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Abstract
Perovskite quantum dots (QDs) are attractive semiconducting materials for large-scale and low-cost optoelectronic
devices owing to their size-tunable bandgap, high photoluminescence quantum yield, and outstanding charge transport.
Comprehending/understanding their fundamental photo-physical properties is of significant applied importance. However,
first-principles theoretical studies elucidating their optical features are relatively less explored. In this study, we investigate
the optical characteristics of CH3NH3PbX3 (X = I, Br, Cl) perovskite QDs having sizes below the Bohr exciton radius. We
base our calculations on the linear combination of atomic orbitals (LCAO) real-time-propagation rt-TDDFT technique. Our
results underline the strong collectivity in the optical excitations, ascertained using the decomposition weight of the electron-
hole transition via transition contribution maps. We also demonstrate an appealing route to tune the optical excitations
subject to an external electric field. The results presented in this work will contribute to enhancing our understanding of the
optical properties of perovskite QDs.
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Introduction

Hybrid organic-inorganic halide perovskites, with the
representative system methylammonium lead iodide
(CH3NH3PbI3), have shown surging research interest over
the last few years as low-cost solution-processed mate-
rials with promising applications in photovoltaics [1–8],
photocatalysis [9–11], light-emitting diodes [12–19], and
thermoelectrics [20], to list a few. They feature the chem-
ical formula of ABX3, where A and B are monovalent
and divalent cations, respectively, and X is a monovalent
halide anion. The B cation (typically Pb or Sn), occupy
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the central site of an octahedron formed by six halide
ions and a cation A, typically methylammonium (MA) or
formamidinium (FA), located between the octahedra. Ele-
ments of the success of these materials can be associated
with their flexibility in composition (different combina-
tions of cations and anions) and morphology [21–24]. For
instance, thin films of CH3NH3PbX3 (X = Cl, Br, I) yield
tunable emission spectra: Cl (410 nm) −→ Br (530 nm)
−→ I (780 nm). The majority of the research on halide
perovskites are focused on their bulk materials. However,
recently, their low-dimensional forms such as quantum dots
(QDs) has been synthesized [25–36]. QDs allow facile and
scalable manufacturing with wide spectral tunability and
yield strong prospects for applications in flexible displays,
photovoltaics, lasers, and quantum computers [37–40].
Importantly, QDs yield spatial confinement of charge car-
riers [41, 42], enhancing the radiative recombination rates,
which is the key advantage of QDs over films for opto-
electronic applications. Despite a large amount of literature
on the synthesis/fabrication of perovskite QDs, there is a
limited number of first-principles theoretical studies elu-
cidating their optical characteristics. Given the increasing
variety of QDs, elucidating their optical properties via
first-principles calculations is vital and contribute a step
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towards tailor-made perovskite QDs with desired optical
properties.

The light absorption properties of nano-objects such as
QDs are highly sensitive to their geometry and the chemical
composition, and can dramatically vary with respect to
their bulk counterparts. From a theoretical perspective, this
problem can be solved using a classical electrodynamics
framework based on Maxwell’s equations [43–48]. Despite
the successful application of the abovementioned technique
to elucidate the optical properties of a vast number of nano-
objects, it is classical, and it cannot describe accurately the
quantum mechanical effects such as fine-size effects [49–
51], non-locality [52, 53] effects appearing in nano-objects
smaller than approximately 10 nm. In fact, even quasi
quantum mechanical techniques, such as the hydrodynamic
model, may not be useful for quantitative predictions [54].
A way to solve this problem is to use a fully quantum
mechanical framework such as the Time Dependent Density
Functional Theory (TDDFT) [55–58]. It is a parameter-free
framework (as far as the potential acting on the valence
electrons is known) that will automatically take into account
quantum mechanical effects as mentioned earlier directly
and accurately. TDDFT has been implemented in both the
frequency and time domain. TDDFT in the linear-response
regime (lr-TDDFT) is often formulated in frequency space
[59] in terms of the Casida matrix expressed in the Kohn-
Sham electron-hole space [60–62]. The second method, the
real-time-propagation formulation of TDDFT (rt-TDDFT)
is based on integrating the time-dependent Kohn-Sham
equations in time [63–65]. While lr-TDDFT is limited to
the weak perturbation field to meet the requirement of the
linear-response approximation, rt-TDDFT allows one to
capture the effects of external fields both in the weak and
strong interaction regimes [66, 67].

