
The calculation of optical spectra  
 

◆ Colours 
◆ State of the art 
◆ Why is it difficult? 
◆ Do you need to be a superhero? 

Tout de même, avant de mourir,  
je voudrais deviner ce que c'est,  
la couleur. 

       Pablo Picasso 



Gravitational waves  

◆  Merging of two giant black holes 
◆  1400000000 light years 
◆  1.5 billion € 



Standard model of elementary particles 

◆ 238 particles 
◆ More than one 

million experiments 
◆ 13 billion € 
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◆ Do you need to be a superhero? 



Colour of life (porphyrins) 



Colour of pigments (minerals) 



Colour of gemstones (minerals) 



Colours 

◆  Visible range: 400 nm to 700 nm or 1.8 eV to 3.0 eV  

◆  The eye distinguises 150 hues: < 10 meV 
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The colour of grass 

◆  Time-dependent density functional theory study of the electronic excitation 
spectra of Chlorophyllide a and Pheophorbide a in solvents, Z-W Qu, H. Zhu, 
V May, R Schinke, J. Phys. Chem. B. (2009) 113 4817 

◆  The predicted excitation energies and oscillator strengths now agree much 
better with experiments 

with PCM model may slightly enhance the red shifts for 1(π,π*)
excited states in methanol. Further inclusion of explicit H-
bonding to ring V carbonyl may slightly enhance the red shifts
for most low-lying 1(π,π*) excited states such as the strong Q
and B bands by about 20 meV. For higher 1(π,π*) excited states
the spectral shift pattern induced by explicit H-bonding are more
complicated: the red shift for states 9 (η band), 10, and 12 (N
band) are enhanced by 40-90 meV, but now the partial CT
states 8 and 11 are blue-shifted! The 1(n,π*) state 6 is
consistently strongly blue-shifted by about 300 meV in both
methanol and water. However, the effects of the inclusion of
explicit H-bonding are somewhat different on the blue shift of
1(n,π*) state 6 in methanol and water solvents: the blue shift
becomes 35 meV smaller in methanol but 60 meV stronger in
water.

The blue shift of 1(n,π*) transitions upon solvation is well-
known for compounds containing electron lone pairs, which is
mainly due to the weaker interaction with dielectric medium as
the result of reduced local dipole along the lone pair direction
after 1(n,π*) excitation.48 It was shown that though explicit
H-bonding itself may cause a red shift of 1(n,π*) state, further
inclusion of dielectric solvent medium leads to a blue shift even
about 0.2 eV larger than that obtained with only dielectric
medium being considered.48 The strong blue shifts in water for
the carbonyl 1(n,π*) CT state 6 of both Pheo and Chl calculated
in this work are consistent with the previous findings.48

However, our results show that the inclusion of explicit
H-bonding to ring V carbonyl may enhance (as in water) or
reduce (as in methanol) the blue shift of 1(n,π*) state 6 in
solvents. More test calculations seem to be needed to investigate
the subtle effects of explicit H-bonding to compounds containing
electron lone pairs.

3.6. Implications to the Assignment of Experimental
Spectra. In Figure 3, the experimental absorption spectra of
Pheo in ethanol and Chl in methanol are compared with our
best theoretical calculations along with our new assignment

based on the calculated excitation energies, oscillator strengths
and the nature of excited states. For both Chl and Pheo, the
clearly resolved third vibronic peak may be assigned to the Qx

origin, in agreement with ref 8, but different from ref 9. In the
near-ultraviolet region, the main peak and its first spectral
shoulder of Chl are assigned to the Bx and By components,
respectively, which is evidently different from the traditionally
proposed assignment with two nearly degenerate Bx and By

transitions for the main peak and with the first shoulder (η1)
related to the presence of ring V carbonyl.14 The resolved second
spectral shoulder (η2) is now labeled as the η band in our new
assignment, which may be related to a partial CT transition from
ring II (bright state 9) rather than the ring V carbonyl. For Pheo,
the predicted By and Bx transitions are nearly degenerate, which
is consistent with traditional assignment. The spectral shoulder
next to the main peak is also labeled as an η band in our new
assignment, which may also be related to partial CT transitions
from ring II (bright states 8). For both the Pheo and Chl
electronic spectra, the N band around 3.8 eV can be assigned
to the bright 1(π,π*) excited state 10 with mainly valence rather
than CT nature, which is different from the recent theoretical
assignment13 that the N band of Chl is mainly due to CT excited
state.

4. Conclustions

We have performed a detailed TDDFT analysis on electronic
excitation spectra of Pheo and Chl, with PCM solvation model
for bulk solvent and one explicit solvent molecule to a central
Mg-ion to account for solvent effects. The main conclusions
can be drawn as follows:

1. The B3LYP method leads to reasonable delocalized
ground-state structures of both Pheo and Chl, while the HF
method leads to too high excitation energies as the result of
somewhat localized structure.

2. With increasing HF exchange percentage in DFT func-
tionals, the predicted HOMO-LUMO gaps increase linearly,
while the excitation energies increase gradually and even
strongly for excited states with partial CT nature.

3. Solvent effects may shift most 1(π,π*) excitation energies
to the red and increase the corresponding oscillator strengths
of bright Q and B bands of Chl and Pheo, with the Q bands of
Chl being the most sensitive. However, the 1(n,π*) excited state
related to ring V carbonyl is strongly blue-shifted in solvents.

4. New assignment is given for the B and higher electronic
absorption bands of Pheo and Chl.
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Porphyrins 

◆  Challenging density functional theory calculations with hemes and porphyrins, 
S. P. de Visser, M. J. Stillman, Int. J. Mol. Sci. (2016) 17 519 

◆  Abstract: In recent years computational tools have improved considerably and 
now can reproduce experimental spectroscopic studies 

◆  The Q-band is predicted to be at 535 nm, but is observed at 578 nm (0.17 eV) 
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Semiconductors 

A Riefer et al

5

Generally, the agreement between the calculated and meas-
ured data is excellent. This holds in particular for the ZnS and 
ZnSe peak positions and line shapes. In the case of ZnTe, the 
calcul ations do not resolve the measured double-peak structure 
around 4 eV. This is not related to the broadening parameter in 
the calculations as can be seen from the inset in figure 2(c), 
where we reduce the broadening from 0.2 to 0.1 eV. We also 
verified that it is not related to spin-orbit coupling effects or 
the orbital character and energies of the quasiparticle states. 
Calculations where the BSE Hamiltonian is set up from 
QSGW energies and wave functions do not improve the agree-
ment between theory and experiment. We mention that very 
recent TDDFT and BSE calculations for ZnTe by Grüning and 
Attaccalite [14] also indicate the occurrence of one rather than 
two peaks at 4 eV, similar to the present findings.

