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Quantitative characterization and real-space mapping of  the electron orbital  are highly desirable as  it’s  a  basic  order
parameter linking microscopic electronic structure and macroscopic properties in material science. Here we briefly re-
view the recent progress in the measurements of orbital populations via electron microscopic methods, including quant-
itative  convergent-beam  electron  diffraction  (QCBED),  electron  energy-loss  spectroscopy  (EELS)  and  others.  Combing
with the rapid development of four-dimensional scanning transmission electron microscopy (4D-STEM), we propose the
future potential directions and discuss possible solutions towards real-space orbital mapping at atomic scale.

 

T he  origin  of  functionality  for  functional  materials  is
closely  related  to  local  symmetry  breaking[1],  which
is  described  in  four  degrees  of  freedom:  lattice,

charge,  orbital,  and  spin.  Among  them,  the  orbital  is  an  im-
portant  manifestation  of  the  local  electronic  structure.  As  a
microscopic  basis,  its  quantitative  characterization  is  benefi-
cial  to the better  understanding of  macroscopic phenomena
and  functional  properties[2].  Although  the  real-space  resolu-
tion of  electron microscopy has reached sub-angstrom level;
a recent resolution record of 14 picometers has been demon-
strated by electron ptychography[3–4], how to characterize the
local  electronic  structure in  real  space is  still  challenging,  es-
pecially at atomic scale.

From  the  perspective  of  quantum  mechanics,  it  is  gener-
ally  believed  that  orbitals  cannot  be  directly “seen” in  real
space[5]. Since Zuo et al. reported the direct observation of d-
orbital holes and Cu-Cu bonding in Cu2O more than two dec-
ades  ago[6],  there  have  been  many  debates  around  whether
orbitals  can  be  claimed  to  be  experimentally  visible[7–10].  It
has  been  argued  that  the  so-called  orbitals  are  actually  just
three-dimensional  charge  density  maps  that  do  not  directly
reflect  the  occupation  states  of  different  orbitals.  Although
orbital  observation  has  been  mentioned  many  times[11–12],  it
is often analyzed only for a specific problem of particular ma-
terials.  We believe  that  the  exploration and discussion of  or-
bital measurements is worthwhile, at the very least, highly be-
neficial in shedding light on electronic states with orbital de-
grees of freedom and their effect on physical properties[13–15].
In this paper, we review the recent progress on the orbital ob-
servation  with  several  electron  microscopic  methods  includ-
ing  quantitative  convergent-beam  electron  diffraction

(QCBED),  electron  energy-loss  spectroscopy  (EELS)  and  oth-
ers.  We also propose some intuitional thinking for real-space
local  orbital  observation  in  terms  of  four-dimensional  scan-
ning  transmission  electron  microscopy  in  the  perspective
part.

 QCBED

The  first  observation  of  orbitals  was  reported  in  Cu2O
through the electron density fitted by the multipole model[6]

in 1999, based on structure factors fitted by QCBED and X-ray
diffraction.  This  method  of  QCBED  fitting  had  also  been  ap-
plied to image charge density distributions of Ni3Al[16].  A sys-
tematic review on the fitting of structure factors has also been
carried  out[17–18];  Zuo  et  al.  summarized  the  experimental
measurements of the charge density distribution in solids and
the  corresponding  chemical  bonding  interpretations[19] in
2004. On the basis of QCBED, Wu et al. have also developed a
novel  electron-diffraction  technique  in  1999,  called  parallel
recording  of  dark-field  images  (PARODI),  which  focused  the
probe above or below the sample[20–22]. This method was ap-
plied beyond the traditional QCBED limitations for small crys-
tals to the large cell unit structure of high-temperature super-
conductors,  experimentally  revealing  small  changes  in  the
valence  electron  distribution  in  YBa2Cu3O7 and
Bi2Sr2CaCu2O8+δ [21].  In  addition,  there  have  also  been  many
studies  that  have  utilized  QCBED  to  map  charge  density  or
deformation charge density and relate it to valence electrons
or bonding information,  including first-principle aided calcu-
lations and validation[23–29].