In this article, using the state-of-the-art rt-TDDFT
calculations, we address some of the lingering fundamental
questions about the nature of optical excitations in small
perovskite QDs, in particular, optical modulations as a
function of the composition and external electric field. To
this aim, we modeled and simulated perovskite QDs with
an average size of 1.40 nm and a total of 39 atoms. It is
a widely acknowledged fact that in order for the structure
to be considered a QD, its average size must be below 2
rB, where rB is the exciton Bohr radius. The Bohr radii for
MAPbBr3 and MAPbI3, for instance, are 2.0 nm and 2.2 nm,
respectively. Generally, the perovskite QDs explored have a
diameter below 10 nm, with a general average size of 3.0
nm, and some of them even less than 1.8 nm [68–70]. We
hope that the results of our theoretical study may contribute
to the improvement of our understanding of the perovskite
QDs optical properties that are of paramount importance
for novel photovoltaic and photo-catalytic applications. The
rest of this paper is organized as follows. First, we describe

the systems we modeled and the simulations methods
employed. We show our results and discuss them in the next
section, addressing the absorption spectra and the transition
contribution maps. The conclusions and outlook section
closes the paper.

Model and Computational Aspects

All the results presented in this paper are obtained from
the LCAO-rt-TDDFT technique [71–74] as implemented in
the open-source real-space grid-based GPAW (version 1.40)
software with the help of the atomic simulation environment
(ASE) package [75]. This code is equipped with a number
of post-processing tools [76] including the transition
contribution map (TCM) [77], allowing the absorption
spectrum to be decomposed into contributions from discrete
electron-hole transitions with apparent relative weights [76,
77]. TCM is a useful visualization tool where a certain
absorption peak arises from the superposition of multiple
electron-hole transitions. Typically, the decomposition is
represented as a two-dimensional plot with the energy
of the unoccupied (occupied) given on the vertical
(horizontal) axes of TCM. The distinct electron-hole
transitions are indicated by spots on the TCM with an
intensity proportional to the Kohn-Sham decomposition
weight of the electron-hole transition [76]. The red (blue)
illumination of the spots depicts the positive (negative)
sign of the absorption decomposition of the electron-
hole transition. More information regarding TCM plot can
found in Ref. [76]. Besides, during the LCAO-rt-TDDFT
simulations, the electron wavefunctions are evolved after a
small external electric δ-pulse applied along the z-axis. The
quantities of interest such as the time-dependent induced
electron density, the time-dependent dipole moment, and
the absorption spectrum can be determined. In the present
work, we simulated the QD absorption spectrum with a
Gaussian broadening of σ = 0.10 eV. We used a time
step of 10 attoseconds and a total propagation time of 40
femtoseconds. We employed the B3LYP hybrid exchange-
correlation functional [78], and the interaction between
the ionic cores and the valence electrons are treated by
the projector-augmented wave method (PAW) [79]. The
pseudo wavefunctions are computed in real space with a
grid spacing of 0.2 Å and the electron density and potentials
are evaluated on a 0.15 Å grid. The QDs are surrounded
by at least 10 Å of vacuum. We first subject the QDs to
completely unconstrained structural optimization with the
Broyden-Fletcher-Goldfarb-Shanno energy minimization
algorithm as implemented in the ASE package. The
minimization uses energies and forces calculated with
DFT subjected to strict convergence conditions (SCF
convergence: 10−8, gradient convergence: 10−6, and energy
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convergence: 10−6). Further, we incorporate the external
electric field (up to ±0.20 V/m) to the Hamiltonian [73] to
a representative cluster.

Results and Discussion

We start by analyzing the optical absorption spectra of
CH3NH3PbX3 (X = Cl, Br, I) QDs in Fig. 1. The
first conclusion from these results is that, as we move
from Cl −→ Br −→ I, the absorption onset blue-shifts
systematically. We judge that it is a direct consequence
of the increasing bandgap value, see the density of states
(DOS) plots given in the right panel of Fig. 1. Furthermore,
the calculated results are found to be in excellent qualitative
agreement with the previous results on closely related
fully inorganic CsPbX3 (X = Cl, Br, I) perovskite QDs
[27, 80]. Let us now proceed to analyze/discuss the
absorption features of individual QDs separately starting
from CH3NH3PbCl3 QD. The absorption spectrum displays
four clear features at 4.32 eV, 4.70 eV, 5.40 eV, and 6.45
eV. The peak at 5.40 eV shows the highest absorption
intensity (total absorption value of 9.40 eV−1) followed
by the peak centered at 4.32 eV (total absorption value of
3.34 eV−1). All the peaks as mentioned earlier are formed
as a superposition of multiple electron-hole excitations.
For example, the peak centered at 4.32 eV (5.40 eV)
is composed of 13 (31) electron-hole excitations (see
Supporting Information). Upon moving to CH3NH3PbBr3