The modeling of the ZnO optical response is particularly 
challenging and requires a very well converged k-point set 
[18]. The present calculations start from quasiparticle ener-
gies calculated on a regular × ×18 18 9 mesh, which is 
refined in the vicinity of the Brillouin-zone center by addi-
tional × ×9 9 5 sampling points. Smoothly dispersing eigen-
energies are obtained by a MLWF transformation. The weight 
with which the k points enter the calculations is normalized to 

their respective fraction of the BZ volume. Altogether, the rank 
of the exciton Hamiltonian solved here in the BSE amounts 
to 300 000. The ZnO optical absorption calculated for ordi-
nary and extraordinary polarization is shown in figures 3(a) 
and (b). The calculations describe the measured data [7] very 
well, given the well-known difficulties to numerically model 
the ZnO optical response [16–18]. In particular, the sharp 
excitonic peak at the onset of the optical absorption is excel-
lently reproduced. The oscillatory behavior of the absorption 
for photon energies between 4 and 8 eV might indicate the 
need for a further increase of the k-point sampling. This is at 
present computationally not feasible, however. On the other 
hand, temperature effects, not considered in the calculations, 
might have washed out part of the spectroscopic fine structure 
in the experiment. The calculations predict a higher absorp-
tion than experimentally measured for energies above 12 eV.

Obviously, HSE  +  G W0 0  +  BSE and HSE  +  GW  +  BSE 
calculations allow for a nearly perfect description of the 
II-VI-compound optical response. Slight deviations between 
experiment and theory might be related to temperature effects  
[53, 55, 80].

Second-harmonic-generation (SHG) spectra are calcu-
lated next. For computational reasons we are restricted to the 

Figure 2. Dielectric functions for cubic ZnS, ZnSe, and ZnTe calculated on the HSE  +  G W0 0  +  BSE level of theory (red) in comparison to 
measured data from [5, 6] (black). The inset in (c) shows results where the broadening η is reduced from 0.2 to 0.1 eV (orange).

Figure 3. Ordinary and extraordinary ZnO dielectric functions calculated on the HSE  +  GW  +  BSE level of theory (red) in comparison to 
measured data (black) [7]. The insets show results where the broadening η is reduced from 0.2 to 0.1 eV (orange).
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Metals 

◆  Fully parameter-free calculation of optical spectra for insulators, 
semiconductors and metals from a simple polarization functional, J. A. Berger, 
Phys. Rev. Lett. (2015), 115, 137402 

 

speed-up of an order of magnitude. The GW calculations
were done with the Abinit code [38]. We implemented the
polarization functional in a modified version of the
Amsterdam density functional (ADF) code [39–41]. We
use the TZ2P (triple-ζ þ 2 polarization functions) basis
set provided by ADF. The ~k-space integrals are done
analytically using a Lehmann-Taut tetrahedron scheme
[42]. Sincewe do not include effects due to electron-phonon
coupling the spectra obtained with the above approach are
predictions of the optical spectra at low temperature where
electron-electron scattering dominates electron-phonon
scattering. For this reason we will compare our calculated
spectra with spectra measured at low temperature where
available.
In Fig. 1 we report the optical absorption spectra of

bulk silicon and bulk GaP obtained with our polarization
functional and compare it to the RPA spectra and to
experimental results obtained at low temperature (15 K).
Silicon and GaP are typical examples of materials for which
the RPA strongly underestimates the first peak which
appears in the experimental spectra around 3.4 (Si) and
3.8 eV (GaP). Our polarization functional solves this
problem by including the necessary excitonic effects and
the first peak compares well with experiment both in
position and magnitude. Overall, the spectra are very close
to experiment with the exception of the peak around 5.2 eV
in the spectrum of GaP, which is overestimated.
In Fig. 2 we show the optical absorption spectra of

solid argon and LiF obtained with our polarization
functional and compare it to the RPA spectra and to
experimental results. Solid argon and LiF are typical
materials that exhibit strongly bound excitons. We see
that these excitons which appear in the experimental
spectra around 12 eV (Ar) and 12.5 eV (LiF) are
completely absent in the RPA spectra. Our polarization
functional describes these bound excitons and also

accurately reproduces their position. The magnitude of
the peaks is overestimated with respect to experiment.
This discrepancy is probably due to electron-phonon
broadening in the experiments and to the fact that den-
sity-functional approaches tend to overestimate these peaks
[23,25]. Finally, we verify a posteriori that α given in
Eq. (12) is indeed a good approximation to Eq. (11) for
wide-gap insulators exhibiting a dominant bound exciton.
With Eq. (12) we obtain αLiF ¼ 8.9 and αAr ¼ 11.8, while
Eq. (11) gives αLiF ¼ 9.2 and αAr ¼ 12.2.
In Fig. 3 we report the optical absorption spectra of

diamond and copper obtained with the polarization func-
tional and compare it to the RPA spectra and to exper-
imental results. Diamond is another typical test case since
the RPA spectrum is quite different from the experimental
spectrum. Because of the absence of excitonic effects, the
RPA spectrum has too much weight at high energy. With
our polarization functional the spectral weight is shifted to
lower energy and we obtain a very good agreement with
experiment. While the RPA spectrum of copper accurately
reproduces the part of the spectrum that is due to interband
transitions, the Drude tail at low energy, which is due to
intraband transitions, is completely absent. Our polariza-
tion functional accurately describes the Drude tail while
maintaining good agreement for the interband part.
In conclusion, we presented the first fully parameter-free

density-functional approach that gives accurate optical
spectra for insulators, semiconductors, and metals alike.
Our approach is therefore truly predictive and due to its
numerical efficiency opens the way for the prediction of
optical spectra of large systems.

We thank Paul L. de Boeij, Lucia Reining, and Pina
Romaniello for fruitful discussions.

