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The effects of Pt doping on the optical properties of Au20
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Avanzados: F̀ısica, Qùımica y Tecnologia, Universidad del Pais Vasco, E-20018, San Sebastian, Spain and Ikerbasque, Basque
Foundation for Science, Plaza de Euskadi 5, E-48009 Bilbao, Spain
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Abstract. We consider the doping of Pt onto small Au20 clusters, identifying the effects that this alloying
has upon the optical and static properties of each candidate nanoalloy. By performing real-time time depen-
dent density functional theory calculations, we determine that the electronic structure and, by extension,
the optical absorption spectrum strongly depend on the position of a Pt dopant; either as substitutional
defect, or as an adsorbed atom on the Au-surface. Indeed, we find that by varying the chemical ordering,
we are able to strongly influence the electronic and optical properties of complex nanoalloys. Of particular
interest is the profound impact on the HOMO - LUMO gap of Au20 - shrinking or growing depending on
the location of a Pt doping. By considering different possible locations and morphologies for the intro-
duced Pt, we identify alloying types which may have a greater probability of supporting collective plasma
oscillations.

PACS. 73.22.-f Electronic structure of nanoscale materials: clusters, nanoparticles, nanotubes, and
nanocrystals – 73.61.At Metal and metallic alloys

1 Introduction

Metallic nanoalloys (NAs) have long been studied for their
vast array of promising, novel applications, from biosen-
sors to photovoltaics. Here, we are particularly interested
in the optical properties of NAs, combining a plasmonic
(gold) and a catalytic (platinum) material for their poten-
tial application in plasmon enhanced photo-catalysis [1,2].
Great attention has been paid to the development of such
devices as the utilisation of localised surface plasmon res-
onances (LSPRs) has proven itself a viable and sustain-
able mean of generating kinetically active electrons and
holes (hereafter collectively referred to as hot carriers) for
photo-catalytic reactions [3–6]. Given current rising con-
cerns as to the sustainability of current sources of energy
production, it is critical to provide alternative means of
generating and storing energy. It has been widely argued
that molecular hydrogen, generated from water splitting,
may be used for hydrogen fuel cells–an alternative to con-
temporary batteries.

To qualitatively understand the nature of the water
splitting reaction on AuPt NAs, we look to recent exper-
iments for our design philosophy [7–9], and adopt their
principles of small Pt decorations upon a larger Au seed.
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This, in principle, ensures that the adsorption surface pro-
vided by the Pt is supported atop a larger Au nanoparticle
(NP). The rationale behind this construction being that
the Pt may be described as the ‘fast’ component of the
cluster, whereas the Au as the ‘hot’. Respectively, this
is because Pt is known to be an excellent catalyst for
the water splitting reaction [10]; and that Au has been
demonstrated to have strong plasmonic behaviour at in-
cident light wavelengths observed in solar output spectra
[11,12].

Whilst it is common and reliable practice to consider
many plasmonic effects from a classical perspective, such
models assume a sharp cut-off at the boundary of the NP,
in that all contained charges are bound by the surface.
Indeed, this is often not the case: electron density can
spill out, or tunneling effects between clusters can become
effective [13]. As such, size dependent shifts of the main
plasmon of isolated NPs or the existence of further sur-
face collective modes that cannot be supported on stepped
valence electron distributions are rendered unobtainable
via classical models. However, for such nanometric sys-
tems, the dynamical many-body quantum mechanical de-
scription of LSPRs may be faithfully captured via time
dependent density functional theory (TDDFT) methods.
Within the domain of TDDFT, it is often unclear as to
what the origin of an observed excitation may be. In one
instance, it may indeed be the result of a collective oscilla-
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tion of the metal’s valence electrons, hence being correctly
identified as a localised surface plasmon. However, it may
also be the case that an observed peak in the absorption
spectrum of a cluster is the result of a single electron -
hole pair excitation. These are less desirable to generate
in a cluster as they will typically recombine monotonically.
Whereas we are instead interested in the Landau damping
of an LSPR, which causes the collective oscillation to de-
cay into a pair of hot carriers [6]. These hot carriers may
then be directed from the catalytically active site into an
adsorbed molecule. At the size scale considered, it is most
likely that observed resonances will correspond to single-
pair excitations [14] - especially in the case of AuTh

20 as the
characteristically-large gap between the highest occupied
molecular orbital (HOMO), and the lowest unoccupied
molecular orbital (LUMO), makes the creation of contin-
uous, and collective excitations prohibitively improbable.