QD, one finds systematic

variations in the absorption profile. In particular,
absorption peaks blue-shifts at least 0.30 eV in comparison
with the similar peaks of CH3NH3PbCl3 QD. Also, one
finds that CH3NH3PbBr3 QD exhibits four absorption
peaks at 4.60 eV, 5.0 eV, 5.72 eV, 6.80 eV in the
absorption interval between 4.0 and 7.0 eV. The peak
centered at 5.72 eV yields the highest absorption intensity
(total absorption value of 9.81 eV−1), and it is composed
of 28 discrete electron-hole transitions (see Supporting
Information). Dramatic spectral modulations emerge upon
moving to CH3NH3PbI3 QD, see Fig. 1. It is characterized
by two pronounced/focused peaks centered at 4.93 eV
(total absorption value of 10.11 eV−1) and 6.09 eV
(total absorption value of 10.24 eV−1). These peaks are
composed of 19 (20) discrete electron-hole transitions,
see Supporting Information. The results shown in Fig. 1
manifest prominently that the intensity of the absorption
peaks grows with the increasing size of the halide atoms:
Cl −→ Br −→ I. The electronic structure via projected
DOS (see right panel of Fig. 1) provides further information
regarding the dominant states contributing to the absorption
peaks. Note that the valence band maxima is dominated
by the halide p-states, and the conduction band minima
is formed by the overlap of the halide p-states and Pb p-
states. This result is in good agreement with the previous
theoretical [81] and experimental findings [27].

A detailed quantum mechanical insight into the main
absorption peaks (obtained in Fig. 1) can be gained
by inspecting the Kohn-Sham electron-hole transition
contributions maps, see Fig. 2. This visualization tool is

0

5

10

15

A
bs

or
pt

io
n

(1
/e

V
)

4.0 4.5 5.0 5.5 6.0 6.5

Energy (eV)

CH3NH3PbCl 3
CH3NH3PbBr 3
CH3NH3PbI3

Cl

Br

I

0

10

20

30
Total
Cl (p)
Pb (p)

0

10

20

30
Total
Br (p)
Pb (p)

-4 -3 -2 -1 0 1 2
0

10

20

30
Total
Pb (p)
I (p)

D
en

si
ty

 o
f 

st
at

es
 (

1/
eV

)

Energy (eV)

CH3NH3PbCl3

CH3NH3PbBr3

CH3NH3PbI3

Fig. 1 Left: TDDFT calculated optical absorption spectra of CH3NH3PbX3 (X = Cl, Br, I) QDs in the spectral range of 4.0 to 7.0 eV. Right:
Electronic structure via density of states
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CH3NH3PbCl3 at 5.40 eV

CH3NH3PbBr3 at 4.60 eV

CH3NH3PbI3 at 4.93 eV CH3NH3PbI3 at 6.09 eV

CH3NH3PbBr3 at 5.72 eV

CH3NH3PbCl3 at 4.32 eV

Fig. 2 Transition contribution maps for the photo-absorption decom-
position of CH3NH3PbX3 (X = Cl, Br, I) QDs at various ener-
gies. Red/blue illuminations denote positive/negative contribution to
the transition. The brightness of the red/blue spots scales with the

magnitude of contribution. The electron states are formed in the man-
ifold of the initially unoccupied states, and the hole states are formed
in the manifold of the initially occupied states
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Fig. 3 Left: TDDFT calculated optical absorption spectra of CH3NH3PbI3 QD as a function of the external electric field of 0.05 V/m, 0.10 V/m,
0.15 V/m, and 0.20 V/m. Right: Electronic structure via density of states

particularly useful when absorption peaks are formed due
to the superpositions of several electron-hole transitions,
and more importantly, it can be used in conjunction with
TDDFT calculations. Besides, TCMs provide more useful
insights which are not obtainable from local visualization
methods such as transition densities [82] or natural
transition orbitals [83]. In the TCM contours displayed
in Fig. 2, the energies of the initial (occupied) and final
(unoccupied) single-particle Kohn-Sham orbitals are shown
in each sub-figure. Indeed, the induced charge density
corresponding to the main peaks are also shown (on the
right top panel of each sub-figure). Let us start analyzing
the TCM plot of CH3NH3PbCl3 QD corresponding to the
peaks located at 4.32 eV and 5.40 eV. It highlights two major
features. Firstly, there is a strong positive (constructive)
contribution due to the contributions from the occupied