Note added.—A different approach was recently used to
obtain a static kernel similar to the one in Eq. (12) [50].
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FIG. 2 (color online). The optical absorption spectra of solid
argon and LiF. Solid line (black), polarization functional (PF);
dashed line (red), RPA; dotted line (blue), experiment from
Ref. [45] (Ar) and Ref. [46] (LiF).
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FIG. 3 (color online). The optical absorption spectra of dia-
mond and copper. Solid line (black), polarization functional (PF);
dashed line (red), RPA; dotted line (blue), experiment from
Ref. [47] (diamond) and Refs. [48] and [49] (Cu).
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Transition metal oxides  [M(H2O)6]n+ 

◆  Multireference ab initio study of ligand field d-d transitions in octahedral 
transition-metal oxide clusters, Yang Yang, M.A. Ratner, G.C. Schatz, J. Phys. 
Chem. (2014), 118, 29196 

◆  Multiconfigurational multireference methods (CASSCF, CASPT2, MRCI) 

◆  Good bond length 
◆  Good ligand-to-metal charge transfer energy 
 

 

 
Figure S1. The five active orbitals included in the CASSCF(5,5) calculation of [Fe(H2O)6]3+ (visualized 
using VMD, Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graphics 1996, 14, 33-38). 
 
 
 

 
Figure S2. The 3p and 3s orbitals added to the minimal (5,5) active space to make the (13,9) active 
space. 
 
 
 

  
Figure S3. The two metal-ligand bonding orbitals added to the minimal (5,5) active space to make 
the (9,7) active space. 
 
 
 

  
Figure S4. The 4p orbitals added to the minimal (5,5) active space to make the (5,8) active space. 
Note that these orbitals are substantially contaminated by 4f orbital contributions. 
 



Transition metal oxides  [M(H2O)6]n+ 

◆  Multireference ab initio study of ligand field d-d transitions in octahedral 
transition-metal oxide clusters, Yang Yang, M.A. Ratner, G.C. Schatz, J. Phys. 
Chem. (2014), 118, 29196 

 

 

methods that we use; therefore, a more detailed analysis that
includes vibronic effects is not warranted.

■ RESULTS AND DISCUSSION
Structures. Table 1 gives the calculated metal−ligand bond

lengths of all hexacoordinate ground-state complexes. Their
absorption spectra have been summarized in a book by
Jorgensen,17 and we note that the 3d shells range from d1 to d9,
with the d0 and d10 systems excluded because they have no d−d
transition. The Jorgensen results refer to experiments carried
out in solution and in other complex environments, including
solids, which are not described by our calculations. Correcting
the calculations for environmental effects is not straightforward
for the high-level methods that we have used, but fortunately,
these effects are not likely to be large for d−d transitions;
therefore, we will ignore this issue.
The experiments show that all complexes except [Co-

(H2O)6]
3+ have high-spin ground states.24 For [Co(H2O)6]

3+,
the six d electrons are paired in the three t2g orbitals in the
ground state. For comparison, [Fe(H2O)6]

2+ has four unpaired
electrons and one electron pair in its ground state. In principle,
no Jahn−Teller effect is expected for the ground states of the
d3, d5, d8, and low-spin d6 complexes. The symmetry of the
other complexes can be lowered by Jahn−Teller distortions;
indeed, the standard deviation (SD) of the six metal−ligand
bond lengths is a direct measure of this geometric distortion.
Table 1 shows that the d3, d5, d8, and low-spin d6 systems have
negligible SDs. Strictly speaking, distortion should occur for the
d1, d2, d7, and high-spin d6 systems; however, their SDs are
almost negligible. This is not surprising because the Jahn−
Teller effect induced by t2g orbitals is insignificant. The
pronounced Jahn−Teller effect for d4 and d9 complexes, due to
the odd number of electrons in the eg orbitals, is evidenced by
their large SDs. In these complexes, two of the metal−oxygen
bonds are considerably longer than the other four, and the
differences are as large as 0.2−0.3 Å. The Jahn−Teller effect
not only leads to structural distortion but also causes splitting
of electronic states and affects the absorption spectra. Further
details will be discussed later. The calculated bond lengths in
our monomeric clusters are consistent with previous results
concerning pure and doped hematite. For example, our
calculations indicate that the metal−oxygen bond lengths in
[M(H2O)6]

n+ are in the order Fe(III)−O ≈ Ti(III)−O <
Fe(II)−O. This is also the order found in doped hematite.5 In
an attempt to improve the water oxidation efficiency, both Ti
doping and oxygen vacancy techniques have been employed.49

Extended X-ray absorption fine structure (EXAFS) results
suggest an increased Fe−O bond length as a result of the
increase in oxygen vacancies, which improves photoelectro-
chemical cell (PEC) performance at an optimal concentra-
tion.49 The authors of that work proposed that the increased
bond length originates from the formation of a lower oxidation
state of Fe such as Fe(II). The authors further proposed that
too many oxygen vacancies may hinder further improvement in
performance because this can result in a strong distortion of the
crystal structure. These proposals are supported by our
calculations because the increase in Fe−O bond length is
considerable in going from [Fe(H2O)6]

3+ to [Fe(H2O)6]
2+.

[Fe(H2O)6]
3+ (d5). For the purpose of testing the basis set

effect, the d−d transition energies for [Fe(H2O)6]
3+ were

calculated using CASSCF(5,5) and various basis sets (Figure S1
in the Supporting Information). As indicated in Table 2, the
augmented triple-ζ basis set with added diffuse functions (aug-

cc-pVTZ, abbreviated as AVTZ) gives almost the same result as
the double-ζ basis set VDZ. Previous studies on Fe(II) and
Fe(III) (hydr)oxides also suggested that the double-ζ basis set
is as good as the triple-ζ basis set.50 While more extensive basis
sets may improve the quality of the results, they are not feasible
for the larger clusters of potential interest for future work.
Therefore, the VDZ basis set will be used throughout the rest
of the study.
For [Fe(H2O)6]

3+ and other complexes without or with
insignificant Jahn−Teller effects, the B1g, B2g, and B3g states are
exactly or almost degenerate. In this case, a CASPT2 or MRCI
calculation on the B1g state is good enough to represent the B1g,
B2g, and B3g states (T1g or T2g states within Oh symmetry). The
same strategy has been applied to the two exactly or almost
degenerate Ag states corresponding to Eg states within the Oh
point group.
In Tables 2−4, the B1g, B2g, and B3g states correspond to eg

→ t2g transitions in which an electron transitions from an eg
orbital to a t2g orbital to form an electron pair. The Ag states
correspond to the spin−flip of the t2g electrons. It can be seen
from Table 3 that the CASSCF(5,5) calculation significantly

overestimates the transition energies relative to the assigned
experimental results (i.e., ∼3.0 versus ∼1.5 eV). CASPT2(5,5)
and MRCI(5,5) lower the results by several tenths of an eV, but
the deviations from the experimental results are still at least 1.3
eV. This disagreement is surprisingly large for the methods
used even considering that the calculations have ignored
solvation effects. We also note that the deviation cannot be
explained by spin−orbit coupling. The effect of spin−orbit
coupling has been investigated using the Breit−Pauli
operator,51 and it was found that splittings calculated using
both CASSCF and MRCI wave functions are only several tens
of meVs. This is not surprising because small splittings have
been reported for many first-row transition-metal com-
plexes.35,52

To explore possible reasons for the overestimation, more
molecular orbitals have been added to expand the (5,5) active
space (Tables 3 and 4). Five unoccupied d orbitals were added
to account for the double shell effect, but neither CASSCF-
(5,10) nor CASPT2(5,10) leads to satisfactory improvement.

