successfully reproduce the Li-K sXAS by state-of-the-art calculations with considerations of
a number of relevant parameters such as temperature, resolution, and especially, contributions from
transitions which are forbidden in the single-particle treatment. Such a comparative experimental and
theoretical  investigation  is  further  extended  to  a  series  of  Li  ionic  compounds,  which  highlight  the
importance of considering the total and single-particle energies for obtaining an accurate alignment of
the spectra. Our work provides the first reliable Li-K sXAS of Li metal surface with advanced theoretical
calculations.  The  experimental  and  theoretical  results  provide  a  critical  benchmark  for  studying  Li
chemistry in both metallic and ionic states.

INTRODUCTION: 

Lithium-based  electrochemical  devices  for
energy  storage,  i.e.,  batteries,  have  been
ubiquitous  in  modern  life  since  their
commercialization in the early 1990s1. However,
in spite of several  decades of extensive efforts,
the  holy  grail  of  a  high-energy-density  lithium
battery based on a Li metal anode is yet to be
achieved.  The  challenge  of  utilizing  Li  metal
electrodes  remains  formidable  in  both  practical
optimization  and  fundamental  understanding2,3.
Additionally,  the  electrolyte  and  its  associated
solid-electrolyte  interphase  (SEI)  and  cathode-

electrolyte  interphase  (CEI)  remain  the  least
understood functional components despite being
critical to battery performance4,5. Fundamentally,
many  limiting  factors  in  battery  operation  are
associated  with  Li-ion  diffusion,  which  is
extremely  difficult  to  track  due  to  the  lack  of
techniques that could directly and precisely follow
the Lithium chemistry. Therefore, a direct probe
of Li in its metallic and ionic states with elemental
and chemical sensitivities becomes crucial.

The technical challenges for a direct probe of Li
chemistry  stem from many  intrinsic  characters.
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First,  as  an  alkali  metal,  Li  metal  is  highly
reactive, so its surface is unstable under ambient
environment.  As  revealed  by  our  controlled
experiments  below,  even  in  ultra-high  vacuum
environment, the chemical state of the surface of
Li metal could still evolve quickly in minutes, not
to mention the typical Ar glove box environment
with much higher level of reactive gas residuals.
Second,  as  a  popular  technique,  soft  X-ray
absorption  spectroscopy  (sXAS)  has  long  been
employed  to  study  battery  materials  for  many
other elements, especially through its photon-in-
photon-out  (PIPO)  mode  with  relative  bulk
sensitivity6.  However,  the  only  core-level
excitation  of  Li,  the  K-edge  electron  excitation
from 1s to 2p, falls into a very low energy range,
from 55 to 65 eV. This low energy naturally leads
to  a  shallow  probe  depth  (attenuation  length
~50nm, thus probe depth ~25 nm) even in the
sXAS PIPO mode7. Third, for ionic compounds, it
has been observed that soft X-rays around the Li-
K edge could introduce radiation damage effects8.
So,  experiments  with  controlled  surface
preparation  and  irradiation  are  both  critical  for
obtaining  reliable  data.  Fourth,  due  to  these
technical  challenges,  compared  with  a  large
number of sXAS reports of other elements, e.g., O
and transition metals, there is only a handful of
literature with experimental results of Li-K sXAS8–

16. Additionally, due to the lack of benchmark and
fundamental understandings of Li-K spectra, Li-K
sXAS,  in  spite  of  being  the  most  direct
spectroscopic probe of Li, was typically utilized as
just a supplementary indication of the amount of
Li during the lithiation/delithiation process16. Even
worse,  the  reported  spectra  of  Li  metal  have
varied significantly between different reports, and
all  Li-K XAS  reports  of  Li  metal  contradict  the
findings  by  other  techniques  such  as  electron
energy loss spectroscopy (EELS) and hard X-ray
Raman Spectroscopy (XRS)9–11,17–19.

Theoretically,  Li-K  sXAS  of  various  ionic
compounds has been computed20,21 with the help
of  Kohn-Sham  (KS)  Density  Functional  Theory
(DFT)22,23 and many-body perturbation theory24,25.
Researchers also simulated Li-K sXAS of metallic
Li  using  wave-function  based  single  particle
techniques  and  perturbative  treatments19,26.
However,  the  precision  and  validity  of  the
theoretical calculations suffer the lack of reliable
experimental  results,  so  it  has  been  hard  to
achieve  a  quantitative  level  of  comparison
between the theory  and experiment.  Therefore,
establishing a benchmark of reliable experimental
data and developing theoretical calculations of Li-
K are equally important towards the direct probe
of Li chemistry.