Table 1 Total absorption values of CH3NH3PbI3 QD for 4.93 eV and
6.09 eV peaks for different electric field values

Applied electric field (V/m) Total absorption values (1/eV)

E = 0.00 10.11 (4.93 eV) / 10.24 (6.09 eV)

E = 0.05 10.23 (4.93 eV) / 8.86 (6.09 eV)

E = 0.10 10.46 (4.93 eV) / 5.38 (6.09 eV)

E = 0.15 10.26 (4.93 eV) / 2.75 (6.09 eV)

E = 0.20 9.62 (4.93 eV) / 1.59 (6.09 eV)

p states into unoccupied states, see red spots in Fig. 2.
Another prominent feature, particularly in the case of 4.32
eV peak is the appearance of the blue spots. Nevertheless,
they emerge due to the negative contributions from occupied
d states into unoccupied states (not shown in Fig. 2).
Additionally, a visual inspection of the induced charge
densities corresponding to the peaks at 4.32 eV and 5.40 eV
reveals that the latter peak has strong collectivity (plasmon-
like charge distribution) with respect to the former.
Incidentally, this observation is in accordance with the
number of discrete electron-hole transitions contributions:
4.32 eV (5.40 eV) peak is composed of 13 (31) transitions
(see Supporting Information). After analyzing the TCM
plots of CH3NH3PbCl3 QD, we now proceed to analyze
the TCM plots of CH3NH3PbBr3 and CH3NH3PbI3 QDs.
Our visual inspection reveals a bunch of similarities and
differences in comparison with the CH3NH3PbCl3 TCM.
An apparent similarity is that the first main peak of both the
CH3NH3PbBr3 (4.60 eV) and CH3NH3PbI3 (4.93 eV) QDs
show the red and blue spots, but in contrast, their second
main peak shows red spots only. Additionally, the induced
charge densities show more or less similar features. Indeed,
as we move from Cl −→ Br −→ I, one observes clear
differences in the location and intensity of the red and blue
spots. In addition, the density of occupied states is seen to
be red-shifts, and notable modification in the DOS peaks
close to the Fermi level emerges, in contrast, as expected
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CH3NH3PbI3 at 4.93 eV (E = 0 V/m) CH3NH3PbI3 at 6.09 eV (E = 0 V/m)

CH3NH3PbI3 at 4.93 eV (E = 0.10 V/m)

CH3NH3PbI3 at 4.93 eV (E = 0.20 V/m)

CH3NH3PbI3 at 6.09 eV (E = 0.10 V/m)

CH3NH3PbI3 at 6.09 eV (E = 0.20 V/m)

Fig. 4 Transition contribution maps for the photo-absorption decom-
position of CH3NH3PbI3 QDs at various energies as a function of the
external electric field. Red/blue illuminations denote positive/negative
contribution to the transition. The brightness of the red/blue spots

scales with the magnitude of contribution. The electron states are
formed in the manifold of the initially unoccupied states and the hole
states are formed in the manifold of the initially occupied states
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the density of unoccupied states remain unmodified. It
should be emphasized that the main absorption peaks are
dominated by many electron-hole transitions, and therefore,
optical excitations with an increasing degree of spatial
confinement. We speculate that the correlated motion of
electrons and holes dominates the perovskite QDs response
to optical excitation influencing its electrical and optical
properties such as charge formation and mobility. Likewise,
another important feature worth to mention is that most
of the induced density is strongly confined on or near the
surface of the QDs. Albeit, induced density also appears
inside the QD. The coupling of the collective excitations to
nearby electron-hole transitions also causes induced density
oscillations inside the QDs [84].