Given the intrinsic quantum mechanical nature of such
NAs, and the criticality of determining their plasmocat-
alytic properties, we have elected to perform a TDDFT
study of small AuPt systems - closely monitoring their
optical and static properties. It is our intention to demon-
strate the profound relationship between the HOMO -
LUMO gap, the a-periodic facsimile of the band gap; the
distribution of electron orbital characters within the vicin-
ity of the HOMO - LUMO region; and the computed
photo-absorption and photo-emission spectra.

In this manuscript, we shall describe the computa-
tional methods employed, motivating their use given the
context. In doing so, we shall demonstrate rich electro-
static, and electrodynamic properties of the nanoscale.
We shall proceed to elucidate upon the aforementioned
computed quantities, drawing conclusions from our re-
sults given the computed behaviour and physics known
a priori. Finally, we shall present and justify our primary
conclusion - that the complex interplay between morphol-
ogy and chemical ordering in the alloyed phase will have
profound consequences on the opto-electronic features of
NAs which we strongly suspect is significant when consid-
ering a given NA’s efficacy as a plasmocatalyst. We show
that the HOMO - LUMO gap of two Au20 isomers can
be finely tuned by displacing the Pt impurities as either
a substitution or an adatom. By calculating the absorp-
tion spectra, in conjunction with the projected density of
states (PDoS), we show clearly the importance of know-
ing the precise geometry when considering such complex
NAs.

We acknowledge the extensive research conducted on
the creation of metallic NAs through various doping pro-
cesses for a variety of novel purposes, from enhanced cat-
alytic properties [15,16] - to nurturing antimicrobial char-
acteristics [17]. Moreover, we acknowledge the work of X.
L. Lozano et al [18] in performing pioneering studies on
the doping of similar Au structures with Ag to determine
similar optical properties presented in this study. However,
we are not aware of any literature relating Pt doping in
Au nanostructures in the fashion we propose. As such, we
believe that this work will help to develop a more funda-
mental understanding of larger nanostructures which are

currently being investigated and deployed as plasmocata-
lysts [7].

This manuscript is organised as follows. In Section 2,
the theoretical and computational details of the our in-
vestigation will be briefly introduced. This includes the
diverse array of isomers and structures used as well as a
qualitative description of our TDDFT prescription. Sec-
tion 3 contains our results. A detailed analysis of the
ground-state properties, and of the optical spectra with
respect to the changes in geometry and chemical ordering.
Finally, we compare in Section 4 the observed changes of
the HOMO - LUMO gap, the PDoS, and the computed
spectra at both the classical and quantum mechanical level
of theory.

2 Methods

Our two initial structures of Au20 were a C1 point group
symmetry (left column of Fig. 2) and the well-studied
Tetrahedron (right column of fig. 2). The former low-
symmetry structure can be created via single atom de-
position upon the double-icosahedron structure with 19
atoms followed by a quench to an arbitrarily low tem-
perature. We motivate our use of this structure in that
many nanoparticles are flexible objects at finite temper-
ature, and so to limit our considerations solely to high
symmetry structures would be to willingly dismiss many
structures which may very well be found to exist in lab-
oratories. Moreover, we observe that it is not uncommon
for nanoparticles to deform when subject to high intensity
laser light. A process which may lead to the emergence of
low symmetry nanoparticles and facets. Indeed, we have
demonstrated in previous works how mechanical and op-
tical properties are linked [19,20]. The latter is the ener-
getically more favorable at this size, as confirmed by our
calculations in agreement with the literature [21,22]. Our
intention here being to simultaneously probe the effects of
alloying on small Au clusters, and the effects that the seed
morphology itself may have. For each system, we replace
Au atoms from the initial structure with Pt, such that
particle number was conserved. We have also adopted the
approach of introducing the Pt defect as an ad-atom so as
to better replicate, at a smaller scale, the design described
in the work of Salmon et al [7]. We acknowledge the vast
array of both high and low symmetry structures at the
size scale we consider, however; we believe that this work
may serve as a case-study from which further investiga-
tions into the structure - properties relationship may be
performed.

