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The effect of Pd doping on the structure and optical absorption of small cationic gold clusters 

is investigated by a combined photodissociation spectroscopy and time-dependent density 

functional theory study of Aun
+Arp and PdAun-1

+Arp (n=4,5 ; p=0,1). While pure Au clusters 

are planar, the Pd doped clusters are three dimensional. UV-visible absorption is studied in 

the 2.0–4.7 eV photon energy range, allowing the observation of previously unreported 

absorption bands for Au4
+ and Au4

+Ar. The oscillator strength of the optical transitions is 

dramatically reduced upon incorporating a Pd atom in Au4
+ and Au4

+Ar, while this effect is 

less pronounced for Au5
+Ar. Analysis of the electron density transfer shows a different 

influence of Pd with size. While Pd has a formal negative charge in Au3Pd+, in Au4Pd+ most 

of the charge is attracted by the highly coordinated central Au atom, leaving Pd positively 

charged, also affecting the induced structural changes. In addition, orbital analysis of the 

optical transitions was carried out in order to identify the levels involved in the optical 

absorption of the pure Au and Pd doped clusters. A reduction of the s density near the Fermi 

energy, induced by Pd doping, causes a quenching of optical absorption. 
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1. Introduction 

The unique characteristics of gold clusters and nanoparticles have received significant 

attention in recent decades. In particular, their optical properties and chemical reactivities are 

used in the design of novel environmental applications, including photo-catalytic water 

splitting,[1]  CO oxidation,[2] molecular hydrogen dissociation[3] and the design of efficient 

solar cells.[4] To enhance understanding, small unsupported atomic clusters, consisting of only 

a few atoms, represent ideal model systems for detailed investigations.[5] Moreover, many 

properties of small atomic clusters do not scale with size, are strongly composition and charge 

dependent, and can be very different from those of bulk materials.[6] Research on clusters in 

the gas phase can be performed under controlled conditions and without interactions with the 

environment, thus providing fundamental knowledge of relevance for the understanding of 

more complex systems.[7] 

Structural and ground state electronic properties of small Au clusters in different charge states 

have been largely characterized.[8-12] In addition, significant efforts have been made 

concerning the investigation of optical properties of clusters. Studies on mass selected clusters, 

e.g. Cun, Agn and Aun have been performed in rare gas (RG) matrices, [13-16] because direct 

optical measurements are challenging and require advanced techniques.[17] This is a 

consequence of the very low density of clusters in molecular beams. Although experiments on 

embedded clusters in RG matrices have been successful, a drawback of this approach is that 

weak interactions with the rare gas matrix must be considered. An alternative is presented by 

photodissociation spectroscopy.[18] In this technique, laser light absorption is monitored mass 

spectrometrically via photon induced fragmentation, rather than by changes in light intensity. 

Using this method, UV-visible optical absorption was studied for several mass selected Au, 

Ag, and Cu clusters: Au4
+Arp (p = 0–4),[19] Aun

+Arp (n = 7; p = 0–3 and n = 8, 9; p = 0, 1),[20] 

Aun
–Xe (n = 7–11),[21] Ag4

+ and Au4
+,[22] Agn

+ (n = 6, 8),[23] and Cu3.
[24] An important 
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observation from these experiments is the rather complicated absorption features of Au 

clusters in contrast with Cu and Ag coinage metal clusters.[22] The heavy Au atoms are subject 

to significant relativistic effects resulting in a reduced valence s-d energy separation partially 

involving d-electrons in the absorption process.[25] Close-lying d electrons screen s electrons 

and thereby reduce the optical absorption bands. In contrast, the larger s-d separation in Ag 

allows the use of free electron models to describe its optical response, such as the plasmonic-

like absorption spectra of very small Agn
+ (n = 4, 6, 8) clusters.[22, 23] 

The properties of coinage metal clusters can be tuned by dopant atoms.[26] It has been shown 

that the addition of a single dopant atom can drastically change the stability,[27] reactivity,[28] 

and electronic properties of clusters.[29] In addition it is expected that the optical absorption of 

coinage metal clusters should also be drastically affected by the inclusion of dopant atoms. 