It should be noted that the multipole model used to fit the
electron  density  is  the  key  to  differentiate  orbitals  in  Cu2O
from  other  QCBED  studies  for  mapping  charge  density.  This
model  was  first  proposed  as  an  X-ray  crystallographic  meth-
od for analyzing electron density[30],  which includes the non-
spherical  part  to  describe  charge  density.  For d-orbital  elec-
trons, it is possible to correlate the multipole parameters with
the d-orbital  occupation  based  on  the  equivalence  of  the
valence electron part of the multipole function for the charge
density with the atomic orbital description[31].
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In  2022,  Shang et  al.  combined QCBED with the multipole
model again to study the evolution of valence electrons of Co
and  O  atoms  in  Li1-xCoO2 with  different  charging  states  dur-
ing  the  charging  process[32].  They  also  established  the  rela-
tionship  between  the d-orbital  populations  and  the  multi-
pole  density  function  by  measuring  the  distribution  of  the
non-spherical  electron  density  and  explained  the  correlation
between  the  crystal  structure  and  the  electronic  structure
from  the  orbital  point  of  view.  As  shown  in Fig.  1[32],  the
shapes of eg and t2g orbitals of Co and 2p orbitals of O in the
CoO6 octahedral  crystal  field  can  be  clearly  observed  in  the
initial  LiCoO2 deformation  charge  density  map.  In  this  map,
the  differences  in  the  regional  colors  represent  the  differ-
ences in the electron aggregation states, thus indicating that
the 3d electrons  preferentially  occupy  the  t2g orbitals  of  Co
atoms over the eg orbitals in the CoO6 octahedron. Comparis-
on of the different charging states shows the difference in the
number  of  occupied  electrons  in  the  t2g and  eg orbitals  and
the  change  in  the  electron  density  near  the  O  atom,  which
suggests  that  charge  transfer  from  the  ligand  to  the  metal
atom occurs in Li1-xCoO2 as the concentration of Li vacancies
increases and electrons are transferred from the O 2p orbitals
to the Co eg orbitals.

After  that,  Tang  et  al.  obtained  structure  factors  with  the
combination of QCBED and synchrotron powder X-ray diffrac-
tion (SPXRD) and reconstructed the 3D charge density distri-
bution  of  ScS  based  on  multipole  model  fitting  in  2023[33].
With  the  deformation  charge  density  map  of  the  (100)  sur-
face  of  ScS  and  the  fit  multipole  parameters,  they  investig-
ated the electronic configuration of  Sc2+ in  ScS,  proving that
its remaining outer layer was 4s instead of 3d electrons. In ad-
dition  to  SPXRD  assisted  to  obtain  high-order  structure
factors,  the  charge  density  distribution  and  multipole  fitting
parameters  can  also  be  obtained  with  the  high-order  struc-
ture factors calculated from density functional theory (DFT)[29]

and  the  low-order  structure  factors  fit  from  QCBED  experi-
ments. Based on this method, the 3d-orbital electron distribu-

dz2 dx2−y2

tion of Mn in LiMn2O4 and Li0.5Mn2O4 was measured by Shang
et al. in 2024[34]. The diagram of experiments and the strategy
is shown in Fig. 2. The  and  orbital electron occupa-
tions of Mn were found to be essentially the same, indicating
the degeneracy of the eg orbitals. Taking the symmetry of the
ligand  oxygen  atoms  in  the  MnO6 octahedron  even  further,
an orbital strategy is proposed to directly modulate the local
coordination configuration of the Jahn-Teller distortion.

 EELS

The electron energy-loss spectroscopy is based on inelastic
scattering from the interaction of the incident electron beam
and  the  sample[35],  whereas  the  latest  STEM-EELS  allows  for
the simultaneous acquisition of a dataset by the EELS spectro-
meter  after  the  STEM  scanning  of  a  region,  thus  obtaining  a
three-dimensional informative dataset that contains both po-
sition and energy[36].The STEM-EELS can provide information
on bonding between different atoms, valence states and fine
electronic structures in addition to information on elemental
composition. Löffler et al. first demonstrated it on theoretical
grounds  that  real-space  mapping  of  transitions  between  or-
bitals  on  the  Ångström  scale  should  indeed  be  possible  by
energy-filtered  TEM  (EFTEM)  in  2013  and  2016[37–38].  They
then proposed to implement real-space mapping of electron-
ic  orbitals  and  reveal  information  on  individual  bonds
between atoms in Rutile with STEM-EELS in 2017[39]. Fig. 3[39]