In  this  paper,  controlled  experiments  were
carried  out  by  employing  two  kinds  of  in-situ
Lithium metal  sample  preparations,  evaporation
and cleaving, directly in ultra-high vacuum (UHV)
with ultra-high experimental  resolution (0.01 eV
experimental  resolution).  Aging  and  radiation
effects are tested separately.  We show that the
surface  of  Li  metal  is  highly  reactive,  even  in
1.4x10-10 Torr  UHV environment,  evolving into a
spectrally dominant Li2O layer. Samples prepared
by  in-situ Li  evaporation  in  UHV  display  the
degradation  signature  right  after  preparation,
likely due to the immediate reaction at the high
temperature  of  the  evaporation  process.
Comparative  experiments  on  three  sets  of
samples show that the surface prepared through
in-situ cleaving finally  rules  out  all  degradation
possibilities,  and  allows  the  collection  of  the
intrinsic Li-K spectrum of Li metal. Li-K sXAS of Li
metal displays a prominent leading peak at the
absorption  edge  that  has  never  been  found
before  in  any  Li-K techniques  including  sXAS,
EELS and XRS. Our theoretical calculations show
that,  due  to  the  low  atomic  number  of  Li,  the
poorly  screened  core-hole  strongly  affects  the
unoccupied  orbitals.  An  accurate  calculation
requires the explicit  consideration of the orbital
relaxation of all the valence electrons in response
to the core-hole creation, which we simulate with
the  Many-body  X-ray  Absorption  Spectroscopy
(MBXAS) method27–29. We successfully explore the
effects of finite temperature, spectral resolution,
and  contributions  from  transitions  which  are
forbidden  within  a  simplified  single-particle
framework,  thereby  achieving  a  successful
reproduction  of  the  experimental  data  and
explain  the  previous  controversial  reports.   We
further investigate a series of Li ionic compounds
based  on  the  same  theoretical  approach.  The
simulations  show  that  accurate  spectral
alignment  among  different  compounds  can  be
obtained  if  each  calculated  spectrum  is  rigidly
shifted by a term containing total energies as well
as single-particle KS energies computed using a
hybrid-exact-exchange  functional.  Our  work
provides the first reliable dataset of Li-K sXAS of
Li metal through carefully controlled experiments,
indicates  the  possible  sources  of  contradictions
among the previous reports, and establishes the
framework for optimized theoretical  calculations
to obtain a simulation of Li-K sXAS spectroscopy
with  quantitative  accuracy  in  terms  of  spectral
lineshape and alignment. 

 

EXPERIMENTAL  AND  THEORETICAL
SECTION

Li-K sXAS  was  performed  at  the  ultra-high
energy resolution Beamline 4.0.3 (MERLIN) of the
Advanced  Light  Source  at  Lawrence  Berkeley
National  Laboratory.  The  beamline  covers
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energies ranging from 10 eV to ~150 eV, which is
ideal for Li K-edge, with a photon flux of 1011/sec.
The experimental energy resolution is better than
10  meV.  Due  to  such  a  high  instrumental
resolution,  it  is  expected  that  the  finite  peak
width  of  the  spectrum  is  predominantly  a
consequence of the thermal effects and the finite
lifetimes of the Li quasiparticle orbitals, including
the core-hole  and the conduction  orbitals.  Both
total  fluorescence  yield  (TFY)  and  the  total
electron  yield  (TEY)  signals  are  collected;
however, we note that due to the very low photon
energy of Li-K around 50-60 eV, the attenuation
of  the  X-ray  photons  is  around  50  nm
[Supplementary  FIG.S5],  so  even  for  the  TFY
collected  in  the  reflection  mode  (photon-in-
photon-out), the majority of the signals are from
the surface ~20 nm, roughly at the same scale as
the  typical  probe  depth  (~5-10  nm)  of  TEY30,31

that is dominated by secondary electrons32. This
is  confirmed  by  the  similar  Li-K TEY  and  TFY
lineshape  of  the  Li-metal  samples,  as  shown
below. For Li salts, due to their highly insulating
property, TEY suffers electrostatic charging upon
irradiation,  so  we  focus  on  TFY  signals  in  this
work.

Two  different  in-situ sample  preparation
methods  are  used  to  prepare  the  Li  metal
samples: cleaving a thick piece of Li metal and Li
evaporation. The  in-situ cleaving of the Li metal
surface was done by installing  a cleaned blade
through a motion feedthrough into the UHV (1.4
×  10−10 Torr)  chamber,  which  is  used  to
cut/scratch through the soft Li metal to expose a
fresh surface.  Evaporated Li  metal  surfaces are
prepared  by  supplying  a  controlled  current
through  a  SAES  Li  metal  dispenser,  which  has
been well degassed before the Li evaporation. We
note that SAES alkali metal dispensers are typical
alkali  metal  sources  in  scientific  studies  for
controlled  Alkali-metal  evaporation  in  UHV33.
Surprisingly,  the  two  kinds  of  in-situ prepared
samples display clear spectral differences (FIG. 1
& 2), which indicate the high reactivity of the Li
metal surface even in 10-10 Torr ultra-high vacuum
(UHV)  and  provide  the  chance  to  clarify  the
discrepancies among previous reports.