However, so far only a few experimental studies have dealt with this problem. In the 1990s, 

Morse and co-workers studied AgAu and CuAu dimers.[30,31] More recently, optical 

absorption measurements were carried out for Au4–mCum
+ (m = 0–2)[32] and AgnAu4–n

+ (n = 1–

3) clusters in the gas phase.[33] 

Of particular interest are Pd doped Au clusters. Bonding between Au and Pd atoms involves 

promotion of at least one Pd 4d electron to a 5s orbital and thus, significant charge 

redistribution takes place.[34] These modifications of the electronic structure can, for instance, 

enhance the chemical reactivity of Au towards CO and O2 in AunPd (n ≤ 7) or lead to Pd 

dopant induced 2D to 3D structural transitions due to the orbital orientations provided by 

Pd.[35,36] Using DFT calculations, low energy structures of Pd doped gold clusters of different 

sizes and charge states have been predicted: AunPdm (n = 1–4, m = –1,0,1),[36] AunPdm (n+m ≤ 

14),[37] AunM (n = 1–7, M = Ni, Pd, Pt),[29] AunPd (n = 1–4),[38] and Au32-mPdm (m = 1, 2, 4, 

6).[39] 
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It has been shown that also the properties of larger Au nanoparticles (2-5 nm) can be 

significantly modified by introduction of other metals. In particular, in the Au-Pd alloy 

nanoparticles an increased d-electron density at the Au sites was observed by XANES 

experiments, giving rise to a Au “white” line intensity decrease and decreasing Au 4f binding 

energies in XPS studies, evidencing  the charge transfer from Pd to Au 5d orbitals.[40,41] The 

effect is higher when the number of Au-Pd bond increases. 

Recently, some of us experimentally investigated the effect of Pd on the optical absorption of 

Aun
+ (13 ≤ n ≤ 20) clusters.[42] A strong quenching effect of the absorption bands upon Pd 

doping was observed for all studied sizes, though with a noticeable size dependent alteration, 

and was attributed to dopant induced charge redistribution. In order to determine whether 

these effects extend down to the smallest clusters, in the current work, we investigate the 

effect of Pd on the optical absorption properties of Au4
+, Au4

+Ar and Au5
+Ar clusters in a 

broad photon energy range of 2.0–4.7 eV, using a combined photodissociation spectroscopy 

and time-dependent density functional theory (TDDFT) approach. The calculations provide 

understanding of the effect of the Pd dopant on optical properties and the interplay between 

electronic structure and optical absorption. 

 

2. Methods 

2.1. Experimental setup and data analysis 

Cationic pure gold and Pd-doped gold clusters are simultaneously produced in a dual-target 

dual-laser vaporization source.[43] The second harmonic of two independent Nd:YAG pulsed 

lasers (532 nm, 10 Hz) is used to ablate separately Au and Pd targets. Just before ablation, a 

small amount of He gas is introduced at 8 bar by a supersonic valve, thermalizing the ablated 

plasma via heat exchange between the carrier gas and the source walls, which are cooled by a 

constant flow of liquid nitrogen. Using a temperature controller, the source can be stabilized 

to any temperature in the range of 80–300 K. In this study a source temperature of 250 K is 
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selected. A small concentration of Ar (2%) is added to the carrier gas to form cluster–Ar 

complexes.[44] After expansion into vacuum through a conical nozzle, the central part of the 

beam is selected by a skimmer and clusters enter the extraction region of a reflectron time-of-

flight (TOF) mass spectrometer.  Total fraction of Ar complexes for Aun
+ and PdAun-1

+ (n=1-

13) clusters observed in mass spectra is available in Figure S1 of the Supporting Information. 

To measure photodissociation spectra of bare clusters and their Ar complexes, the particles 

are excited in the extraction zone of the TOF by laser light. Tunable lasers were employed to 

cover the entire 2.0 to 4.7 eV photon energy range. For the 262–340 nm and 370–620 nm 

ranges a Nd:YAG pumped optical parametric oscillator (Quanta-Ray, MOPO-710, 10 Hz) 

with a BBO-crystal based frequency doubling unit (Quanta-Ray FDO-1) was used, while the 

340–370 nm range was covered by a Nd:YAG pumped dye laser (Sirah Cobra Strech, 10 Hz) 

using Pyridine 1, Pyridine 2 and Styryl 8 as dyes and a KDP crystal for second harmonic 

generation. The energy per pulse is monitored by a pyroelectric energy sensor (ThorLabs, 

ES111C) and maintained below 5 mJ/cm2 per pulse to avoid two-photon processes. Using a 

chopper, operated at 5 Hz and synchronized with the tunable lasers, mass spectra with and 

without laser excitation are recorded simultaneously. Each mass spectrum is an average of 

over 5000 cluster production cycles. 

Photodepletion is measured as a function of photon energy and is defined as the ratio of the 

intensities of a certain species in the mass spectra recorded with (I) and without (I0) laser 

excitation. Then, this ratio is converted into absorption cross section using the modified 

Lambert-Beer-Law:[19] 

𝐼
𝐼0

⁄ = 1 − 𝑏 + 𝑏 𝑒𝑥𝑝(−𝜎Φ),                                                                                            (1) 

where Φ is the photon fluence, σ the absorption cross section and b a factor taking into 

account an imperfect spatial and temporal overlap between dissociation laser and extracted 

clusters. It is worth stressing that Equation 1 assumes only one-photon processes are 
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responsible for absorption.[21] From fluence dependence curves an overlap factor b of 0.5 is 

estimated (Figure S2 of Supporting Information). 