shows  that  energy  windows  of  eg and  t2g were  fit  in  Ti L2,3
edge. Experimental energy-filtered map for the Ti L ionization
edge for final states with eg character matched the simulated
image  very  well  and  showed  a  distinct  asymmetry  towards
the nearest  O atoms,  which could be attributed to the orbit-
als. The orbital characteristics of anions in coordination envir-
onments,  such  as  O  in  the  Cu2O  plane  of  high-temperature
cuprate  superconductors[40–41],  have also been previously  in-
vestigated  using  energy-loss  near-edge  structure  (ELNES)  of
EELS in 1990s, but did not involve orbital mapping. Similarly,
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Fig. 1    Electron density evolution of the Co–O and O–O interactions. a Structural model of LiCoO2 with the indexed ( ) plane near the [100]

direction (top). CoO4 ( ) plane of the CoO6 octahedra (bottom). b–e Static deformation density maps of the ( ) CoO4 plane and corres-

ponding three-dimensional (3D) views of b LiCoO2, c Li0.6CoO2, d Li0.4CoO2,  and e Li0.3CoO2.  The electron density is present in different colors
with the color scale shown on the left. The red color region means the electron density accumulation, and the blue color region represents the
electron density depletion. All of the maps use a contour interval of 0.1 e Å−3, with positive, negative, and zero contours drawn as solid black,
dashed black, and solid olive-green lines, respectively. The inclined arrows show the [001] direction, and all of the 3D views use the same color
scheme. All scale bars indicate 1 Å[32]. Copyright 2022, Springer Nature.
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the  relation  between  local  structural  distortions  in  the
PbTiO3/SrTiO3 superlattice  interface  and  the  splitting  of  the
3d orbitals  of  Ti  atoms  in  crystal  field  has  been  studied  by
Torres-Pardo et al. by combining STEM and EELS without dir-

ect mapping of orbitals in 2011[42].
Xu et al.’s  study of quantum-order parameters in bismuth-

doped iron garnet not only analyzed the splitting of Fe 3d or-
bital state of in different crystal fields using energy shifts and
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Fig. 2    Orbital strategy to control the Jahn–Teller effects (JTE). a Three common structure models (olivine, layered, spinel) of cathode materi-
als for rechargeable Li-ion battery. b MnO6 octahedra with different symmetries. Ligands with the same color are identical and vice versa. The
left octahedron is JT active, while the right two octahedra are JT inactive. c The orbital strategy to maintain the degeneracy of eg levels to sup-
press the JTE. d By combining convergent-beam electron diffraction and density functional theory (DFT) calculations, d-orbital occupancy can
be quantified, and therefore the JTE can be detected [34]. Copyright 2024, Oxford University Press.
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Fig. 3    Real-space mapping of electronic orbitals  in Rutile with STEM-EELS. a Ti L2,3 edge extracted from a single pixel  (dots),  and averaged
over  all 14000 pixels  (line)  of  the  data  set.  The  energy  window  used  for  the  energy-filtered  eg maps  is  highlighted  in  yellow.  Gaussian  least
squares fits representing the individual shapes of the eg and t2g contributions are depicted in blue and green. b Projected DOS above the Fermi
energy EF calculated by WIEN2k. c Dark field image acquired simultaneously with the spectrum image dataset. d Unit cell along the [0 0 1] dir-
ection used in the experiment with the summed three-dimensional charge density of the eg Wannier functions. Also shown are the projected
positions of Ti (blue) and O (orange) atoms as well as yellow ellipses indicating the nearest O neighbours of each Ti (due to the projection, only
two of the four nearest neighbours are visible). e Charge density for the unoccupied eg orbitals projected along the [0 0 1] crystallographic axis
as calculated by WIEN2k. f Experimental energy-filtered map for the Ti L ionization edge for final states with eg character after unit-cell  aver-
aging. g Same as f, but after Gaussian smoothing. h Simulated energy-filtered map using the multislice algorithm and the mixed dynamic form
factor approach after Gaussian blurring. i Same as h with added noise to better mimic the experimental conditions. j Same as i after Gaussian
smoothing. All maps are replicated in a 3 × 3 raster for better visibility. Overlays show the projected positions of Ti and O atoms as well as yel-
low ellipses indicating the nearest O neighbours of each Ti. All scale bars indicate 5 Å[39]. Copyright 2017, Elsevier.
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fine features in the L2,3 edges of EELS, but also synergistically
measured the  spin  configuration with  electron magnetic  cir-
cular  dichroism  (EMCD),  thus  revealing  the  coupling  effects
between  multiple  quantum-order  parameters  in  2021[43].
Meanwhile,  Iwashimizu  et  al.  combined  the  STEM-EELS  with
the  multiple  frame  acquisition  approach  to  improve  the  sig-
nal-to-noise ratio (SNR) for spectra in spectrum imaging data
and achieved the visualization of  2p electron orbitals  of  oxy-
gen in SrTiO3 in real space, which agreed well with the simu-
lated charge density distribution of DFT for the energy selec-
ted unoccupied O 2p orbitals[44].  Bugnet et  al  also combined
the  STEM-EELS  with  inelastic  channeling  calculations  to
present  real-space  maps  of π*  and σ*  states  in  epitaxial
graphene multilayers and highlight the direct mapping of the
π*  state  distribution  at  atomic  resolution  by  the  interpreta-
tion  of  the  spatial  distribution  of  orbital  signals  in  2022[45].
Moreover, they demonstrated the decisive effect of the speci-
men  thickness  on  the  orbital  mapping  capabilities  in
graphene  with  calculations.  Recently,  Ederer  et  al.  investig-
ated representative examples of a transition metal oxide and
an interface between two different  materials  to  optimize ex-
perimental parameters for orbital mapping with EELS in 2024,
including  sample  thickness,  acceleration  voltage  and  elec-
tron  dose  for  probe  as  well  as  parallel  illumination[46].  They
employed an image difference metric  based on the scale  in-
variant  feature transform (SIFT)  algorithm to evaluate the ef-
fects of different parameter settings by simulations, which in-
volved the density functional theory and electron channeling
simulations. Fig. 4[46] shows the orbital mapping by O K-edge
in a  heterostructure  consisting of  the two perovskites  SrTiO3