We present in Fig. 1 structural discrepancies between
the well-known Th structure, and the novel C1 isomer.
We report the pair distance distribution function (PDF)
which details the relative distance between pairs of atoms
within the cluster. We may use this as a measure of amor-
phicity by considering the broadness and spread of the
peaks. Moreover, we may use this to approximate the av-
erage first neighbour distance, r0, by finding the location
of the first minimum. We have also presented the distri-
bution of atomic coordination numbers, this details the
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type of local environments which may be found within
the nanoparticle. We shall use these quantity to better
elucidate on the structural properties of the NAs by com-
puting the average coordination number, NN , and the
overage coordination of the introduced Pt, NNP t which
will allow us to better appreciate the change in structure
when developing the structure - properties relationship
throughout the text.

We note the broader PDF curves on the left panel for
the latter C1 nanoparticle (green curve) compared with
the much finer PDF curve of the Th structure (black
curve). We observe the reduction in the average first neigh-
bour bond length in addition to profound changes in the
distribution of the atomic coordination number. The lat-
ter of which demonstrates how much more compact the C1
cluster is relative to the Th. In the instance of the intro-

Fig. 1: Structural information comparing the pure struc-
ture considered in this study. Left panel is the PDF, and
the right panel is the distribution of atomic coordination
numbers. The insert reports the average first neighbour
bond length, calculated the first minimum of the PDF.

duction of a Pt dopant via direct substitution, we selected
the high symmetry site of tips, and lower symmetry sites
of facets to introduce the defect as seen in Fig. 2. For in-
troducing ad-atoms, we adsorbed Pt into hollow, and atop
configurations. For each structure, we perform a classical
geometry optimisation with the FIRE [23] algorithm as
implemented in the atomic simulation environment (ase)
and asap3 python packages [24,25], using inter-atomic po-
tentials of the RGL form [26] with parameters provided
by Baletto et al. [27]. We motivate the choice of classical
potentials in the near equivalence of ground relaxed struc-
tures when computed via ab initio or classical methods.
Hence, in the interest of minimising computational over-
heads, we elected to relax all structures with the FIRE
algorithm. We note that the inclusion of Pt into the C1
structure led to noticeable structural rearrangement, par-
ticularly in the instance of doping.

From a classically optimised structure, we proceed to
compute the ground state electronic density - recording
its density of states (DoS), its atomic projected density of
states (PDoS), and the HOMO - LUMO gap, εG. From
a sufficiently well-converged ground state, we proceed to
evolve each system in time by approximating the enforced

time-reversal symmetry (AETRS) [28] to evaluate the time
evolution operator. A time step of 0.33 attoseconds is used,
and all systems are evolved for 16.5 fs.

To obtain optical and electronic properties at the quan-
tum mechanical theory level, we have used the code of
Octopus 11.1 [29,30] - a real-space DFT suite of codes
designed for determining the spectroscopic details of fi-
nite systems via both linear response and real time prop-
agation schemes. All of our calculations have been per-
formed within the local density approximation (LDA) us-
ing norm-conserving pseudopotentials of the Hammann
[31] and Troullier-Martins [32] types [33] which have per-
mitted us to perform spin-polarised calculations to better
capture the exotic phenomena presented by NAs. We have
discretised the real space grid into cubic units of (0.1 Å)3

which approximately corresponds to a plane-wave cutoff
of 276.4 Ry. Our mesh is constructed by placing a sphere
of radius 5 Å around each atom, constructed from a col-
lection of grid units. To achieve better convergence of the
ground state density, we smooth the Fermi-Dirac distribu-
tion with a cold smearing function [34] set to 1 meV. We
remark that a small smearing was deemed necessary to re-
liably reach a sufficiently well converged ground state, es-
pecially with the inclusion of a Pt impurity. Furthermore,
when a courser smearing of 10 meV was introduced, no
perceptible difference was found with respect to the loca-
tion of the HOMO and LUMO states.