 

2.2. Computational details 

The density functional theory genetic algorithm (GA-DFT) global optimization approach is 

utilized to locate the global minimum structures of the metallic clusters, along with several 

energetically low-lying local minima. This approach involves the coupling of the unbiased 

structure prediction code, the Birmingham Cluster Genetic Algorithm (BCGA), to the plane-

wave DFT electronic structure calculation package Quantum Espresso (QE).[45,46] DFT 

screening of cluster structures is performed with the PBE exchange-correlation functional, 

within the spin-unrestricted, generalized gradient DFT framework.[47] For Au and Pd atoms, 

11 and 10 electrons are explicitly included in the valence, respectively, with the effect of all 

remaining electrons represented by ultrasoft RRKJ pseudopotentials.[48] Individual cluster 

convergence is achieved according to a force cutoff of 10-2 eV/Å and electronic self-

consistency of 10-5 eV. Upon convergence of the BCGA, the final generation of structural 

candidates are subjected to geometry reoptimization within the NWCHEM v6.1 package.[49] 

This orbital-based method is applied with an extensive 19-electron def2-TZVPP basis set for 

all atoms and the corresponding effective core potential (def2-ECP) of Weigend and Ahlrichs 

is additionally employed for Au and Pd atoms.[50] The range-separated exchange-correlation 

functional LC-ωPBEh is used,[51,52] due to its recently proven good performance for the 

structures and optical spectra of Au and AuAg clusters in this size range.[22,33] After local 

reoptimization, a frequency analysis is performed for all putative global minima to verify that 

each is a true minimum structure. Argon tagging is performed for each global minimum 

metallic cluster structure, considering all symmetry-inequivalent sites and subsequently 

optimizing local geometry. 
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For minimum-energy structures resulting from the DFT optimizations, electronic excitation 

spectra are calculated using spin-unrestricted TDDFT considering 60 excited states. All 

excited state calculations are performed with NWChem, using the same exchange-correlation 

functional and basis set as in the geometry optimization step.[50] The output from optical 

response calculations is analyzed using Chemissian, an analytical tool for electronic structure 

and spectra calculations.[53] 

 

3. Results 

3.1. Fragmentation channels and dissociation energies 

Examples of typical mass spectra with (black) and without (red) laser excitation are presented 

in Figure 1. As seen from Figure 1a and 1b, Au4
+ and Au4

+Ar shows signal depletion under 

laser excitation at wavelengths of 482 and 460 nm, respectively. The situation, however, is 

different for Au3
+ (Figure 1a and 1b), showing a considerable signal increase. Several most 

probable fragmentation channels were assumed analysing the behaviour of mass spectra. In 

order to understand the clusters fragmentation behaviour under photoabsorption the lowest 

energy fragmentation channels of Aun
+Arm (n = 4, 5; m = 0, 1) and PdAun-1

+Arm (n = 4, 5; m 

= 0, 1) clusters were calculated by DFT simulations and analysed together with observations. 

A list of channels and dissociation energies is presented in Table 1. 

Fragmentation of Au4
+ occurs by monomer evaporation. The calculated dissociation energy 

for this channel (1.33 eV) is well below the single photon energy of the experimentally 

investigated spectral range (2.0–4.7 eV). This result is supported by the measurements 

presented in Figure 1a and 1b, in which Au4
+ depletion coincides with Au3

+ signal increase, as 

also seen in previous experiments.[19,22,32] PdAu3
+ preferentially dissociates by loss of a 

neutral Au atom, but the calculated dissociation energy (2.25 eV) is much larger and is higher 

than the lowest photon energy used. This should be considered when interpreting the optical 

absorption spectra, since bands are only observed in action spectroscopy if the single photon 
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absorptions finally results in cluster fragmentation. For photon energies that are only slightly 

higher than the energy needed for dissociation, the cluster fragmentation may occur at time 

scales longer than those of the experiment.[54] The investigation of cluster–Ar complexes is 

relevant in this context since the cluster–Ar bond is weak and will break rapidly following 

adsorption of a single UV or visible photon. This is confirmed by the calculated Ar 

evaporation energies that are of the order of 0.2 eV only (Table 1), in agreement with 

previous calculations.[55] Actually the experiments show that the absorption of a photon by the 

Au4
+Ar cluster leads to simultaneous evaporation of an Ar and a Au atom, as shown in Figure 

1b. This is consistent with the low calculated energy required for this process (1.54 eV). 