(STO) and LaMnO3 (LMO) based on simulations. The p-like or-
bitals  oriented  perpendicular  to  each  other  were  clearly  ob-
served in the STO region, while those were blurry and less dis-
tinct in the LMO region due to the rotation of the MnO6 octa-
hedra.  The  results  also  demonstrated  the  effects  of  different
parameters on the orbital map quality.

 Other methods

 EDX
Energy-dispersive x-ray (EDX) works with analyzing energy

in  the  form  of  x-ray  produced  by  the  decay  of  excited  core
electrons[36].  Atomic-resolution  chemical  mapping  by  EDX  in
STEM  was  initially  demonstrated  by  D’Alfonso  et  al.  in
2010[47].  They  also  highlighted  the  combination  of  simultan-
eous  STEM  EELS,  HAADF  and  EDX,  which  could  be  powerful
for  analyzing  structural  chemical  and  functional  information
at  the atomic resolution.  Jeong et  al.  probed core-level  elec-
tron orbitals of Sr and Ti in real space by recording low-noise
EDX spectroscopy maps from a SrTiO3 crystal  in 2016[48].  The
experiments  also  measured  the  electronic  excitation  impact
parameter and the delocalization of an excitation due to Cou-
lombic beam-orbital interaction. The core-level electron orbit-
als  of  Sr  and  Ti,  i.e., 1s and 2p, were  probed  from K and L x
rays,  which  were  produced  solely  by  filling  empty  states.
Therefore,  each  x-ray  map,  where  the  effects  of  source  size
smearing  and  beam  channeling  were  removed,  could  be  re-
garded  as  spatially  resolved  measurements  of  core-electron
excitation  probability  for  a  specific  orbital.  The  probed  core-
level  electron  orbitals  smeared  due  to  thermal  vibrations  of
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Fig. 4    Optimizing experimental parameters for orbital mapping in a heterostructure with EELS. a-f Simulated STEM spectrum images of the
interface between STO and LMO in the [100] zone axis for both materials, the indicated sample thickness and energy loss with an infinite elec-
tron dose. All scale bars indicate 1 nm. g-h Image difference maps of the STO-LMO spectrum images for the indicated energy losses. The incid-
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age in all cases is calculated with infinite electron dose. The dark green and olive contour lines indicate an image difference of 0.18 and 0.3, re-
spectively. i STO-LMO SIFT image difference as a function of sample thickness for an acceleration voltage of 300 kV and several convergence
and collection semi-angles α and β. All image differences are relative to the orbital map for α = 30 mrad and β = 50 mrad[46]. Copyright 2024, El-
sevier.
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the atoms and excitation broadening are shown in Fig. 5[48].