A standard method of obtaining the absorption spec-
trum is via the quasi-static dipole approximation in that
an instantaneous perturbation may be applied to the ground
state density of the system at a time t0 which takes the
form,

E(r, t) = K0δ(t)u =
1

π

∫ ∞

0

dω K0 cosωtu, (1)

essentially white light polarised along the vector u with
incident intensity K0. This perturbation results in an in-
stantaneous transfer of momentum to the system which is
then permitted to evolve under its own dynamics [35].

In principle, the optical absorption spectrum tensor
may be directly calculated from the Fourier transform of
the induced dipole moment, d(t) =

∫
rδn(r, t)dr, with

respect to time,

σ̂u(ω) = − ω

πK0
ℑ
∫ ∞

0

dte(iω−η)t (u⊗ d(t)) , (2)

where η is some positive infinitesimal. We note that to
obtain the optical spectrum, we need only know about
the induced dipole density, and thus the induced electron
density, δn(r, t). The latter is the difference between the
density at time t and at the initial time (usually that of
the ground state) such that

δn(r, t) = n(r, t)− n(r, 0). (3)

To compute the full polarisability tensor and, by ex-
tension the absorption spectrum, the dipole response must
be calculated with respect to three spatially orthonormal
vectors u. Whenever the perturbation is sufficiently small,
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the theory is equivalent to the standard linear response
approach, based for example, on the Casida’s equations
[36] (see for instance, the user manual of Octopus for a
comparison between the methods).

Fig. 2: Au20 isomers (row 1) considered for study. The
subsequent two rows are doped structures, whilst the final
two have ad-atoms.

3 Results

We first compute the ground state properties of the con-
sidered structures in Fig. 2. We monitor the changes to
εG in Table 1 as the AuTh

20 is known to have a large
HOMO - gap determined to be approximately 1.7 eV [37,
38]. We have determined this gap, with our 5d106s1 elec-
tronic configuration pseudopotential and within the LDA,
to be 1.52 eV which is sufficiently representative of the
physics of this cluster. Table 1 reports how altering the
morphology and Pt loading of the cluster affects this fun-
damental feature of the NA. As found for other doping
[38], the presence of Pt can both reduce or enlarge εG. We
observe that, with the exception of the slight increase in
HOMO- LUMO gap of Th-Dope-Tip by 30 meV, a more
symmetric ionic structure may lead to a larger εG. As
such, we find that by introducing Pt into low symmetry
environments, we may reduce the size of the gap.

In considering Table 1, we note that there does not
appear to be a general trend emerging between εG and the
location, or indeed quantity, of the Pt. However, a curious

Table 1: Effects of Pt doping of two isomers of Au20 on the
HOMO - LUMO gap [eV], average first neighbour bond
length, average atomic coordination number, and average
Pt coordination where appropriate. All structures are or-
dered as they appear in Fig. 2.

Morph Structure εG [eV] r0 [Å] NN NNPt

Th

Pure 1.52 3.02 6.0 N/A
Dope-Face 1.24 3.02 6.0 9.0
Dope-Tip 1.55 3.02 6.0 3.0
Adatom-Face 0.55 3.02 6.0 3.0
Adatom-Tip 0.33 3.02 5.81 1.0

C1

Pure 0.03 2.94 7.2 N/A
Dope-Pt1 0.12 3.12 6.4 4.0
Dope-Pt2 0.58 3.07 6.4 5.0
Adatom-Face 0.08 3.17 6.6 6.0
Adatom-Tip 0.24 3.07 6.3 4.0

property emerges for the AuTh
20 as an independent isomer.

That being that the way in which we introduce Pt will
influence strongly the closing of the gap. By adsorbing Pt
onto the perfect structure, we are able to shrink the gap
by approximately a factor of five. Conversely, if we simply
perform the substitution, we observe no such influence on
the gap.