In contrast to Au4
+, the lowest energy fragmentation channel of Au5

+ is found to be dimer 

evaporation, with a dissociation energy of 2.17 eV. Monomer evaporation from this cluster 

leads to a dissociation energy of 2.74 eV, much larger than for dimer evaporation. The case of 

PdAu4
+, however, is different. The dissociation energy of monomer evaporation is found 

lower, being 1.64 eV, while for dimer evaporation the larger value of 2.07 eV is obtained. 

Finally, it is worth to mention that for the applied experimental conditions multiple Ar 

complexes are formed for Au5
+: Au5

+Arm with m = 1–3, as shown in Figure S3 of the 

Supporting Information. The depletion spectrum of Au5
+Ar may be contaminated by 

fragmentation of Au5
+Ar2 and Au5

+Ar3, although the data suggest that all Ar atoms are 

evaporated simultaneously following photon adsorption and such contamination is therefore 

likely to be limited. 

 

3.2. Optical absorption of Au4
+ and PdAu3

+ clusters 

The calculated absorption spectra of Au4
+ and PdAu3

+ are compared with the experimental 

photodissociation spectra in Figure 2. Photon absorption cross sections are calculated as a 

function of excitation energy from the measured photodepletions using Equation 1. The 

photodepletion curves only show signal decrease, implying that the measured spectra for Au4
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and PdAu3
+ are not contaminated by fragmentation of larger clusters. Indeed, calculated 

fragmentation pathways (Table 1) indicate that Au4
+ is neither the preferred fragment of Au5

+ 

nor of Au4
+Ar, since Au5

+ favors dimer evaporation and Au4
+Ar evaporates simultaneously Ar 

and Au after photoexcitation in the measured spectral range. On the other hand, 

photodissociation of PdAu4
+ may produce PdAu3

+, but this process seems not to be likely, 

since no contamination observed in the spectra of PdAu3
+. Due to the noise level of the 

measurements, features with cross sections below 0.25 Å2 are not labeled as bands. As a 

standard procedure, data were averaged by 3-adjacent points in order to identify absorption 

features and then, based on this average, a multi-Gaussian fit was applied to the raw data. 

Using this criterion, four resonant excitations are observed for Au4
+, with maxima at 2.58 eV 

(A), 3.49 eV (B), 3.87 eV (C) and 4.43 eV (D). Of these four bands, feature B at 3.49 eV is 

clearly the most intense. Previous gas phase studies of Au4
+ were performed with photon 

energies below 3.5 eV and hence only reported band A at 2.58 eV,[19,20,22,32] and an onset of 

band B.[22] UV-visible absorption measurements of neutral mass selected gold clusters 

embedded in Ne matrices were carried out in the extended energy range of 1.5-6.0 eV, 

showing a strong absorption feature at 3.17 eV, close to band B.[16] 

In order to isolate the electronic properties of the optical spectra, TDDFT calculations were 

performed on the energetically lowest-lying isomers as calculated with DFT. Figure 2b shows 

that the computed spectrum, calculated with the rhombic minimum energy structure of Au4
+ 

shown as inset, is in good agreement with the experiment if a redshift of the computed bands 

B, C, and D of about 0.2 eV is taken into account.[19,22,32] In Ref. [22], the simulated peak at 

3.3 eV was assigned to a low intensity band at 3.2 eV, and the existence of an experimental 

band at 3.5 eV was interpreted as the presence of additional isomers in the beam. In the 

current work, we suggest that the calculated peak B may be a redshifted representation of the 

experimental peak B.  For all peaks above 3.0 eV, both in the current work and in Ref. [22], 
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the transitions are of the same type, primarily Au 5d to Au 6s interband transitions. The 

computed band E at 4.42 eV is not observed experimentally. However, considering the 

observed redshift of the calculated bands, feature E may be present at higher energies than 

those measured. 

The effect of substitution of Pd for Au in Au4
+ is significant. Structurally, the Pd dopant 

induces a 2D →  3D transition similar to earlier calculations.[34] As commented in the 

introduction, the structural change is likely affected by the charge transfer expected upon Pd 

doping. More surprising is the completely altered optical response. Using the earlier presented 

criterion to identify signals with cross sections above 0.25 Å2 as bands, only at the highest 

photon energies (>4.6 eV) is the onset of a band found in the experimental spectrum of 

PdAu3
+ (Figure 2c). The calculated spectrum, shown in Figure 2d, agrees well with the 

experiment. Optical absorption bands are strongly suppressed, showing only an intense 

feature at 4.56 eV, probably corresponding to feature A observed experimentally (again 

considering a redshift of the computed spectrum relative to the experiment). Computations 

also predict a signal at 2.3 eV, which may be sufficiently intense to be measurable. However, 

the large dissociation energy calculated for PdAu3
+ (2.25 eV) likely suppresses fragmentation 

following photoabsorption at low excitation energies, explaining the absence of that band in 

Figure 2c. 