Table 2. Transition Energies for Fe(H2O)6
3+ Calculated

Using CASSCF(5,5) and Various Basis Sets (eV)

state VDZ AVDZ VTZ AVTZ
6Ag 0.00 0.00 0.00 0.00
4B1g/B2g/B3g 3.39 3.41 3.43 3.44
4B1g/B2g/B3g 4.03 4.05 4.07 4.07
4Ag 4.26 4.28 4.31 4.32
4Ag 4.29 4.31 4.33 4.34
4Ag 4.29 4.31 4.33 4.34

Table 3. Multireference d−d Transition Energies for
Fe(H2O)6

3+ (eV)

state CASPT2(5,5) CASPT2(5,10) MRCI(5,5) exp
6Ag 0.00 0.00 0.00 0.00
4B1g 2.89 2.85 3.02 1.56
4B1g n/a n/a 3.74 2.29
4Ag 3.78 3.80 4.08 3.01
4Ag 3.82 3.84 4.13 3.05
4Ag 3.82 3.84 4.13
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spin-allowed transitions for the d3 V(II) system. The first two
arise from the one-electron t2g → eg transition, and the third
arises from the two-electron transition. The shoulder peak
receives contributions from spin-forbidden transitions. Spin-
forbidden transitions may also contribute to the experimental
band at 2.29 eV.
[Cr(H2O)6]

3+ (d3). As with the above d3 system, our
calculations give three spin-allowed transitions and two spin-
forbidden ones (Table 13). The calculated spin-allowed

transition energies agree well with the experimental energies.17

In addition, two shoulder peaks have been observed in the
absorption spectrum.17 These peaks are uncertain because of
their low absorption strength. They may correspond to spin-
forbidden transitions and may also be caused by impurities. Our
calculations suggest that the observed peak at 2.60 eV is related
to spin-forbidden transitions, but the peak at 1.86 eV fails to
match our spin-forbidden results suitably.
[Mn(H2O)6]

2+ (d5). Mn(II) is isoelectronic with Fe(III) and
has no spin-allowed d−d transition. In particular, the bands for
[Mn(H2O)6]

2+ are so weak that the measurement had to be
performed in 10 cm cells.14 The extinction coefficients in
[Mn(H2O)6]

2+ are 1 order of magnitude smaller than those in
[Fe(H2O)6]

3+, whose d−d transitions are already spin-
forbidden.14 This creates substantial hindrance to the
unambiguous determination of the existence of an absorption
peak. Jorgensen has summarized six major peaks (2.34, 2.86,

3.09, 3.47, 3.69, and 4.09 eV) and one shoulder peak (3.14 eV)
in his book.17 In another work by him, the peak at ∼4 eV is not
listed.14 Also in this work, he cited a reference giving only four
peaks at 2.43, 3.09, 3.46, and 3.70 eV. The peak at 4.09 eV was
reported by Heidt et al., along with a peak at 5.06 eV.75 Our
calculations show fewer peaks than the experiments, and the
assignment is not unambiguous (Table 14). It appears that
CASPT2 gives the best match with experiment, properly
assigning four out of six peaks. However, in the CASPT2
results, the calculated transition energy of 2.91 eV may
correspond to three of the experimental peaks. Note that the
lowest d−d transition is around 3 eV, which is similar to what
we found for Fe(III).

[Fe(H2O)6]
2+ (d6). Fe(II) in this cluster is a high-spin d6

system. It has one spin-allowed transition and some spin-
forbidden transitions. In his book, Jorgensen assigned the spin-
allowed peak at 1.29 eV and spin-forbidden peaks at 2.45, 2.62,
2.75, and 3.21 eV.17 He also mentioned a shoulder peak at 1.79
eV. Our calculations suggest a small splitting for the spin-
allowed t2g → eg transition (Table 15). The calculated spin-
allowed transition energy is ∼0.45 eV lower than the
experimental value. With regard to the spin-forbidden
transitions, the calculated and experimental results agree very
well. No transition corresponding to the shoulder peak at 1.79
eV can be found in our calculated results.

[Co(H2O)6]
3+ (d6). Co(III) in this cluster is a low-spin d6

system. Information about its optical spectrum is scarce, and
only two spin-allowed peaks have been reported (2.06 and 3.09
eV).17 The CASPT2 calculation failed to converge for the
excited states in our calculations. For the lowest spin-allowed
excitation energy, the CASSCF and MRCI results are 0.6−0.7
eV smaller than the experimental value (Table 16). This is
slightly outside of the general accuracy of multireference
methods. The deviation in the second excitation energy is 0.4−
0.5 eV, which is on the large side of the deviation range.
Although the scarce spectral data may be an issue, it seems that
the computational performance for the low-spin complex is not
as satisfactory as that for the other complexes.

[Co(H2O)6]
2+ (d7). Jorgensen summarized five peaks in his

book, 1.02, 1.40, 1.98, 2.41, and 2.67 eV.17 The peak at 2.67 eV
is given as a shoulder of the peak at 2.41 eV.76 These two peaks
are overlapping, and the shoulder is not evident in the original
spectrum covering absorption ranging from 2 to 3 eV. As
pointed out by the author, the peak at 2.67 eV was not read
directly from the spectrum but was based on an assumption and
previous experience. It assumes that the absorption curves (the
extinction coefficient as a function of wavenumber) have a
simple Gaussian line shape and are consequently symmetric

Table 13. Calculated d−d Transition Energies for d3

[Cr(H2O)6]
3+ (eV)

state CASSCF(3,5) CASPT2(3,5)a MRCI(3,5) exp
4Ag 0.00 0.00 0.00 0.00
4B1g/B2g/B3g 1.69 1.77 1.79 2.16
4B1g/B2g/B3g 2.70 2.68 2.77 3.05
4B1g/B2g/B3g 4.36 4.28 4.42 4.69
2Ag 2.41 2.23 2.35 2.60
2Ag 2.41 2.23 2.35 2.60
2Ag 3.71
2Ag 4.50
2Ag 4.50
2B1g/B2g/B3g 2.54 2.35 2.47 2.60
2B1g/B2g/B3g 3.41
2B1g/B2g/B3g 4.07
2B1g/B2g/B3g 4.21
2B1g/B2g/B3g 4.94

aThe 4B1g states were determined individually.