Alternatively, by considering the AuC1
20 structure, we

actually observe the opposite behaviour. By introducing
Pt to a low symmetry structure, we are able to open up a
near non-existent gap. Indeed, when considering the lower
left structures of Fig. 2, we see that geometrically relaxed
structures arising from this isomer assume a vastly differ-
ent conformation depending on the location and quantity
of introduced Pt. Already, this disparity is in itself wor-
thy of comment. A highly symmetric Au isomer remains
structurally unperturbed, regardless of the method of Pt
injection, whereas a low symmetry isomer is prone to dis-
ruption in the presence of a Pt dopant.

Moreover, by considering the geometrical properties
presented in Table 1, we observe a considerable difference
between how the Th and C1 structures accept introduced
Pt. In the instance of the former, we see no apprecia-
ble change to the geometry as a consequence of introduc-
ing Pt either through doping or adsorption. Conversely,
C1 demonstrates profound instability relative to its ini-
tial, unperturbed configuration. This is mostly evident in
the rapid differences in the average first neighbour bond
length, and the average atomic coordination number of
the cluster.

In Figs. 3 and 4, we demonstrate the orbital charac-
teristic, via the calculation of the atomic PDoS, of the
electronic states up to the HOMO and for the following
10 unoccupied orbitals.In Octopus 11.1, the PDoS is com-
puted from the bare pseudo-atomic orbitals, directly taken
from the pseudopotentials we have used. The orbitals are
not orthonormalised, in order to preserve the character of
the atomic orbitals. Consequently, the sum of the differ-
ent PDOS does not necessarily integrate to the total DoS.
Hence the slight discrepancies observed in Figs. 3 and 4
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Fig. 3: Variation in the atomic projected density of states
for the C1 candidate structures - left column of Fig. 2. Top
left is for the pure structure only. Left panels illustrate
the atomic PDoS for systems featuring Pt ordered as they
appear in Fig. 2. Right panels present the atomic PDoS
contributed from Pt only for their corresponding systems.
Each plot has the total DoS presented as a black curve.

between the reported DoS and PDoS. To create the fig-
ures, we have performed a Lorentzian broadening with a
width of 217 meV around each of the Kohn-Sham eigen-
states to smooth out the DoS, and to make interpretation
of detail more facile. We are able to finely probe the na-
ture of the HOMO - LUMO gap, as reported in Table 1,
by considering nature of the atomic orbitals in the vicinity
of these states. One might note that the LUMO has often
a strong p-character. The nature of the HOMO orbital is
more system-dependent but in several cases the HOMO is
a combination of pd-type orbitals.

In Fig. 5, we present the absorption spectra as com-
puted quantum mechanically via Eq. 2, averaging over the
contributions from each of the orthonormal propagation
vectors, σabs = Trσ̂u/3. We note that for the reported
wavelengths, we may consider our NAs to be sufficiently
within the quasi-static approximation - reporting wave-
lengths upwards from 300 nm compared to an approxi-
mate NA size of 1 nm.

4 Discussion

By first evaluating the atomic PDoS of Figs. 3 and 4 with
respect to the reported εG of Table 1, we note that not
only does the gap strongly depend on the geometry and

Fig. 4: Variation in the atomic projected density of states
for the Th candidate structures - right column of Fig. 2.
Top left is for the pure structure only. Left panels illustrate
the atomic PDoS for systems featuring Pt ordered as they
appear in Fig. 2. Right panels present the atomic PDoS
contributed from Pt only for their corresponding systems.
Each plot has the total DoS presented as a black curve.

chemical composition of the structure, but so too does the
characteristic of the orbitals which flank this gap. Indeed,
this may account for some of the observed behaviour in
the computed absorption spectra of Fig. 5 in that the in-
troduction of Pt as an adatom on the tip may serve to
enhance some modes at lower frequencies.