On the theory  front,  we simulate  the  spectra
with  the  MBXAS  formalism  which  approximates
the  initial  (final)  state  as  a  Slater  determinant
composed  of  two  distinct  sets  of  valence  KS
orbitals obtained in the absence (presence) of a
core-hole. As discussed in the next section, with
such  explicit  consideration  of  the  relaxation  of
valence  electrons,  MBXAS is  able  to  show that
electronic transitions which are forbidden in the
conventional single-particle approach can actually
have significant  amplitude.  For  simulating room
temperature  effects,  we  use  MBXAS  in
conjunction  with  ab-initio  molecular  dynamics
(MD)  which  leads  to  an  overall  smoothening of

the  spectrum,  in  accordance  with  the
experimental results. Finally, in order to obtain an
accurate  alignment  among  the  spectra  of
different materials, we propose a scheme based
on  a  combined  consideration  of  the  total  and
single-particle  energies  obtained  using  a  non-
local hybrid-exact-exchange functional. 

RESULTS AND DISCUSSIONS

Li-  K   s  pectroscopy  of  Li  metal:   FIG.1(a)
shows the K-edge absorption spectra, collected in
both the TFY and TEY modes, of Li metal samples
immediately after the preparation through in-situ
cleaving (red), and in-situ evaporation (blue). The
in-situ cleaved sample displays a striking leading
peak. Such a dominating peak was not observed
in  previous  Li-K sXAS  reports  at  all10,11 ,  and
previous  reports  based  on  relatively  bulk-
sensitive  techniques  found  a  much  weaker
feature  here11,17,26,34.  This  leading  peak  is  also
much  suppressed  in  the  evaporated-Li  spectra
with  enhanced  features  at  high  energies.  As
plotted in  FIG.1(b) with the dashed line on top,
these high energy features match the Li2O peaks,
indicating  that  the  sample  surface  already
degraded right after the in-situ evaporation of Li-
metal.

To investigate the Li-metal degradation even in
ultra-high vacuum and to confirm that the spectra
collected  from  the  in-situ  cleaved  Li  metal  are
intrinsic  Li-metal  signals,  FIG.1(b) displays  the
sXAS  recorded  right  after  the  cleaved  metal
surface  is  exposed  at  a  regular  interval  of  10
minutes  each  for  15  hours.  The  bottommost
spectrum is from the freshly prepared sample, the
same  as  the  spectrum  amplified  in  FIG.  1(a).
Moving from the bottom to the top, the 15 thick
spectra  indicate  the  lineshape  evolution  every
one hour.  Obvious change is  observed after  20
minutes,  when  the  profound  55.6  eV  feature
begins to  diminish and the features at  58.4 eV
and  62.9  eV  start  intensifying.  The  latter  two
resemble  the  peaks  of  the  Li2O  spectrum,  as
shown  by  the  reference  spectra  on  top.  After
about  4  hours  in  the  UHV  chamber,  evident
features from Li2O start to dominate the spectrum
and  the  signatures  of  the  freshly  prepared  Li
sample  are  obscured.  The  results  here  clearly
show that,  even at 10-10 Torr  UHV, the Li  metal
surface  still  degrades  quickly.  This  naturally
explains why experiments with Li metal samples
loaded from Ar bags, or even in air, reported very
different results9,10. Furthermore, the formation of
Li2O  is  intriguing,  because  O2 molecules  are
removed in  the UHV environment,  and  residual
gas  molecules  of  UHV  at  10-10 Torr  scale  are
mostly  water  and  others  with  light  molecular
weight.  The  dominating  Li2O  signals  as  the
degradation  product  of  Li  metal  under  UHV
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implies a multi-step process instead of a direct Li
oxidation with O2 gas.

In order to rule out irradiation effects for such a
spectral evolution, we collect the in-situ spectrum
of a separate sample, prepared and stored under
similar conditions in the UHV for 5 hours without
any exposure to the X-ray beam. As shown in the
inset  of  FIG.1(b),  this  spectrum  is  essentially
identical to that collected after 5 hours from the
sample which has been exposed to X-rays.  This
supports our inference that the disappearance of
the  55.6  eV  peak  with  time  is  due  to  surface
degradation  even  under  UHV,  not  due  to
irradiation.

To conclude our study of the intrinsic Li-K sXAS
of Li metal, we further tested samples prepared
in-situ by  both  cleaving  and  evaporation  on
exactly the same piece of Li metal, as shown in
FIG.2 with the sample preparation sequence from
the bottom to the top. First the cleaved Li metal
sample displays the strong 55.6 eV leading peak,
as found above. Second, the sample is left in UHV
for  about  3  hours,  which  displays  the  clear
signature  of  the  degradation  product  of  Li2O.
Third,  we evaporate lithium onto the surface of
the sample with the evaporation time of 10, 11
and 15 minutes. The intensity of the Li2O features
show  that  the  surface  is  getting  cleaner  with
evaporation times up to 10 minutes, but further
lithium evaporation longer than 11 minutes does
not  improve  the  overall  spectral  lineshape.
Fourth, the red spectrum on top was collected on
the  same sample  but  with  the  surface  cleaved
again with the blade. 