Table 14. Calculated d−d Transition Energies for d5 [Mn(H2O)6]
2+ (eV)

state CASSCF(5,5) CASPT2(5,5) MRCI(5,5) exp
6Ag
4B1g/

4B2g/
4B3g 3.42 2.91 3.25 2.34, 2.86, 3.09

4B1g/
4B2g/

4B3g 3.77 3.39 3.66 3.47
4B1g/

4B2g/
4B3g 4.67 4.22 4.45 4.09

4B1g/
4B2g/

4B3g 4.92 4.62 4.76
4Ag 3.88 3.67 3.81 3.69
4Ag 3.88 3.67 3.81 3.69
4Ag 3.89 3.68 3.82 3.69
4Ag 4.86 4.49 4.67
4Ag 4.86 4.49 4.67

The Journal of Physical Chemistry C Article
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Ruby : Cr3+ in Al2O3 



Optical spectra of ruby 
◆  First-principles calculation of ground and  excited-state absorption spectra of 

ruby and alexandrite considering lattice relaxation, S. Watanabe, T. Sasaki, R. 
Taniguchi,  T. Ishii, K. Ogasawara, Phys. Rev. B (2009), 79, 075109 

 

 

each bond length was in reasonable agreement with experi-
mental values. The slight difference from the theoretical re-
sults of Refs. 14 and 15 arose from a difference in calcula-
tion conditions. The pseudopotential type was significantly
different, as we adopted the ultrasoft pseudopotentials
throughout this work instead of the norm-conserving pseudo-
potentials used in Refs. 14 and 15. In addition, the optimiza-
tion range also affected the slight difference in calculated
bond lengths.

Cr-O bond lengths in alexandrite have not been reported
to our knowledge, neither from experiment nor estimated by
DFT calculation. However, since the chemical bond proper-
ties of Al-O bonds in BeAl2O4 are similar to those in
!-Al2O3 even though BeAl2O4 contains Be-centered
tetrahedra,34 we expected the optimized structure to be in
reasonable agreement with the true local structure in alexan-
drite. For confirmation, we also calculated the relaxation
around Cr at the Ci site using a 21-atom optimization model.
After optimization, Ci symmetry was preserved and the three
types of Cr-O bond lengths changed from 1.861, 1.892, and
1.917 Å to 1.923, 1.948, and 1.959 Å. These displacement
magnitudes are similar to those of the Cs site.

For ruby, although the calculated Cr-O bond lengths by
seven-atom optimization were underestimated, the calculated
Cr-O bond lengths by 11-atom and 20-atom optimizations
were almost the same and in reasonable agreement with ex-
perimental values.14

For alexandrite, on the other hand, the calculated Cr-O
bond lengths by seven-atom and 21-atom optimizations were
similar. This is probably because of the smaller effect of
lattice relaxation of second-nearest-neighbor Al atoms in al-
exandrite than in ruby due to longer Cr-Al distances.

B. Multiplet energy levels and absorption spectra of ruby

In order to confirm the accuracy of estimated structures
and investigate the range of lattice relaxation effects, we cal-
culated the GSA and ESA spectra from the 2E state as well as
the multiplet energy levels by first-principles CI method us-
ing the optimized ruby structures. Figure 3 shows calculated

TABLE IV. Theoretical and experimental distances between at-
oms of alexandrite. !a" The experimental distances between the cen-
tral Al and surrounding atoms in pure BeAl2O4 !Ref. 28". !b" The
theoretical distances between the central Al and surrounding atoms
in pure BeAl2O4. !c" The theoretical distances between the central
Cr and surrounding atoms in ruby by seven-atom relaxation model.
!d" The theoretical distances between the central Cr and surround-
ing atoms in ruby by 21-atom relaxation model.

!a"a !b" !c" !d"

Al-O1 !Å" 1.862 1.839 Cr-O1 !Å" 1.915 1.922
Al-O2 !Å" 1.894 1.868 Cr-O2 !Å" 1.946 1.953
Al-O3 !Å" 1.941 1.924 Cr-O3 !Å" 1.971 1.978
Al-O4 !Å" 2.017 2.019 Cr-O4 !Å" 2.034 2.037
Al-Al1 !Å" 3.382 3.368 Cr-Al1 !Å" 3.390
Al-Al2 !Å" 3.548 3.533 Cr-Al2 !Å" 3.547
Al-Al3 !Å" 3.354 3.333 Cr-Al3 !Å" 3.386
Al-Al4 !Å" 2.911 2.892 Cr-Al4 !Å" 2.870
Al-Al5 !Å" 3.548 3.533 Cr-Al5 !Å" 3.531
Al-Be1 !Å" 2.580 2.581 Cr-Be1 !Å" 2.540
Al-Be2 !Å" 3.005 2.990 Cr-Be2 !Å" 3.004
Al-Be3 !Å" 3.025 2.990 Cr-Be3 !Å" 3.049
Al-Be4 !Å" 3.024 3.004 Cr-Be4 !Å" 3.038

aReference 28.
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FIG. 3. !Color" Theoretical and experimental GSA !solid line"
and ESA from the 2E !dashed line" spectra of ruby. The red and blue
lines represent E!c and E #c spectra, respectively. !a" The theoret-
ical GSA and ESA spectra without lattice relaxation. !b" The theo-
retical GSA and ESA by seven-atom relaxation model. !c" The the-
oretical GSA and ESA spectra by 11-atom relaxation model. !d" The
theoretical GSA and ESA spectra by 20-atom relaxation model. !e"
The experimental GSA and ESA spectra !Ref. 35".
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In the theoretical spectra from the seven-atom relaxation
model, in which the lattice relaxation of the central Cr and
nearest six O atoms were considered, although the theoretical
spectra were basically the same, the U band to Y band inten-
sity ratio was slightly improved. On the other hand, in the
theoretical spectra from the 11-atom and 20-atom relaxation
models, the absolute peak energies, the intensity ratio of U
band to Y band, and the overall structure of ESA were all
improved and are in good agreement with the experimental
results. In addition, the order of the cross section of absorp-
tion intensity was also reasonably well reproduced by the
first-principles CI calculation.