Oscillator strengths, extracted from the measured absorption cross sections, are listed in 

Table 2 and compared with the calculated results. 

 

3.3. Optical absorption of Au4
+Ar and Au3Pd+Ar clusters 

Figure 3 presents the experimental photodissociation and calculated optical excitation spectra 

of Au4
+Ar and PdAu3

+Ar. In view of the dissociation energies listed in Table 1, it seems that 

complexes with multiple Ar atoms loose the messenger atoms simultaneously upon 

photoexcitation. So possible contamination of the spectra of Au4
+Ar and PdAu3

+Ar by 
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dissociation of complexes with multiple Ar atoms is unlikely. Indeed, the photodissociation 

spectra show only signal decrease, which supports this assumption. Five bands, at energies 

2.71 eV, 3.15 eV, 3.48 eV, 3.67 eV and 3.87 eV, can be distinguished in the experimental 

spectrum of Au4
+Ar (Figure 3a). However, the rather high level of noise makes a clear 

distinction difficult. Comparing bands A of Au4
+ (Figure 2a) and Au4

+Ar, a blue shift of 0.1 

eV is observed, as reported in previous studies.[19, 32] Band B at 3.15 eV has also been 

observed previously.[19] All bands above 3.4 eV are reported for the first time. The agreement 

with the calculated spectrum (Figure 3b) is fairly good, with minor energy shifts. The 

experimentally assigned bands D and E are not reproduced theoretically, which may be 

caused by not completely reliable band assignment in the experiment due to the low signal-to-

noise level. However, another possibility is the coexistence of low-energy isomers in the 

beam. For this purpose the optical absorption spectrum of a y-shaped isomer was calculated 

and shown in blue dashed line in Figure 3b. This isomer, when Ar tagged, only is only 0.11 

eV higher in energy than the global minimum and thus, could be present in the experiment. 

The y-shaped isomer has electronic excited states at 3.78 eV and 3.95 eV, close to the missing 

peaks in the experimental spectrum. All peaks for the calculated spectrum in this energy range 

are predominantly Au 5d – Au 6s or Au sd – Au 6s hybrid transitions.  

As for the bare Au4
+ and Au3Pd+ clusters, Pd doping quenches the optical absorption of the Ar 

complexes. Although the level of noise in the photodissociation spectrum of PdAu3
+Ar 

hampers definitive band assignment, features A and B of Au4
+Ar are clearly suppressed. This 

observation agrees well with the calculated absorption spectrum of PdAu3
+Ar, with only two 

weak absorption bands at 3.70 eV and 4.44 eV. 

 

3.4. Optical absorption of Au5
+Ar and Au4Pd+Ar clusters 

In contrast to the photoexcitation of Au4
+, the Au5

+ signal in the mass spectrum shows no 

depletion, but only signal increase, implying that its depletion spectrum is contaminated by 
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larger clusters dissociating into Au5
+. Therefore, only Ar complexes of Au5

+ and Au4Pd+ are 

discussed here. For these species the cluster-Arm complex peaks are depleted while the 

intensity of the corresponding cluster without Ar increases. As Ar atoms are weakly bound by 

Van der Waals forces with energy of ~0.2 eV (see Table 1) these typical action spectroscopy 

channels are indeed very probable. 

Figure 4 displays experimental photodissociation and calculated absorption spectra for 

Au5
+Ar and PdAu4

+Ar. Again the Pd dopant induces a 2D to 3D structural transition, but for 

this cluster size the influence of the Pd dopant on the optical absorption spectrum is less 

pronounced. Both Au5
+Ar (Figure 4a) and PdAu4

+Ar (Figure 4c) have an absorption feature at 

around 3.5 eV (band A) and no appreciable quenching upon Pd-doping is observed for this 

band. In addition, broad absorption features are observed for Au5
+Ar above 4.0 eV, which are 

somewhat reduced in intensity by Pd doping. Calculated absorption spectra, presented in 

Figure 4b and 4d, show less agreement with the experiment. Calculated optical absorption of 

multiple Ar complexes Au5
+Arp (p=1-3) are available in Figure S5b of the Supporting 

Information. Band A is reproduced in both clusters and it is blue shifted by about 0.4 eV for 

Au5
+Ar. For this cluster, two bands at 4.1 eV and 4.3 eV may represent the broad increase 

observed experimentally in that range, in addition to a very intense band, at 4.5 eV, calculated 

but not observed in the experiment. Nonetheless, this intense feature may occur at photon 

energies above the investigated range. Calculated features between 3.8 eV and 4.4 eV for 

PdAu4
+Ar cannot be distinguished from the noise level experimentally. 