Therefore,  these  three  sets  of  controlled
experiments  consistently  suggest  that  the  Li
metal surface is highly reactive even under UHV
conditions, which has led to the disappearance of
the strong leading peak in previous Li metal sXAS
studies. Because in-situ evaporation introduces a
much  higher  local  temperature  around  the
sample, it is not surprising that a large amount of
freshly  evaporated  Li  degrades  right  after  the
deposition.  Therefore,  intrinsic  Li  metal  K-edge
sXAS could only be obtained within a short time
after  in-situ cleaving  of  the  sample  under  UHV
conditions. More importantly, the  in-situ cleaved
samples  have  displayed  a  very  robust  and
reproducible  strong  55.6  eV  peak  that  has  not
been  found  before  even  with  bulk-sensitive
techniques18,19,26. It is thus critical to interpret and
validate  this  as  the  intrinsic  Li-metal  Li-K
lineshape,  and  to  understand  the  discrepancy
between  the  Li-K sXAS  here  and  other  K-edge
spectroscopic results.

Theoretical calculations of Li-  K   sXAS of Li  
metal

In  order  to  reproduce  and  understand  the
striking  lineshape  of  the  intrinsic  Li  metal  Li-K
spectrum, we have explored different parameters

and  successfully  developed  the  theoretical
calculation of the Li K-edge sXAS based on DFT.
Details  of  the  computational  parameters  are
presented in the Supplementary Information. The
dipole  transition  matrix  element  for  electronic
excitation  from  an  initial  state  ¿ Ψ i ⟩ to  a  final

state ¿ Ψ f ⟩ is given by ⟨Ψ f|Ô|Ψ i ⟩ where, Ô is the

many-electron  dipole  transition  operator.  In  the
single-particle  initial  state  approximation,  one
approximates this term by

⟨ Ψ f|Ô|Ψ i ⟩  ≈ S ⟨ϕ c|ô|ϕcore ⟩ , Eq. 1

where  ϕ core is the single-particle wave-function
of  the  core  electron,  ϕ c is  a  Kohn-Sham  (KS)
unoccupied  (i.e.,  conduction  band)  orbital
obtained  with  the  initial  (ground)  state  DFT
calculation in the absence of the core-hole,  ô is
now the single-particle dipole transition operator,
and S is a constant. 

The simulation of the Li K-edge spectrum of bulk
Li metal using this treatment is presented at the
bottom of  FIG.3.  The  final  state Full  Core-hole
(FCH) spectrum, where ϕ c in Eq. 1 is replaced by
~ϕc, a  final-state conduction orbital  evaluated in
presence of  the core-hole,  is  shown above it  in
the same figure. The stark difference between the
initial-state  and the  FCH spectra stems from the
fact  that,  due  to  the  low  number  of  valence
electrons in Li,  the core-hole is poorly screened
and  consequently  the  unoccupied  orbitals
obtained  in  presence and absence  of  the  core-
hole are very different.  In fact,  the presence of
the core-hole generates a set of localized orbitals
trapped  in  the  electrostatic  potential  of  the
excited core, which have significant overlap with
the  core  orbital  and  result  in  higher  intensity
transitions in the spectrum. 

The  blue spectrum labeled  “MBXAS (bulk)”  is
obtained  with  the  recently  developed  MBXAS
method,  which  calculates  the  matrix  element

⟨Ψ f|Ô|Ψ i ⟩ by  approximating  the  many-body

wavefunction  Ψ f (Ψ i)  by  a  Slater  determinant
composed  of  KS orbitals  computed in  presence
(absence)  of  the  core-hole.  Unlike  the  FCH
spectrum, the MBXAS spectrum replicates a key
feature of the experimental plot: the intensity of
the first narrow peak is higher than that of the
broad region at higher energy. Many of the low-
energy  near-edge  transitions  which  have
negligible  probability  in  the  single-particle
treatment,  have  appreciable  probability  in  the
MBXAS  treatment.  FIG.4  (a),  (b) show  the
isovalue  plots  of  two  unoccupied  KS  orbitals,
transitions to which contribute significantly to the
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first peak intensity in MBXAS. While the orbital in
panel (a) is a p-type orbital centered on the core-
excited atom, and is therefore representative of a
standard  dipole-allowed  transition  in  the  FCH
treatment, the orbital in panel (b) has negligible
spatial  overlap with the core-excited atoms and
consequently,  the  associated  single-particle
excitation  does  not  have  any  significant  FCH
transition-probability.  However,  the  latter
excitation  has  a  substantial  probability  in  the
MBXAS  method,  which  computes  the  transition
matrix element as