 STM
Scanning tunneling microscopy (STM) is based on the vacu-

um tunneling of electrons between a sharp tip and a sample,
which  can  be  used  to  measure  surface  chemistry  and  elec-
tronic  structure[36].  STM  can  not  only  move  and  position
single  atoms  and  molecules,  but  also  be  applied  to  manipu-
late the bonding of molecules[49] and directly image the orbit-
al  hybridization upon bond formation[50].  Moreover,  Gross  et
al.  have  reported  high-resolution  molecular  orbital  imaging
using a p-wave STM tip in 2011[51]. Their studies indicated for
naphthalocyanine  molecules  on  the  same  substrate,  the
closely spaced nodal planes were difficult to resolve with an s-
wave tip but could be effectively visualized with a p-wave tip,
enhancing  contrast  and  revealing  additional  information  of
the orbital structure, including in the central region, as shown
in Fig. 6[51]. These findings underscored the significant contri-
bution  of p-wave  tip  effects  in  STM  orbital  imaging  due  to
tunneling through the π orbitals of the CO tip.

Surface-assisted  orbital  order  on  a  cobalt-terminated  sur-
face of the heavy fermion compound CeCoIn5 was also visual-
ized  by  STM  on  the  atomic  scale  in  2017[52].  First-principles
calculations  revealed  that  the  staggered dxz-dyz orbital  order
triggered by enhanced on-site Coulomb interactions resulted
in dumbbell-shaped cobalt atoms alternating along the [100]
and [010] directions.  In addition,  sublattice-resolved imaging
of  charge  transfer  energies  by  STM  has  recently  been  intro-
duced to CuO2 studies and discovered the orbital ordering in
Bi2Sr2CaCu2O8+x in  2024[53].  The  spectroscopic  imaging  STM
visualized  charge  transfer  energy  variations,  which  revealed

the internal electronic structure of orbitally ordered CuO2.  As
shown in Fig.  7,  energy splitting of Ox and Oy orbitals on the
50 meV scale broke the C4 rotation symmetry about every Cu
site.  These  results  suggested  that  the 2p6 O  orbital  at  Ox ex-
hibited an energy separation from the upper Cu band that is
distinct  from  that  at  Oy,  namely,  the  existence  of  intra-unit-
cell orbital order.

 X-ray
For high resolution in X-rays, Hafiz et al. reported the use of

inelastic  scattering  spectroscopy  of  high-energy  X-ray
photons  to  visualize  redox  orbitals  in  advanced  lithium-ion
battery  materials  in  2017,  while  the  mapping of  orbitals  was
in  momentum  space[54].  In  contrast,  Yavaş et  al.  imaged  the
active  orbital  in  real  space  with  inelastic  X-ray  scattering  in
2019[55].  Moreover,  Kitou et al.  proposed the core differential
Fourier synthesis (CDFS) analysis of high-energy x-ray diffrac-
tion data for visualization of d-orbital  electrons in 2020[56–57],
which  showed  promise  in  terms  of  real-space  resolution.
Noted  that  the  multipole  model  that  can  fit  charge  density
has  been  widely  used  in  X-ray  diffraction,  such  as  charge
density  mapping  of  organic  and  inorganic  crystals[58–61],
however  the  X-ray  diffraction  lacked  the  real-space  resolu-
tion available in microscopy.

 Discussion and perspective

Each  of  the  techniques  introduced  above  has  its  unique
strengths and limitations when it comes to the measurement
and  mapping  of  electron  orbitals.  QCBED  is  particularly  suit-
able  for  perfect  crystals,  offering  a  wealth  of  information
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Fig. 5    Probing core-electron orbitals of Sr and Ti atoms in SrTiO3 with STEM-EDX. a Individual Sr Kα and L EDX maps from the Sr column of
STO viewed along the [001] crystallographic direction. b Individual Ti Kα and L EDX maps from the Ti/O column of STO viewed along the same
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to be improved. For direct comparison, maps are background subtracted and normalized to their central intensity. Azimuthally averaged radial
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for 1s and 2p orbitals of Sr and Ti, including the effects of atomic thermal vibrations and excitation broadening[48].  Copyright 2016, American
Physical Society.
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about the electron density distribution and electron orbitals.
However,  due to its  nature as an average over the reciprocal
space,  QCBED  lacks  real-space  resolution,  making  it  less  ap-
propriate  for  studying  interfaces  and  defects.  EELS  provides
real-space  resolution  and  is  capable  of  extracting  orbital  in-
formation based on fine features,  which is  limited to charac-
terizing  specific  electron  states  and  may  not  provide  a  com-
prehensive view of the entire electron orbital structure. EDX is
based  on  the  energy  differences  to  separate  electrons  from
different core levels but has not been applied to the measure-
ment  of  valence  electron  orbitals.  EDX  excels  in  elemental
analysis  but  falls  short  in  providing  detailed  orbital  informa-
tion. STM offers high real-space resolution and is excellent for
characterizing  surface  electron  states.  However,  its  applica-
tion  is  restricted  to  the  surface,  and  it  cannot  measure  the
electron orbitals  within the bulk  of  the materials.  X-ray tech-
niques,  while  less  restrictive  in  terms  of  sample  preparation
and minimally destructive, do not possess the real-space res-
olution capabilities of electron microscopy methods. They are
valuable  for  bulk  structural  analysis  but  are  not  ideal  for  de-
tailed orbital mapping in real space. In conclusion, the choice
of  techniques  for  measuring  and  mapping  electron  orbitals
depends on the specific  needs of  experiments,  the nature of
samples, and the information one aims to extract. Each meth-
od has its niche, and a combination of techniques may often
be  employed  to  achieve  a  more  complete  understanding  of
the electronic structure.