Although the agreement between experiment and theory is better for the tetramers than the 

pentamers, the different influence of Pd-doping on the optical spectra for the tetramers and 

pentamers is in line with the induced structural changes. 

 

4. Discussion 

4.1. Structures and charge transfers 
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As shown in Figure 2, 3 and 4, the structures of the Aun
+ (n = 4, 5) clusters are affected by Pd-

doping. It is known that cationic Au clusters remain planar up to n = 7 while cationic pure Pd 

clusters form 3D structures from n = 4 onwards.[8,56] The relativistically enhanced s-d 

hybridisation in gold causes an unusually large cluster size for the 2D-3D transition, as the 

preferential overlap of valence orbitals which minimises electronic energy is in an in-plane 

direction. This stabilisation is not present in palladium, and leads to compact, pseudospherical 

structures.[54] Thus, doping palladium atoms into gold clusters disrupts this planarity 

stabilisation, and drives a transformation of dimensionality from 2D to 3D. We observe, in 

agreement with previous studies, that this transition occurs as the smallest possible cluster 

size of AunPdm (n+m=4). [29,58,59] 

This 2D to 3D geometry change possibly diminishes the absorption cross section and is 

therefore partially responsible for the overall absorption quenching accompanying Pd-doping. 

A similar theoretical prediction of a decrease in cluster polarizability with changing Agn 

structure from planar to three-dimensional at n = 7 has been discussed previously.[60] 

To analyse the charge transfer in more detail, electron densities are calculated. The results 

according to the Löwdin scheme are presented in Figure 5 and Figure S4 of Supporting 

Information. The positive charge in Au4
+ is roughly equally distributed over the Au atoms. 

Upon doping, Pd draws electron density from the Au atoms, which gives Pd a formal negative 

charge in PdAu3
+. In Au5

+, however, due to its high symmetry, the central Au atom has zero 

net positive charge and in PdAu4
+ the central Au atom draws most of the charge, reducing the 

charge available to the Pd atom, and hence it’s influence on the cluster’s electronic properties. 

In fact, even though PdAu4
+ has a 3D structure, the average bond length between Au atoms in 

the cluster is not notably affected by the Pd dopant, being 2.63 Å for both PdAu4
+ and Au5

+. 

This situation is different for Au4
+ and PdAu3

+, with average Au–Au distances of 2.66 Å and 
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2.72 Å, respectively. An overview of the calculated average bond distances is available in 

Table S1 of the Supporting Information. 

 

4.2. Orbital analysis of optical transitions 

4.2.1 Au4
+ and PdAu3

+ clusters 

The suppression of the optical response on Pd doping is investigated by calculation of the 

states that make up the relevant region of the band structure. In Figure 6, a representative 

electronic correlation diagram is shown for Au4
+, PdAu3

+, and Pd4
+. For the case of Pd4

+, the 

lowest energy structure is calculated as a Jahn-Teller distorted tetrahedron, with bonds of 2.72 

Å in the basal plane, and a compressed z direction with bonds of 2.64 Å to the top atom. 

The Au4
+ cluster shows a significant degree of s-d mixing, which is primarily manifested at 

the top (0 eV) and bottom (-4.8 eV) of the d band, as well as in intermediate peaks throughout 

the band. The bands are molecular, due to the small size of the cluster, and thus molecular 

charge-transfer transitions, which result from the differences in electronic structure between 

non-equivalent atoms, may be resolved. One example is the s-d → s-d transition from a hinge 

atom (0 eV) to the wingtip atom at +0.1 eV. For the Pd4
+ cluster, the s-d mixing is diminished. 

The HOMO state is of 100% d character, and the first filled s state is at -1.5 eV. Therefore, 

interband s → d and d → s transitions, as well as intraband s → s transitions are likely to be 

suppressed in Pd clusters. The doped PdAu3
+ cluster represents an intermediate case, in which 

the width of the d band is between that of Au4
+ and Pd4

+, and some s-d mixing is present due 

to the Au atoms. The first filled s state is at -0.9 eV, which lies between the values for the two 

monoelemental clusters, and represents a significant increase in energy required for optical 

transitions from s states as compared to Au4
+. The energy gap to s-like conduction band states 

is similarly increased, from 1.1 eV in Au4
+ to 1.8 eV in PdAu3

+.  This overall depletion of s 

density near the Fermi energy is likely a major cause for the suppression of the optical 

absorption bands. 
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4.2.2 Au4
+Ar and PdAu3

+Ar clusters 

Upon Pd doping, the electronic character of the calculated transitions of PdAu3
+Ar is changed 

significantly with respect to the Au4
+Ar cluster. The introduction of Pd allows for intraband 

sp-sp transitions, which occur between elements. Peak A of Figure 3c corresponds to an Au to 

Pd transition, with elemental contributions of 95/5/0 in the initial state, and 20/79/1 in the 

final state (Au/Pd/Ar percentages). Peak B, in contrast, is a Pd to Au transition, with 

elemental contributions of 34/65/1 and 85/15/0 in the initial and final states, respectively.  