⟨ Ψ f|Ô|Ψ i ⟩=∑
c

empty

⟨ Ψf|Ψ i
c
⟩ ⟨ϕ c|ô|ϕ core ⟩ ,

Eq.
2

where  ¿ Ψi
c
⟩ represents an excited state (with

the core-orbital excited to the conduction orbital
c) constructed with initial-state orbitals, which is
represented by a Slater determinant composed of
the  valence  occupied  initial-state  KS  orbitals

along  with  ϕ c.  The  term  ⟨ Ψ f|Ψi
c
⟩,  a  matrix

element  between  two  Slater  determinants  built
from  orbitals  of  different  self-consistent  fields
(final  and initial  state),  can  be  re-expressed  as
the  complex  conjugate  of  a  determinant
composed  of  the  overlap  matrix  elements
between the final  and initial  state orbitals  (See
Supplementary  Information  for  more  details).  A
heat  map  showing the absolute  values  of  such
orbital  overlaps  is  shown  in  FIG.4(c).  The
presence  of  significant  off-diagonal  elements  in
this overlap matrix indicates the possibility that
even if,  for a certain final state orbital  

~ϕc ' ,  the

transition-probability  ⟨~ϕ c'|ô|ϕcore ⟩ is zero (i.e., the

transition is dipole-forbidden in the FCH picture),
it  is  possible  that  for  a  finite  number  of
unoccupied  initial-state  orbitals  ϕ c,  both  of  the

terms  ⟨ ϕc|ô|ϕcore ⟩ and  ⟨ Ψ f|Ψi
c
⟩ have  non-zero

contributions leading to an appreciable transition
probability given by the sum in Eq.2 (Note that
Ψ f is given by a Slater determinant of which 

~ϕc '

is  a  constituent  orbital).  The  capability  of
including all  these transition probabilities in our
MBXAS calculations directly leads to the improved
agreement  with  our  experimental  data  on  the
strong  55.6  eV  peak  intensity  beyond  single-
particle approximations. 

In addition to the greater intensity of the first
peak  provided  by  the  MBXAS  theoretical
approximation,  we also  note  that  there  can  be
more mundane origins for a difference in relative
intensity of the peaks. If,  instead of a Gaussian
broadening  of  0.1  eV,  we  use  a  much  higher
broadening of 0.6 eV, the relative intensity of the
higher  energy  region  of  the  MBXAS  spectrum

turns  out  to  exceed that  of  the first  peak  (see
Supplementary  Information).  Therefore,  in
addition  to  surface  aging  reactions,  a  lower
instrumental  resolution  can  result  in  an
experimental spectrum with relatively lower first
peak  intensity.  This  naturally  explains  the
quantitative  difference  between  the  high
resolution (10 meV experimental resolution) Li-K
sXAS revealed here and the previous reports of
hXRS and EELS results18,19,25. 

In order to obtain a more realistic simulation of
the  experiment,  which  is  performed  at  room
temperature,  we  run  a  first-principles  MD
simulation on a 128 atom lithium crystal supercell
at  300  K  temperature  and  calculate,  using  the
MBXAS method, the average sXAS spectrum on a
sample snapshot (see previous examples in Ref.
[20]). The spectrum so obtained, which is labeled
as  “MD  (bulk)”  in  FIG.3,  can  be seen to
reproduce not  only  the prominent  experimental
peak at ~55.6 eV but also the less intense feature
at  ~58.5  eV.  Comparing  this  with  the
“MBXAS(bulk)”  spectrum  obtained  at  zero
temperature, we can see that the thermal motion
of  the  ions  is  responsible  for  the  relative
smoothness  of  the  former  spectrum  at  higher
energies. In order to check for possible effects of
surface layers on the spectrum, we run MBXAS
simulations on a 12-layer (18.85 Å) thick slab of Li
atoms. In  FIG.3,  we have shown the computed
spectra  corresponding  to  the  top  layer,  the  5th