By considering the fundamental relationship between
occupied and unoccupied states, and photo-absorption spec-
tra we begin to identify potential optically active modes,
which may have a plasmonic characteristic in origin even
at the sub-nanometric scale. It is understood that optically
active modes may be excited by either intraband transi-
tions from the d to the sp orbitals, or by interband tran-
sitions within sp orbitals. In each case, the process must
respect the conservation of angular momentum. Hence, we
consider the distribution of orbital characteristics around
the HOMO and LUMO as excitations are most likely to
have their origin in states at and near to this region. There
are strong p and d type orbitals near the HOMO - LUMO
for all of the considered structures which suggests the exis-
tence of a rich array of angular momenta for the considered
states. Moreover, by considering the right columns of Figs.
3 and 4, we see that the introduction of Pt has resulted in a
strong delocalisation and hybridisation of states primarily
centred at or near the HOMO. As such, excitations aris-
ing from the incidence of photons of a suitable frequency
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Fig. 5: Absorption and emission spectra of the AuC1
20 -

upper - isomer and its derivative structures; and the AuTh
20

- lower - isomer and its derivative structures as computed
via TDDFT methods.

have an increased likelihood of being localised at this Pt
impurity. Indeed, this is precisely what is desirable, as
the Pt has been described as an excellent catalyst for the
water-splitting reaction. This reaction requires hot carri-
ers as reagents. Hence, by having an increased propensity
to localise hot carriers around Pt, is likely to improve the
performance of a prospective plasmon-enhanced catalyst.
This localising effect is seen most strongly in the less sym-
metric C1 structure, relative to the high symmetry of the
Au tetrahedron. It is possible that this strong local charac-
ter may arise from a lack of symmetry within the structure
and will surely be a point of increased scholarly intrigue.

By monitoring the visualisation of the atomic PDoS
relative to the HOMO - LUMO gap listed in Table 1, and
comparing this information to the optical absorption spec-
tra, seen in Fig. 5, we conclude that the lack of absorption
at or around εG suggests that many of these modes are
forbidden. Likely this is due to the necessary conservation
of angular momentum being violated should an electron
attempt to undergo such a transition. We note that multi-
ple absorption peaks can be observed in the UV–vis–NIR
absorption spectra for each considered structure, which
may arise from single-electron transitions [39]. Indeed, the
relative smoothness of the AuC1

20 and its derivative struc-
tures’ spectra compared to those of the family of AuTh

20

suggests that the nature of a given excitation may be pro-
foundly different between high and low symmetry NAs.
We draw focus to the strong presence of peaks in the in-

stance AuTh
19 Pt

Tip
1 , whose gap was computed to be 1.55

eV, and observe the presence of three strong peaks (Fig. 5,
green curve on the lower panel) in the UV-vis-NIR range.
Compare this with AuC1

20 , whose gap is 50 times smaller at

0.03 eV and with a much smoother absorption spectrum
in the same region with a visible peak at around 480 nm
(Fig. 5, blue curve on the upper panel). This may well be
indicative of an LSPR-like response to the perturbation.

Indeed, we note that not only does alloying strongly
influence the character of the optical properties, indeed
the morphology, even between pure Au clusters, has pro-
found influences. Given our results, we believe that the
core message is abundantly clear - the richness of new be-
haviour by the simple process of doping a small cluster
with one or two Pt atoms will lead to the emergence of
many alternative optically active modes with a strongly
hybridised character of states localised within the neigh-
bourhood of the dopant. In particular, a Pt on a tip config-
uration enhances the absorption independently of the Au-
isomer. In short, the relative position of the dopant, not
solely the relative amount, has been found to be respon-
sible for changes in the optical properties, making crucial
the monitoring of the chemical ordering in NAs. Indeed,
this observation cannot only be constrained to the sym-
metry of the doping site; but rather, as our analyses have
demonstrated, to the morphology of the initial structure
itself, thus making clear the profound interplay between
morphology, chemical ordering in the alloyed phase, and
the opto-electronic features of NAs.

In this paper, we have demonstrated the strong influ-
ence that the introduction of Pt may have on the static
and optical properties of small Au cluster. We have con-
sidered the characteristic of the orbitals in the region of
the HOMO and the LUMO, in conjunction with the size
of the gap and the presence of given optical modes. By
studying these NAs at the level of TDDFT, we have been
able to demonstrate how one may finely tune the optical
properties, and even the localisation of potential hot car-
riers, by simply introducing Pt in a specific and targeted
approach.

We hope this study will allow us to better understand
how we may finely tune the optical and electronic char-
acteristics of metallic NAs - not only for the purposes
of plasmon enhanced photo-catalysis, but for the broader
community of those working in the beautiful world of NAs.
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