 

4.2.3 Au5
+Ar and PdAu4

+Ar clusters 

For the Pd-doped cluster PdAu4Ar+, peak A at 3.57 eV (Figure 4b) consists of Au(sd) to Pd(p) 

interatomic charge transfer character. The bands of higher energy transitions in the range 3.8-

4.3 eV also have primarily Au-Pd character. Charge transfer transitions therefore occur in the 

same interelemental manner, and involve the same orbitals as for the 4-atom metal clusters. 

However, it should be noted that for the global minimum cluster structure found for PdAu4Ar+, 

the total static charge transfer from Au to Pd, from Löwdin analysis, is found to be less 

extensive than for the smaller clusters. The MO pair which contributes most to the (lowest 

energy) transition at 3.85 eV in Au5
+Ar has a weight of 93% Au and 7% Ar in the initial state, 

and 73% Au, 27% Ar in the final state. The greatest atomic orbital weights for this peak are, 

however, located on Au atoms, with Au dxz/dyz and Au sp the largest contributors in the initial 

and final states, respectively. For the higher energy peaks at 4.08 and 4.32 eV, the MO pairs 

involve Au d orbitals as the major component of the initial state, and Au sp orbitals in the 

final state.  The excitation with large oscillator strength at 4.60 eV has a slightly different 

character, consisting of Au sp (85% on Au) to Au s (95% on Au) transition. 

 

4.4. Conclusion 
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In this article we have presented a combined photodissociation spectroscopy and time-

dependent density functional theory study of the effect of Pd doping on the structures and 

optical absorption of the small cationic gold clusters Au4
+, Au4

+Ar and Au5
+Ar. 

Whereas the structures of pure cationic gold clusters are planar, the Pd-doped clusters were 

found to be 3-dimensional. An analysis of electron density transfers showed the very different 

influence of the Pd dopant in the tetrameric and pentameric clusters. While Pd draws so much 

charge from the Au atoms that it becomes negatively charged in PdAu3
+, the Pd atom in 

PdAu4
+ has a positive charge that is higher than the charge of the highly coordinated central 

Au atom.  

Photoabsorption spectra were recorded using photon induced fragmentation of the clusters, in 

the broad energy range of 2.0 to 4.7 eV, allowing the observation of previously unreported 

absorption bands for Au4
+ and Au4

+Ar clusters. The inclusion of a single Pd atom changed the 

optical absorption spectra of Au4
+ and Au4

+Ar drastically, quenching most absorption features, 

in contrast to the less pronounced effect for the pentameric system.  

The observed quenching effect in PdAu3
+ was attributed to structural changes induced by the 

dopant atom in addition to alterations in the cluster‘s electronic structure. For pure Au4
+, a 

significant s-d mixing is observed, which is diminished upon Pd doping. These effects, 

however, are size dependent. The structure of Au5
+ is less affected by the addition of Pd. The 

smaller charge transfer induced by the dopant in this cluster is reflected in a small effect on 

the optical absorption. 

 

Supporting Information  
Supporting Information is available online from the Wiley Online Library or from the author. 
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Figure 1. Mass spectra with (black) and without (red) laser excitation at (a) 480 nm and (b) 

460 nm. The decrease in signal for Au4
+ at 482 nm and for Au4

+Ar at 460 nm (indicated by an 

arrow) implies laser induced fragmentation of these clusters. In contrast, the increase in Au3
+ 

signal shows that this cluster is the fragmentation channel of Au4
+ (at 482 nm). The similar 

increase of Au3
+ at λ=460 nm proves that Au3

+ is also a product ion of the fragmentation of 

Au4
+Ar. The * correspond to oxygen contaminated clusters.   

 

 

 

 
Figure 2. Comparison of experimental photodissociation ((a) and (c)) and calculated 

electronic excitation ((b) and (d)) spectra of the lowest energy isomers for Au4
+ and PdAu3

+. 

Black step lines represent the experimental data while red solid lines are multi-Gaussian fits. 

Absorption cross sections are obtained by Equation 1 from measured photodepletions. The 

corresponding lowest energy isomers are displayed as insets in the figure with Au atoms 

shown in yellow and Pd in blue.  
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Figure 3. Comparison of experimental photodissociation ((a) and (c)) and calculated 

electronic excitation ((b) and (d)) spectra of the lowest energy isomers for Au4
+Ar and 

PdAu3
+Ar. Black step lines represent the experimental data while red solid lines are multi-

Gaussian fits. Absorption cross sections are obtained by Equation 1 from measured 

photodepletions. The corresponding lowest energy isomers are displayed as insets in the 

figure with Au atoms shown in yellow, Pd in blue and Ar in sky-blue. In (b) the Y-shaped 

isomer of Au4
+Ar, 0.11 eV higher in energy than the global minimum, is shown by dashed 

blue line. 