We could not find a clear difference between the 11-atom
and 20-atom relaxation models. Thus, we concluded that the
absolute multiplet energy and overall structure of absorption

spectra were in good agreement with the experimental values
when using the 11-atom lattice relaxation, which considered
the lattice relaxation of the doped Cr atom, the nearest six O
atoms, and the nearest four Al atoms. As mentioned above,
this conclusion is consistent with the results of lattice relax-
ation estimation by first-principles calculation.

Finally, the experimental spectrum exhibited peaks at ca.
4 and 5.5 eV, which were not present in the theoretical spec-
tra. We presume that the peak at 4 eV originated from some
sort of contamination because there was no peak at 4 eV in
the previous experimental spectra reported by McClure.36 On
the other hand, the peak at 5.5 eV was attributed to the
charge-transfer state in that experiment.36 Since we did not
consider the CT state in the present calculation, the peak at
5.5 eV is not present in our theoretical calculations.

C. Multiplet energy levels and absorption spectra of alexandrite

We also calculated the GSA and ESA spectra and multi-
plet energy levels by a first-principles CI method using the
optimized structures for alexandrite. Since the space group of
the chrysoberyl is Pnma, three independent absorption spec-
tra were observed. Figure 4 shows the calculated GSA and
ESA spectra and multiplet energy levels for alexandrite. The
multiplet energy levels corresponding to the GSA and ESA
from 2E are also listed in Tables VII and VIII, respectively.
The experimental GSA and ESA spectra are also shown in
panel !d".37 The experimental spectra of alexandrite cannot
be divided into GSA and ESA, so both spectra were drawn as
solid lines. On the other hand, in the theoretical spectra, the
solid line and dashed lines represent the GSA and ESA spec-
tra, respectively. As in the ruby results, the ESA spectra were
shifted to set their origin at the position of the 2E state for
easy comparison between the energy levels and the spectra.
The origin of each transition is similar to those of ruby, and
these attributions are also listed in Tables VII and VIII.

Panel !a" shows the calculated GSA and ESA spectra
without lattice relaxation. For alexandrite, theoretical absorp-
tion spectra reasonably reproduced experimental ones, even
when the lattice relaxation was not considered. However,
there were a few minor differences between the experimental
and theoretical spectra. The polarization dependence of the U
band was not well reproduced. The intensity of the E #a spec-
trum was stronger than that of the E #c spectrum in the the-
oretical calculations, however, the opposite relationship was
observed in the experimental U band. The peak energy of the
Y band in the E #c spectrum was slightly overestimated in the
theoretical spectra. Also, the polarization dependence of the
ESA did not reproduce the experimental ESA spectra, where
the relative intensities of E #a and E #c of the first ESA peak
were opposite. As with ruby, these differences originate from
underestimation of the Cr-O bond length.

Therefore, we also calculated the GSA and ESA spectra
and multiplet structure of alexandrite using the optimized
structures. The calculated spectra and multiplet energy levels
are shown in Fig. 4. Panels !b" and !c" show the theoretical
absorption spectra and multiplet energy levels resulting from
consideration of the relaxation of seven atoms and 21 atoms
by first-principles calculation, respectively. Theoretical spec-
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FIG. 4. !Color" Theoretical and experimental GSA and ESA
from the 2E spectra of alexandrite. The red, green, and blue lines
represent E #a, E #b, and E #c spectra, respectively. For theoretical
spectra, the solid and dashed lines represent the GSA and ESA,
respectively. !a" The theoretical GSA and ESA spectra without lat-
tice relaxation. !b" The theoretical GSA and ESA spectra by seven-
atom relaxation model. !c" The theoretical GSA and ESA spectra by
21-atom relaxation model. !d" The experimental GSA and ESA
spectra !Ref. 37".
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Further calculations 
◆  Comparative study of absorption spectra of V2+, Cr3+, and Mn4+ in α-Al2O3 based on first-principles 

configuration-interaction calculations, M. Novita and K. Ogasawara, J. Phys. Soc. Japan (2012) 81 
104709 + 4 other papers until 2016 

◆  Intra- and inter-atomic optical transitions of Fe, Co, and Ni ferrocyanides studied using first-
principles many-electron calculations, S. Watanabe, Y. Sawada, M. Nakaya, M. Yoshino, T. Nagasaki, 
T. Kamemaya, T. Torimoto, Y. Inaba, H. Takahashi, K. Takeshita, J. Once, J. Appl. Phys. (2016) 119 
235102 

 

 

important to a rigorous estimation of the charge-transfer
states between transition metals, because the transition met-
als in ferrocyanides are cross-linked via CN!. However,
since the electrons and orbitals of the ligands could not be
explicitly treated as the active space because of computa-
tional costs, it is hard to consider the electron-correlation
effects between transition metals and ligands at the present
time. It is concern that inclusion of these effects would
improve the agreement between calculated and experimental
absorption spectra. These large-sized calculations are now
challenging issues but may be realized in near feature.

In order to assign the individual peaks of the theoretical
absorption spectrum, configuration analysis of the many-
electron wave functions was performed. Fig. 7 shows both the
oscillator strengths of the transitions from the lowest state and
the configuration compositions for each level, together with
the corresponding electronic configurations. It is noted that
the electronic configurations only relevant to the absorption in
the visible region are shown in Fig. 7. The Fe-3d levels split
into the t2g and eg from the lower level according to the irre-
ducible representations of Oh symmetry. The main component
for the GS was the (Fe2þt2g)6(Fe2þeg)0(Fe3þt2g)3(Fe3þeg)2

configuration with contribution of the (Fe2þt2g)5(Fe2þeg)0

(Fe3þt2g)
4(Fe3þeg)2 configuration. This result indicates that

the Fe2þ and Fe3þ are LS and HS states for their GSs, respec-
tively. The intense absorption band in the visible region
corresponds to the transitions from the GS to the
(Fe2þt2g)