layer  and  the  6th (middle)  layer  of  the  Li  slab.
MBXAS spectra for the 5th and the 6th layer of the
slab  look  almost  identical,  indicating
convergence.  The  spectra  of  these  layers  also
replicate  the  crucial  experimental  observation
that  the  narrow  first  peak  has  higher  intensity
than the high energy region.  It  is  worth  noting
that the top layer spectrum blue shift to higher
energies  (~0.8  eV)  due  to  the  slightly  lower
electron population (i.e., oxidation) of the surface,
undercoordinated Li atoms. A lower ground-state
valence Lowdin population (0.8524) on a surface
atom compared to one in the middle of the slab
(0.9797) results in a higher binding energy for the
core  electron  in  the  former.  From  FIG.3  and
FIG.S3,  we conclude that only the spectrum of
the  topmost  undercoordinated  layer  bears  any
significant difference with the bulk spectrum and
that, in terms of the position and intensity of the
first  peak,  the  bulk  limit  is  attained  to  an
appreciable extent from the 2nd layer onward. A
linear combination of the layer by layer spectra
may lead to an intrinsic broadening of  the first
peak  evident  in  the  bulk  spectra,  due  to  the
relative prominence of this top layer contribution.
Representative  KS  orbitals  corresponding  to
different  regions  of  the simulated spectrum are
shown in FIG.S6.
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Spectroscopy  of  Li-based  Ionic
Compounds: FIG.5(a) shows the experimental
spectra of a series of Li-based ionic compounds,
which are of interest for being crucial components
of  the  interphases  in  batteries  as  mentioned
earlier;  namely  LiF,  LiCl,  LiOH,  Li2O,  Li2O2 and
Li2CO3.  The  spectra  for  the  latter  three
compounds,  which  were  reported  in  our  earlier
work8 exploring the effects of irradiation on Li K-
edge spectroscopy, have been included here for
the sake of  completeness and comparison. It  is
clear  that  these  Li  ionic  systems  display  very
different lineshape with features at characteristic
energy positions.  FIG.5(b) shows the theoretical
counterparts  obtained  with  MBXAS calculations.
Note that these spectra, which are simulated on
the static crystal structure at zero temperature,
do not incorporate the effects of thermal motion
of the ions, which, in addition to smoothening the
spectra  further,  may  give  rise  to  new  spectral
features as a result of local symmetry breaking20.
For each of the compounds, in FIG S2, we present
the  isovalue  plots  of  representative  KS  orbitals
contributing to a prominent peak in the spectrum.
In general, these orbital plots confirm that, in keeping with the
ionic nature of the compounds, the bright peaks are associated
mostly  with  unoccupied  KS  orbitals  with  large  Li-p
contribution. However, this trait is less pronounced in Li2CO3,
where the contributing orbital shows noticeable delocalization,
albeit with significant Li-p character. Additionally, we also
plot a KS orbital corresponding to the small pre-
peak below 58 eV in the Li2O2 spectrum. This KS
level,  which  primarily  displays  oxygen  orbital
characters  hybridized  with  some  contribution
from Li-p, can be associated with the low-energy
feature reported in O K-edge RIXS study of Li2O2

35.

sXAS  energy  Alignment: In  the  same  way
that experimental measurements of sXAS require
some calibration  to  align  the spectral  energies,
the simulations performed in this work have their
own  alignment  scheme.  However,  it  is  worth
noting  that  the  scheme  adopted  here,  as  in
previous  work20,36,37,  relies  only  on  a  single
experimental spectrum for calibration of all such
spectra,  defined  by  the  element  and  the  core
orbital.  Thereafter,  all  computed spectra  should
be predictive. This is particularly important when
determining  the  contributions  of  multiple
components  to  a  given  spectrum,  since  their
relative alignment can affect the final spectrum,
for  example,  the  different  peak  position  of  the
surface vs. bulk Li atoms of Li metal as detailed
above. 

In  our  approach  we  focus  on  the  particular
excited state that we model explicitly at the level
of  DFT  self-consistent-field  (SCF)  calculations,
which  is  the energetically  lowest  possible  core-

excited  state  for  the  given  element  and  core
orbital.  This  state  has  been  referred  to  in  the
literature as the XCH state (eXcited electron and
Core Hole)38, referring to a neutral reference. XCH
is different from the FCH (Full  Core Hole) state,
which  refers  to  the  non-neutral  (+1)  ionization
potential for the core electron. Using relative XCH
total  energies,  we  can  align  our  calculated
spectra.  The  energy  range  of  the  spectra
themselves are defined by the corresponding KS
eigenvalues from the XCH SCF, referenced to the
highest occupied orbital from the XCH calculation
(which should have the same orbital index as the
conduction  band  minimum  or  the  lowest
unoccupied  molecular  orbital  of  the  ground
state).  Being  familiar  with  expected
underestimation39,40 of  both  the  electronic  band
gap  and  band  width  by  local  and  semilocal
approximations  to  the  exchange-correlation
potential  in DFT (such as PBE41),  here we make
use  of  the  HSE  hybrid  exact-exchange
functional42. For insulators with large band gaps,
HSE  offers  more  accurate  band  structure
estimates43. 

We  elucidate  the  computational  scheme  with
the  example  of  LiF.  The  lowest  possible  core-
excitation  energy  can  be  calculated  as
(E XCH−EGS),  where  EGS(E XCH) corresponds  to
the total-energy of the ground state (lowest core-
excited state)  calculation.  However,  since these
two  calculations  employ  different  sets  of
pseudopotentials,  their  energies  cannot  be
compared  directly  and  we  resort  to  using  a
relative  excitation  energy  by  referencing  the
appropriate isolated atom:

( EXCH−EGS )−(E XCH
atom

−EGS
atom

) , Eq. 3

where  EGS
atom

(EXCH
atom

) refers  to  the  energy  of  a
single Li  atom in its  ground state (lowest  core-
excited state) obtained with a charge-neutral DFT
calculation  employing  the  standard
pseudopotential  (pseudopotential  containing  a
core-hole).  One  can  think  of  this  relative
excitation  energy  as  equivalent  to  a  formation
energy  difference36.  In  order  to  guarantee
cancellation  of  systematic  errors,  the  atomic
calculations  are  performed  within  the  same
supercell  as  the  full  system  with  the  same
numerical  parameters  (plane-wave  cut-off,  k-
point sampling, etc.). 