 

 

 

 

 
 

Figure 4. Comparison between experimental photodissociation and calculated electronic 

excitation spectra of the lowest energy isomer for Au5
+Ar and PdAu4

+Ar. In (a) and (c) 

experimental spectra are presented for Au5
+Ar and PdAu4

+Ar, respectively. Black step lines 
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represent the experimental data while solid lines an averaged curve of 3-adjacent points. 

Absorption cross sections are obtained by Equation 1 from the measured photodepletions. In 

addition, (b) and (d) show calculated spectra for Au5
+Ar and PdAu4

+Ar, respectively. The 

corresponding lowest energy isomers are displayed as insets in the figure with Au atoms 

shown in yellow, Pd in blue and Ar in sky-blue. 

 

 

 

 

 
 

Figure 5. Calculated atomic charges of the lowest energy structures of Aun
+ and PdAun-1

+ (n 

= 4, 5) using the Löwdin scheme. Au atoms are shown in yellow and Pd in blue. 

 

 

 

 

 

 

 

 
 

Figure 6. Projected density of states for Au4
+, PdAu3

+ and Pd4
+, calculated at the PBE level of 

theory. Electron density is projected onto s (filled red lines) and d (blue lines) atomic orbitals, 

and presented relative to the Fermi energy (dashed black line). 
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Table 1. Most favorable fragmentation channels and their corresponding dissociation energies 

obtained by DFT calculations.   

 

Mother species Fragments Dissociation energy [eV] 

Au4
+ Au3

+ + Au 1.33 
PdAu3

+ PdAu2
+ + Au 2.25 

Au4
+Ar Au4

+ + Ar 0.21 

Au4
+Ar Au3

+ + Au + Ar 1.54 

PdAu3
+Ar PdAu3

+ + Ar 0.23 

PdAu3
+Ar PdAu2

+ + Pd + Ar 2.58 

Au5
+ Au3

+ + Au2 2.17 

PdAu4
+ PdAu3

+ + Au 1.64 

Au5
+Ar Au5

+ + Ar 0.21 

PdAu4
+Ar PdAu3

+ + Ar 0.23 

 

 

 

Table 2. Peak positions and oscillator strengths of the absorption bands for the studied 

clusters. Peaks are labelled according to Figure 1, 2 and 3. Experimental oscillator strengths 

are calculated by 𝑓 = 0.91103 ∫ 𝑑(𝐸)𝑑𝐸 and the Gaussian fits of the experimental data.[19,21] 

 

 

 

 

 

 

  Peak Position (eV)  Oscillator strength  

  Exp. Theory Exp. Theory 

Au4
+ A 2.58 ± 0.01 2.68 0.033 ± 0.006 0.070 

 B 3.49 ± 0.01 3.32 0.125 ± 0.007 0.200 

 C 3.87 ± 0.02 3.65 0.016 ± 0.009 0.070 

 D 4.43 ± 0.02 4.18 0.011 ± 0.009 0.080 

 E  4.42  0.080 

PdAu3
+ A > 4.70  4.56 > 0.080 0.170 

Au4
+Ar A 2.71 ± 0.01 2.80 0.074 ± 0.009 0.080 

 B 3.15 ± 0.02 3.24 0.034 ± 0.012 0.060 

 C 3.48 ± 0.01 3.44 0.070 ± 0.009 0.180 

 D 3.67 ± 0.01  0.023 ± 0.009  

 E 3.87 ± 0.02  0.035 ± 0.013  

 F > 4.70 4.56 > 0.070 0.080 

PdAu3
+Ar A 3.69 ± 0.02 3.70 0.028 ± 0.005 0.009 

 B > 4.70 4.44 > 0.100 0.026 

Au5
+Ar A 3.46 ± 0.01 3.85 0.089 ± 0.010 0.045 

 B  4.08  0.063 

 C  4.32  0.043 
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 D  4.60  0.467 

PdAu4
+Ar A 3.48 ± 0.03 3.57 0.077 ± 0.009 0.022 

 B  3.83  0.035 

 C  4.00  0.048 

 D  4.24  0.020 

 

 

 

 

The effect of a single Pd dopant atom in the optical absorption of the small gas phase Au4
+ 

and Au5
+ clusters is studied by a combination of photodissociation spectroscopy and density 

functional theory calculation. A quenching of most absorption bands is observed and 

attributed to charge transfers and structural changes induced by the Pd dopant atom. 
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