Based  the  above  overview  on  electron  orbital  population
measurements  and its  real-space  mapping,  we would  like  to

make  some  outlooks  in  the  context  of  the  recent  develop-
ment of four-dimensional scanning transmission electron mi-
croscopy  (4D-STEM).  4D-STEM  has  a  unique  advantage  in
terms of  real-space imaging resolution,  in  particular  its  com-
bination  of  diffraction  with  real-space  positions,  yielding  a
large  amount  of  information  reflecting  the  properties  of  the
samples[62].  Studies  have  been  realized  with  the  help  of  4D-
STEM  to  accurately  map  the  projected  charge  density  of  2D
materials[63–64] and heterojunction interfaces[65], valence elec-
tron  density[66],  charge  transfer[67],  etc.  However,  none  of
these studies claimed the experimental electron orbital meas-
urements  or  mapping.  Based  on  the  STEM-EELS  methods,
Löffler  et  al.  emphasized  the  possibility  of  utilizing  energy-
filtered  4D-STEM  with  fast,  pixelated  detectors  for  mapping
inelastic transitions to individual orbitals[68]. By combining the
multipole model and 4D-STEM, it should be possible to relate
valence electron density with orbital populations.

Notably,  Wu  et  al.  have  introduced  multipolar  function
formalism  to  dynamical  electron  diffraction  calculations  and
simulated  CBED  patterns  of  4D-STEM[69].  They  mapped  as-
pherical  valence  electron  distributions  from  the  whole  4D-
STEM  dataset  and  demonstrated  its  sensitivity  to  charge
transfer and aspherical electron orbitals. However, this meth-
od is  only  an attempt in  simulations and does not  introduce
the  complex  influences  that  may  be  present  in  experiments,
nor  does  it  demonstrate  the  validity  of  the  multipolar  func-
tion formalism for valence electrons in 4D-STEM experiments.
Perhaps simulations starting from multipolar function formal-
ism can be generalized into iterative fits of initial covariates to
experimental data to optimize multipolar parameters and ac-
count for orbital populations, with similar iterations as imple-
mented in the ptychography[4].

On  the  other  hand,  considering  the  experimental  realiza-
tion  conditions,  the  existing  setup  and  acquisition  methods
may be improved to increase the signal  of  valence electrons
experimentally,  thus  creating  a  solid  basis  for  the  real-space
sensitivity  for  orbital  electron  changes.  Artificial  intelligence
may  also  give  rise  to  new  ways  of  analyzing  electron  micro-
scopy  data[70–71].  In  addition,  in-situ  experiments  are  expec-
ted  to  be  designed  for  better  separating  the  contribution  of
valence  electrons  and  even  orbital  populations,  and  provide
more  reliable  correlation  between  the  functional  properties
and electronic structures of materials.
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Fig.  6    High-resolution  molecular  orbital  imaging  with  STM.
a Naphthalocyanine on NaCl (2 ML) on Cu (111) measured using
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and the NIR (2nd row) at V=0.60 V. b Calculated images at z0=5.0
Å of the HOMO (3rd row) and LUMO (4th row) with an s-wave tip,
a  p-wave  tip,  and  a  mixed  tip.  All  images:  27  Å×27  Å[51].  Copy-
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