Having cross-compared the optical features of
CH3NH3PbX3 (X = Cl, Br, I) QDs, we now turn our atten-
tion to tune the optical features through the inclusion of an
external electric field (vary in the range of 0 to 0.20 V/m)
in the Hamiltonian, see the results in Fig. 3. More specifi-
cally, we employed CH3NH3PbI3 QD and applied external
electric fields of 0.05 V/m, 0.10 V/m, 0.15 V/m, and 0.20
V/m. Apparently, the results shown in Fig. 3 portray that
the key effect of incorporating an external electric field is
to (slightly) modulate the characteristics of the first main
peak at 4.93 eV and significant modifications of the second
main peak at 6.09 eV and a substantial reduction of the
total absorption value: see Table 1. For brevity, in the case
of E = 0.05 V/m, there appears a minor reduction in the
absorption intensity of 6.09 eV peak. However, the situation
changes dramatically starting from E = 0.10 V/m. The total
absorption value of the 6.09 eV peak has reduced to nearly
half with respect to the spectrum without any electric field.
Much more dramatic spectral

modulations (i.e., the second main peak transformed into
a bimodal peak structure) emerges for the increasing value
of the external electric field of E = 0.15 V/m and E = 0.20
V/m, see Fig. 3. Remarkably, the gross shape of the first
dominant peak at 4.93 eV remains largely unaffected though
a small reduction in the total absorption value is apparently
visible: see Table 1.

The spectral modulations demonstrated in Fig. 3 can be
traced back to the variations in the Iodine p-states, see
DOS plots in the right panel of Fig. 3. The DOS plots
establish that with the increasing value of the external
electric field, the valance band edge states (composed of
Iodine p-states) red-shift more or less systematically with
substantial variations in the shape profile. Let us now focus
our attention on TCM plots, see Fig. 4. For brevity, we
show the TCM plots corresponding to the external electric
field of 0.10 V/m, and 0.20 V/m along with the TCM
without any electric field. One clearly observes that for E
= 0.10 V/m and 0.20 V/m, only the red spots are visible
and the d electron contributions (blue spots) more or less

completely vanished. We also remark that by increasing
the external electric field value, the number of electron-
hole transitions contributing to the second main peak
reduced significantly: see Supporting Information. As found
previously, the induced density is mostly concentrated on or
near the surface of the QDs. However, induced density also
apparent inside the QD.

Concluding Remarks

In brief, we have presented a first-principles quantum
mechanical study based on LCAO-rt-TDDFT technique
elucidating the optical characteristics of CH3NH3PbX3

(X = Cl, Br, I) QDs. Our results demonstrate that the
strong collectivity in the QD optical excitations. As the
main conclusion of our work, we show that the collectivity
can be tuned subject to an external electric field. TCM
technique combined with the visualization of the induced
density provided a decent analysis of the collectivity of the
dominant absorption peaks. This systematic analysis of the
electron-hole contributions gives new insight into the optical
excitations of perovskite QDs. It is our hope that the results
obtained in this theoretical study would help in the rational
design of perovskite QDs in optoelectronic devices.
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(2014) Ab initio nanoplasmonics: the impact of atomic structure.
Phys Rev B 90:161407

52. Garcı́a de Abajo FJ (2008) Nonlocal effects in the plasmons of
strongly interacting nanoparticles, dimers, and waveguides. Jo
Phys Chem C 112:17983. https://doi.org/10.1021/jp807345h

53. David C, Garcı́a de Abajo FJ (2011) Spatial nonlocality in
the optical response of metal nanoparticles. J Phys Chem C
115:19470. https://doi.org/10.1021/jp204261u

54. Esteban R, Borisov AG, Nordlander P, Aizpurua J (2012) Bridging
quantum and classical plasmonics with a quantum-corrected
model. Nat Commun 3:825 EP. article

55. Marques M, Gross E (2004) Time-dependent density functional
theory. Annu Rev Phys Chem 55:427. pMID: 15117259,
https://doi.org/10.1146/annurev.physchem.55.091602.094449

56. Stratmann RE, Scuseria GE, Frisch MJ (1998) An efficient
implementation of time-dependent density-functional theory for
the calculation of excitation energies of large molecules. J Chem
Phys 109:8218. https://doi.org/10.1063/1.477483

57. Runge E, Gross EKU (1984) Density-functional theory for time-
dependent systems. Phys Rev Lett 52:997

58. Calais J-L (1993) Density-functional theory of atoms and
molecules. Int J Quantum Chem 47:101. https://doi.org/10.1002/
qua.560470107

59. Hsu C-P, Hirata S, Head-Gordon M (2001) Excitation energies
from time-dependent density functional theory for linear polyene
oligomers: butadiene to decapentaene. J Phys Chem A 105:451.
https://doi.org/10.1021/jp0024367

60. Hsu C-P, Casida ME (2009) Time-dependent density-functional
theory for molecules and molecular solids. J Mol Struct:
THEOCHEM 914:3. time-dependent density-functional theory for
molecules and molecular solids