6(Fe2þeg)0(Fe3þt2g)
4(Fe3þeg)1, (Fe2þt2g)5(Fe2þeg)0

(Fe3þt2g)
4(Fe3þeg)

2, and (Fe2þt2g)
4(Fe2þeg)

0(Fe3þt2g)
5(Fe3þeg)

2

configurations, which correspond to the 3d–3d intra-
transitions of Fe3þ ions, the Fe2þ-Fe3þ CT transitions, and
the two-electron CT excitation states based on a shake-up

process, respectively. This indicates that the intense absorp-
tion band in the visible region can be attributed not only to
the CT transitions from Fe2þ to Fe3þ ions and but also to the
3d–3d intra-transitions of Fe3þ ions. In addition, the energy
difference of the spin-crossover for Fe3þ ions was estimated
to be ca. 0.24 eV, corresponding to the transitions from the
GS (Fe2þt2g)6(Fe2þeg)0(Fe3þt2g)3(Fe3þeg)2 configuration to
the (Fe2þt2g)6(Fe2þeg)0 (Fe3þt2g)5(Fe3þeg)0 configuration.

Figure 8 shows the comparison between the experimen-
tal (top) and theoretical (bottom) absorption spectra for
CoFC. In the theoretical spectrum, the oscillator strengths of
the absorption peaks are also shown in Fig. 8. The overall
features of the theoretical absorption spectrum well repro-
duced the experimental spectrum, although the absolute mul-
tiplet energy levels were overestimated by ca. 1.5–2.0 eV, in
a similar manner to the results of FeFC shown in Fig. 6. As
shown in Fig. 9, the main component for the GS was the
(Fe2þt2g)6(Fe2þeg)0(Co3þt2g)6(Co3þeg)0 configuration. This
result indicates that Fe2þ and Co3þ ions have both LS
states for their GSs. The intense absorption band in the
visible region is due to the transitions from the GS to
the (Fe2þt2g)5(Fe2þeg)1(Co3þt2g)6(Co3þeg)0 configuration,
which corresponds to the 3d–3d intra-transitions of Fe2þ

ions. This result is completely different from that of FeFC.
Because the components of the CT states for the GS are
practically negligible, the Fe2þ-Co3þ CT transitions cannot
be observed. These results are quite different from those of
DFT calculations. The results of many-electron calculations
indicate that the CT transitions between Fe2þ and Co3þ are
located at higher energy region.

Finally, we discuss the optical transitions for NiFC.
Figure 10 shows the experimental (top) and theoretical (bot-
tom) absorption spectra for NiFC. In the theoretical spec-
trum, the oscillator strengths of the absorption peaks are also
shown in Fig. 10. The theoretical spectra reasonably repro-
duce the experimental one, and the energy error by ca.
1.5–2.0 eV shows the same tendency as for the other two
MFCs. As shown in Fig. 11, the configuration analysis indi-
cates that the optical transitions of NiFC are more compli-
cated than those of FeFC and CoFC. The GS mainly consists
of the (Fe2þt2g)6(Fe2þeg)0(Ni3þt2g)6(Ni3þeg)1 configuration,
which corresponds to a LS state for both Fe2þ and Ni3þ ions.
The origins of the absorption peaks are different in lower
and higher energy regions. The main components of the
peaks in a lower energy region less than ca. 5 eV were both
the (Fe2þt2g)6(Fe2þeg)0(Ni3þt2g)5(Ni3þeg)2 and (Fe2þt2g)6

(Fe2þeg)0(Ni3þt2g)4(Ni3þeg)3 configurations, which corre-
spond to the 3d–3d intra-transitions of Ni3þ ions.
Furthermore, these transitions can be attributed to the spin
crossover transitions of Ni3þ ions. On the other hand, the
main components of the absorption peaks in a higher
energy region larger than ca. 5 eV were both the
(Fe2þt2g)5(Fe2þeg)1(Ni3þt2g)6(Ni3þeg)1 and (Fe2þt2g)5

(Fe2þeg)0(Ni3þt2g)6(Ni3þeg)2 configurations, which corre-
spond to the Fe2þ 3d–3d intra-transitions and the CT transi-
tions from Fe2þ to Ni3þ, respectively. These results are
unique for NiFC. Because of these complicated origins of
the optical transitions for NiFC, it is hard to assign the

FIG. 6. Comparison between the experimental (a) and theoretical (b) absorp-
tion spectra of FeFC.

235102-6 Watanabe et al. J. Appl. Phys. 119, 235102 (2016)

The theoretical spectra of !-Al2O3:V2þ using the t2g3eg0

(GS) MOs and t2g2:5eg0:5 MOs, in which the TM 3d
composition is less than 50%, are far from the experi-
mental spectra, where the peak energies are significantly
overestimated, and U- and Y-band are not well separated.
The theoretical spectra of !-Al2O3:V2þ using the other
MOs produced reasonable theoretical spectra although the
peak energies are still somewhat overestimated. Consider-
ing that the intermediate configuration (IC) t2g1:5eg1:5 is the
average of all possible configurations, it would be reason-

able to calculate the absorption spectra using the MOs
obtained in this configuration. This is confirmed by the
results of V2þ in Fig. 3, where the spectrum using
intermediate configuration MOs is in the best agreement
with the experimental one. In the cases of Cr3þ and Mn4þ,
the effect of orbital-relaxation is quite small and the
theoretical spectra are almost independent of the config-
urations used for the calculation of the MOs except the
slight change in the anisotropy of the U-band for
!-Al2O3:Cr3þ.

Fig. 3. (Color online) Theoretical spectra for the (VAl14O48)52", (CrAl14O48)51", and (MnAl14O48)50" cluster models without LR effect using MOs
corresponding to t2g3eg0 (GS), t2g2:5eg0:5, t2g2eg1, t2g1:5eg1:5 (IC), and t2g1eg2.

(a) (b)

Fig. 4. (Color online) MO energy levels in the ground-state calculated using the VAl14O48
52", CrAl14O48

51", and MnAl14O48
50" clusters: (a) without LR

effect and (b) with LR effect.

M. NOVITA and K. OGASAWARAJ. Phys. Soc. Jpn. 81 (2012) 104709 FULL PAPERS

104709-4 #2012 The Physical Society of Japan

J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by University Pierre et Marie Curie on 12/05/17



Outline 
 

◆ Colours 
◆ State of the art 
◆ Why is it difficult? 
◆ Do you need to be a superhero? 