The  electronic  structure  of  crystalline  LiF
exhibits a conduction band minimum with Li  2 s
symmetry.  Unsurprisingly,  the  XCH state  places
the  core-excited  electron  in  a  localized  orbital
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with Li 2 s symmetry centered on the core-excited
Li atom. Therefore, the XCH state defines a dark
exciton,  since  1 s → 2 s  transitions  are  dipole-
forbidden.  The  ground  state  has  N valence
electrons,  and  so  the  core-excited  states  have
N+1 valence  electrons.  Therefore,  the  highest
occupied  orbital  of  the  XCH  state  has  a  KS
eigenvalue  ~εN +1.  Our  calculations  indicate  that
the  first  bright  transition  is  to  the  orbital  with
energy  ~εN +3.  Therefore,  the position of  the first
bright transition in LiF could be approximated as 

( EXCH−EGS )−(E XCH
atom

−EGS
atom

)+ (~ε N +3−
~εN +1 )+E shift .Eq.

4

We apply an analogous expression to align the
spectra of  each excited atom in all  the studied
materials,  where  the  orbital  index  of  the  first
bright  transition  must  be  determined  in  each
case.  The constant,  E shift=56.6 eV ,  is  added  to
each spectrum to align it with the experimental
photon  energy.  It  was  deduced  specifically  to
align  the  LiF  first  peak  and  depends  on  the
specific  pseudopotential  approximations  used
(i.e., it is likely not directly transferrable to other
calculations  which  would  require  their  own
constant  shift).  All  other  energies  in  Eq.  4  are
calculated using the HSE functional. However, the
overall spectrum is still computed in its entirety
using  the  PBE  functional  without  any  dilation-
factor,  because  the  necessary  calculations  of
many  unoccupied  orbitals  is  currently  too
expensive using HSE. There is one exception to
this  rule:  for  the spectral  alignment of Li  metal
using Eq.4, the PBE functional is used exclusively,
since a local/semi-local functional is better suited
for metallic systems in which the properties of the
valence  electrons  are  similar  to  that  of  the
uniform electron gas44. Admittedly, this indicates
some obvious room for improvement in finding an
optimal  and  transferrable  functional  and  is  the
subject  of  future  research.  As  can  be  seen  in
FIG.5(a) and  FIG.5(b),  with  some quantitative
lineshape  differences,  our  calculated  spectra
show an excellent energy value agreement with
the  features  found  in  experimental  data  for  all
these Li salt compounds tested here. 

CONCLUSION

In summary, we have presented a thorough and
accurate account of experimental and theoretical
investigation of Li  K-edge sXAS of Li  metal  and
salts. Our experimental findings indicate that, due
to the presence of highly reactive Li metal surface
even in UHV, a reliable Li-K sXAS spectrum of Li
metal  could  only  be  achieved  on  fresh  in-situ
cleaved samples in UHV. Additionally, theoretical

calculations  show  that  energy  resolution  will
strongly  affect  the  spectral  intensity,  especially
for the first peak, leading to a modified lineshape
found  in  other  bulk  sensitive  techniques
compared with the ultra-high-resolution Li-K sXAS
here. These effects naturally explain the different
Li-K lineshapes in previous controversial reports.
We  thus  conclude  that  the  intrinsic  Li-K sXAS
spectrum of Li metal features a striking peak at
55.6 eV with a high intensity.

 

This  provides  the  opportunity  to  test  the
different  parameters  and  effects  in  theoretical
calculations. We show that the popular FCH/XCH
approach,  which  expresses  the  approximate
transition probability in terms of the core and the
conduction  orbital  only,  is  inadequate  for
reproducing  the  experimental  features.  The
explicit,  many-body response of  all  the  valence
electrons to the creation of the core-hole must be
taken into account,  which we do approximating
the true wave function using a Kohn-Sham Slater
determinant.  Simulations  based  on  room
temperature molecular dynamics sampling show
that thermal motion of the ions play a crucial role
in  the  smoothening  the  spectral  lineshape.
Eventually,  we  successfully  reproduced  the
experimental  results  by  considering  these
different  effects  and  contributions  from surface
atoms,  noting  the  appreciable  contributions  of
non-dipole single-particle transitions to the many-
body  transition  amplitudes  in  our  MBXAS
calculations.