61. Hsu C-P, Walker B, Saitta AM, Gebauer R, Baroni S (2006) Effi-
cient approach to time-dependent density-functional perturbation
theory for optical spectroscopy. Phys Rev Lett 96:113001

62. Andrade X, Botti S, Marques MAL, Rubio A (2007) Time-
dependent density functional theory scheme for efficient cal-
culations of dynamic (hyper)polarizabilities. J Chem Phys
126:184106. https://doi.org/10.1063/1.2733666

63. Yabana K, Bertsch GF (1996) Time-dependent local-density
approximation in real time. Phys Rev B 54:4484

64. Yabana K, Nakatsukasa T, Iwata J-I, Bertsch GF (1121) Real-
time, real-space implementation of the linear response time-
dependent density-functional theory. Physica Status Solidi (b)
243. https://doi.org/10.1002/pssb.200642005

65. Sander T, Kresse G (2017) Macroscopic dielectric function
within time-dependent density functional theoryReal time evo-
lution versus the Casida approach. J Chem Phys 146:064110.
https://doi.org/10.1063/1.4975193

66. Tussupbayev S, Govind N, Lopata K, Cramer CJ (2015)
Comparison of real-time and linear-response time-dependent
density functional theories for molecular chromophores ranging
from sparse to high densities of states. J Chem Theory Comput
11:1102. pMID: 26579760, https://doi.org/10.1021/ct500763y

67. Alejandro V, Pablo G-G, Johannes F, Garcı́a-Vidal FJ, Angel R
(2016) Quantum plasmonics: from jellium models to ab initio
calculations. 5(409):3

68. Castaneda JA, Nagamine G., Yassitepe E, Bonato LG, Voznyy O,
Hoogland S, Nogueira AF, Sargent EH, Cruz CHB, Padilha LA
(2016) Efficient biexciton interaction in perovskite quantum dots
under weak and strong confinement. ACS Nano 10:8603. pMID:
27574807, https://doi.org/10.1021/acsnano.6b03908

69. Peng L, Geng J, Ai L, Zhang Y, Xie R, Yang W (2016) Room
temperature synthesis of ultra-small, near-unity single-sized
lead halide perovskite quantum dots with wide color emission
tunability, high color purity and high brightness. Nanotechnology
27:335604

70. Cha J-H, Han JH, Yin W, Park C, Park Y, Ahn TK, Cho JH, Jung
D-Y (2017) Photoresponse of CsPbBr3 and Cs4PbBr6 perovskite
single crystals. Jo Phys Chem Lett 8:565. pMID: 28067051,
https://doi.org/10.1021/acs.jpclett.6b02763

71. Mortensen JJ, Hansen LB, Jacobsen KW (2005) Real-space grid
implementation of the projector augmented wave method. Phys
Rev B 71:035109

https://doi.org/10.1021/ja4109209
https://doi.org/10.1021/acsnano.6b01540
https://science.sciencemag.org/content/363/6431/1068.full.pdf
https://doi.org/10.1021/acs.jpcc.6b06545
https://doi.org/10.1021/acs.jpcc.6b06545
https://science.sciencemag.org/content/294/5548/1901.full.pdf
https://science.sciencemag.org/content/294/5548/1901.full.pdf
https://doi.org/10.1021/nl062969c
https://doi.org/10.1021/nl301686x
https://doi.org/10.1021/nl2037613
https://doi.org/10.1021/jp807345h
https://doi.org/10.1021/jp204261u
https://doi.org/10.1146/annurev.physchem.55.091602.094449
https://doi.org/10.1063/1.477483
https://doi.org/10.1002/qua.560470107
https://doi.org/10.1002/qua.560470107
https://doi.org/10.1021/jp0024367
https://doi.org/10.1063/1.2733666
https://doi.org/10.1002/pssb.200642005
https://doi.org/10.1063/1.4975193
https://doi.org/10.1021/ct500763y
https://doi.org/10.1021/acsnano.6b03908
https://doi.org/10.1021/acs.jpclett.6b02763


Plasmonics

72. Enkovaara J, Rostgaard C, Mortensen JJ, Chen J, Dułak
M, Ferrighi L, Gavnholt J, Glinsvad C, Haikola V, Hansen
HA, Kristoffersen HH, Kuisma M, Larsen AH, Lehtovaara L,
Ljungberg M, Lopez-Acevedo O, Moses PG, Ojanen J, Olsen
T, Petzold V, Romero NA, Stausholm-Møller J, Strange M,
Tritsaris GA, Vanin M, Walter M, Hammer B, Häkkinen H,
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