Ruby and emerald 

◆ Chromium in alumina 
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◆  Transitions in the range 1.8 eV to 3 eV:  
•  Accuracy in the 10 meV range 
•  No low-energy effective Hamiltonian like in magnetism 

◆  3d orbitals are localized 
•  Strong interaction (many-body techniques) 
•  Strong excitonic (electron-hole) interaction (Bethe-Salpeter) 
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•  Green function techniques are not applicable 
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◆  Calculated optical absorption spectra of Ni2+-bearing compounds, S. Rossano, 

C. B., Phys. Chem. Min. (2000) 27 170 
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1F:

•  Peak positions are correct 
•  Peak intensities are wrong 



 
 Selection rules 

 

◆  3d-3d dipole transitions are forbidden 
◆  In non-centrosymmetric sites, d and p states can mix by 

interacting with the ligands and dipole transitions are 
allowed 

◆  In centrosymmetric sites, dipole transitions are still 
forbidden and transitions are allowed by vibrations 

◆  Vibrations play a rôle in the width of the peaks 
◆  Electron-phonon coupling 



Outline 
 

◆ Colours 
◆ State of the art 
◆ Why is it difficult? 
◆ Do you need to be a superhero? 



 
 Do you need to be a superhero? 

Monica Rambeau alias Photon alias Spectrum alias Captain Marvel 



 
 The roads to progress 

 
◆  Energies 

•  TDDFT with improved kernel 
•  Multiplet approach with improved effective potential 
•  Many-body Green function techniques for quasi-degenerate systems 

◆  Intensities  
•  Taking vibrations into account 

◆  Spectral shapes 
•  Taking vibrations into account 
•  Inelastic effects 

◆  First-order effect 



 

 

 

 

 

 

 

 

    

 

       

 

   

 

         

FOR YOUR ATTENTION 



La mesure de l’absorption 

I0 I1 

Coefficient d’absorption : σ = log(I0/I1) 
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Couleur du sang 



Calcul de la couleur du sang 
◆  Nakatsuji et al. Chem. Phys. 

Lett. 256 (1996) 220 
◆  Orbitales symétrisées et 

configuration d ’interaction 
◆  Symétrie Cs 
◆  48 atomes, 236 électrons 
◆  92350 états de symétrie A’ 
◆  120182 états de symétrie A” 



Couleur de l’herbe 



Calcul de la couleur de l’herbe 
◆  Hasegawa et al. J. Phys. 

Chem. 102 (1998) 1320 
◆  Orbitales symétrisées et 

configuration d’interaction 
◆  Symétrie C1 
◆  24971 états (fondamental) 
◆  71422 états (excité) 



La couleur des minéraux 



Couleur de la fayalite Fe2SiO4 

O.V. Krasovska et al., Am. Min. 
82 (1997) 672 



Cr3+ (3d3) configuration t2g3 



Hamiltonien effectif 
◆ Regardez le tableau 
◆ Ecoutez le monsieur 



Cr3+ (3d3) terme 4F 



Calculs perturbatifs 
◆  Kristine Pierloot (2006) 
◆  CASPT2 (complete active space with second order 

perturbation theory) 
◆  La fonction de l’espace actif + les excitations simples et 

doubles. 
◆  FeX6, avec X=H2O et X=NH3  
◆  Pour une précision de 1000 cm-1, il faut aller jusqu’aux 

orbitales h sur le fer et aux orbitales f sur le ligand -> 
énorme calcul 

◆  The above conclusions may sound discouraging 



Excitation triplet-singulet 

◆  Deux orbitales, deux spins, 4 états 
◆  4 états |↑↑〉, |↑↓〉, |↓↑〉 et |↓↓〉 
◆  Déterminants de Slater 
◆  〈↑↑|H |↑↑〉= 〈↓↓|H |↓↓〉=J-K 
◆  〈↑↓|H |↑↓〉= 〈↓↑|H |↓↑〉=J 
◆  Energie du triplet: ET=J-K 
◆  Energie du singlet: ES=J+K 
◆  ES=2 〈↑↓|H |↑↓〉 - 〈↑↑|H |↑↑〉 
 



Fitter les multiplets: méthode 

◆  Ziegler et al. Theor. Chim. Acta (1977) 
◆  Daul (1993 - 2004), Moreno (1999-2008) 
◆  Exemple e2. Les orbitales e sont α et β. 

E(1A1)=A+8B+4C+2εe=4E(α+α-)/3 - E(α+β+)/3 
E(3A2)=A-8B+2εe=E(α+β+) 
E(1E)=A+2C+2εe=2E(α+α-)/3 + E(α+β+)/3 

◆  Calcul SCF sur une molécule avec occupation 
1/10 de chaque obitale d 

◆  Calcul des énergies DFT des énergies des 
configurations 

◆  Fit des paramètres A, B, C, εe et εt2 
 



Fitter les multiplets: résultats 

◆  Garcia-Lastra et al. Phys. Rev. B 78, 085117 (2008) 
◆  Accord pour 10Dq 

Emeraude : 15739 cm-1 (théo) - 16130 cm-1 (exp)  
Spinelle : 20627 cm-1 (théo) - 18520 cm-1 (exp)  
Rubis : 18179 cm-1 (théo) - 18070 cm-1 (exp)  

◆  Il est important d’avoir la bonne structure locale 
◆  Le champ de Madelung doit être pris en compte 
◆  Pas de calcul de l’intensité des transitions 



Effet néphélauxétique 

◆  La répulsion coulombienne n’est pas la même 
dans les orbitales e et t2. 

◆  Vision DFT: Fazzio, Caldas, Zunger (1984) 
◆  Watanabe, Kamimura (1987) 
◆  Ogasawara et al. (1998-2004) 



Conclusion 

◆  Premier calcul ab initio convaincant 
◆  Mais fondement théorique fragile 

§  double-counting de la corrélation 
§  prise en compte très approximative de l’influence des 

autres électrons 
§  erreur sur l’intensité 
§  réduction assez arbitraire des interaction electron-

electron 
◆  Spectre nul pour un système centrosymétrique 



Perspective 
 
◆  Traiter les systèmes centrosymétriques 

§  renir compte du couple électron-phonon 
§  commencer par un calcul en absorption X 

◆  Améliorer le hamiltonien effectif 
§  traiter le solide (et plus une molécule) 
§  améliorer le calcul du potentiel dû aux autres électrons 
§  améliorer le traitement de l’interaction électron-électron 

écrantée 
◆  Tenir compte des effets de champ local 