 

In  addition to  Li  metal,  we also extended our
experimental  and theoretical  studies to a series
of Li-based ionic compounds involved in energy
storage  materials.  We  further  show  the
importance of considering total energies as well
as  KS  eigenvalues  obtained  with  hybrid
functionals  in  order  to  obtain  precise  relative
alignment  of  the  spectra  of  different  materials.
This work provides a reliable data bank for Li-K
spectroscopy  of  both  Li  metal  and  several
important  salts,  as  well  as  developments  of
theoretical calculations that could reproduce the
experimental  results  at  a  quantitative  level  in
both  the  lineshape  and  energy  alignment.  The
results set a solid benchmark for studying lithium
chemistry  and  reveal  critical  electronic
parameters  that  define  the  chemistry  of  Li
compounds.
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FIG.  1 Soft  x-ray  Li-K sXAS  collected  on  lithium
metal  surfaces  prepared  in-situ in  two  different
ways. (a) The red and the blue spectra show the Li K-
edge of metallic Li prepared by in-situ cleaving and
evaporation, respectively. (b) The spectral evolution
of  a  freshly  cleaved  Li  metal  surface  (bottom
spectrum), then every 10 minutes in UHV of 1.4 ×
10-10 Torr. The 15 thick spectra indicate the lineshape
evolution  every  one  hour.  Features  from  Li2O
emerges after only 20 minutes in HUV and dominate
the degraded spectral lineshape. The red spectrum
in  panel  (a)  is  an  amplified  view  of  the  bottom
spectrum in panel (b). Inset shows spectra collected
on two spots with and without x-ray exposure during
the  5  hours  decay  period  in  UHV.  The  lineshape
degrades  in  the  same  way  with  only  small
quantitative  differences,  indicating  that  the
lineshape  decay  is  from  surface  aging,  not
irradiation effect.

 

 FIG.  2 Li-K  sXAS  TEY  (a)  and  TFY  (b)  spectra
collected on Lithium metal prepared in the sequence
of  i) in-situ cleaving  (bottom,  red),  ii)  in-vacuum
aged (black), iii) Lithium evaporation for 10 (green),
11  and  15  (blue)  minutes,  and  iv)  another in-situ
cleaving (top, red). Further lithium evaporation does
not  affect the overall  spectral  lineshape above 11
minutes. But the in-situ cleaving is a robust method
for highly reproducible Li-K sXAS data. Inset shows
the optical image of a cleaved surface after a blade
scratching. 
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no-core hole (bulk)

FCH (bulk)

MBXAS (bulk)

MD (bulk)

6th Layer

5th Layer

Top Layer

Experiment

FIG. 3 Plot showing X-ray absorption spectra of Li
metal. From top to bottom: Experimental spectrum,
simulated (with MBXAS) spectrum of the top layer of
a 12-layer Li slab, spectrum of the 5th layer of the
same slab,  spectrum of  the 6th  layer of  the slab,
MBXAS spectrum of bulk Li crystal obtained from a
MD snapshot sampled at 300 K temperature, MBXAS
spectrum of the static bulk Li crystal,  spectrum of
bulk Li computed with the FCH treatment, spectrum
of bulk Li simulated in absence of the core-hole. A
broadening of  0.1  eV has  been applied  to  all  the
simulated spectra. 

( a )

( c )

( b )

-
-

(c)

FIG. 4 Panels (a) and (b) show the isovalue plots of
two  unoccupied  final  state  orbitals,  transitions  to
which generate, according to the MBXAS treatment,
two core-excitations having appreciable probability
and contributing to the high-intensity peak in the Li-
metal  spectrum.  Panel  (a),  shows a  p-type  orbital
around  the  core-excited  atom  and  consequently,
such a transition is dominant in the FCH approach as
well.  However,  the  orbital  in  panel  (b)  has  no
presence  on  the  core-excited  (central)  atom  and
thus the FCH calculation shows negligible probability
for  this  transition.  However,  within  the  MBXAS
treatment,  both  of  the  transitions  correspond  to
appreciable  probability.  Panel  (c)  shows,  within  a
certain  range  encompassing  the  highest  occupied
level, the absolute value of the overlap between the
initial and the final state orbitals for the Γ  point. The
orbital with index = 1 is the lowest unoccupied level.
As discussed in the main text  (see the paragraph
following Eq. 2), due to the presence of off-diagonal
elements in this overlap matrix,  it  is  possible that
transitions which are forbidden in the single-particle
FCH  treatment  have  appreciable  intensity  in  the
MBXAS formalism. 
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Photon Energy (eV)
2

FIG. 5  Panel (a) shows the experimental Li K-edge
sXAS spectra of LiF, LiCl, LiOH, Li2O, Li2O2 and Li2CO3.
Panel  (b)  shows  the  theoretical  counterparts
simulated with MBXAS. A broadening of 0.2 eV has
been applied to all of the simulated spectra. For a
discussion on the spectral alignment, see main text.
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