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Density-functional investigation of 3d, 4d, 5d impurity
doped Au6 clusters
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The general features of the geometries and electronic properties for 3d, 4d, and 5d transition-metal atom doped

Au6 clusters are systematically investigated by using relativistic all-electron density functional theory in the generalized

gradient approximation (GGA). A number of structural isomers are considered to search the lowest-energy structures of

M@Au6 clusters (M=3d, 4d and 5d transition-metal atoms), and the transition metal atom locating in the centre of an

Au6 ring is found to be in the ground state for all the M@Au6 clusters. All doped clusters, expect for Pd@Au6, show

large relative binding energies compared with a pure Au7 cluster, indicating that doping by 3d, 4d, 5d transition-metal

atoms could stabilize the Au6 ring and promote the formation of a new binary alloy cluster.
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1. Introduction

The discovery of the celebrated C60 has aroused

considerable interest in the search for highly sta-

ble metal clusters since they may be used as build-

ing blocks for novel nanomaterials.[1] In recent years,

small gold clusters have attracted extensive attention

due to their unique catalytic, electronic, and optical

properties.[2−10] In 2008, Gruene et al.[11] revealed the

geometries of several small neutral gold clusters in

the gas phase. The geometry of Au7 has been un-

ambiguously assigned by comparing the experimen-

tal spectra with the calculated vibrational spectra for

multiple isomers predicted by density functional the-

ory (DFT). On the other hand, in order to enhance

the stability of gold clusters and improve their chem-

ical activities, a considerable amount of experimen-

tal and theoretical work was carried out on gold clus-

ters doped with a transition metal (TM) atom.[12−29]

Neukermans et al.[30] and Tanaka et al.[31] investi-

gated the stability of cationic gold clusters doped

with a 3d TM atom, AunTM
+, with TM from Sc

to Zn, and extended their investigations to multi-

ple TM atom doped gold clusters AuNXM clusters

(X=Sc, Ti, Cr, Fe; N=1–40, M=0–3) by means

of photo-fragmentation experiments.[32] Latter, Tor-

res et al.[33] investigated the atomic and electronic

structures of AunM
+ clusters (M=Sc, Ti, V, Cr,

Mn, Fe, Au; n ≤ 9) by using first-principles density

functional calculations. Recently, Li et al.[34] stud-

ied the electronic structures and magnetic properties

both experimentally and theoretically through den-

sity functional theory (DFT) calculations in a series of

anionic transition-metal-doped Au clusters, M@Au−6
(M =Ti, V, Cr). Although there are many studies of

M@Aun clusters, especially for 3d TM, most of this

work has focused on anionic or cationic clusters. To

our knowledge, a systematical theoretical study of 3d,

4d, 5d impurity doped Au6 clusters has not been re-

ported.

In our previous work,[35] the geometries, elec-

tronic and magnetic properties of the 3d transition-

metal-doped gold cluster: M@Au6 clusters (M=Sc,

Ti, V, Cr, Mn, Fe, Co, Ni) were systematically studied

by using the relativistic all-electron density functional

theory. We found that all 3d transition-metal atoms

with open d shells could stabilize the Au6 ring struc-

ture. What are the geometric structures of 4d and

5d TM atom doped Au6 clusters and how about the

electronic properties of these clusters in 4d and 5d se-

ries? Do the situations for 4d and 5d TM atoms follow

basically the same trends as those discussed for 3d im-

purities? Can every type of TM atom be a good way

to stabilize the Au6 by locating it in the centre of the

Au6 ring? As an effort to address the above questions,

we extend our investigation to the second- and third-
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row transition-metal-doped Au6 clusters and compare

their results with the results of the first-row TM atom

doped Au6 clusters, thereby systematically exploring

their structural and electronic properties. We describe

our computational details in Section 2 and present our

results and discussion in Section 3. Finally, the con-

clusion is given in Section 4.

2. Computational method

We perform our calculations in the present work

by using the density functional theory (DFT)[36,37] im-

plemented in the DMol3 package.[38] The exchange-

correlation interaction was treated in the generalized

gradient approximation (GGA) by using the PW91

functional parametrized by Perdew and Wang.[39] All-

electron spin-unrestricted calculations with scalar rel-

ativity (via VPSR tag) and a double-numerical basis

set that include d polarization functions (DND) are

employed in the present work. The direct inversion in

iterative subspace (DIIS) approach is used to speed up

SCF convergence. Considering vibrational frequency,

we confirm the lowest-energy structure to be stable

as the potential energy surface reaches a minimum.

For more computational details, we refer readers to

Ref. [35].

In order to check the validity of the computational

method used for the M@Au6 clusters, we perform the

calculation on Au2, Au−2 , Au7, Au
−
7 and Ti@Au6 clus-

ters, separately, and the results are summarized in

Table 1. All of the properties obtained from our cal-

culations are in excellent agreement with available ex-

periment data. This indicates that our methods are

reliable and accurate enough to describe the structures

and properties of M@Au6 clusters.

Table 1. Calculated ground-state parameters and properties

of Au2, Au−2 , Au7, Au−7 and Ti@Au−6 clustersa.

system property this work experiment[2−11,15]

Au2 d 2.49 2.47

ωe 178 191

Eb 1.18 1.15, 1.18

IP 9.43 9.50, 9.22

Au−2 d 2.587 2.582

VDE 2.08 2.01

Au7 ωe1 168.2 165

ωe2 190.0 185

ωe3 205.5 203

Au−7 VDE 3.45 3.46

ADE 3.28 3.40

Ti@Au−6 VDE 3.36 3.32

ADE 3.35 3.32

a d: bond distance (Å, 1 Å=0.1 nm); ωe: vibrational frequency

(cm−1); Eb: binding energy per atom (eV); VDE: vertical elec-

tron detachment energy (eV); ADE: adiabatic electron detach-

ment energy (eV); IP: ionization potential (eV).

3. Results and discussion

Using the computation scheme described in Sec-

tion 2, the optimized ground-state structures and two

low-lying metastable isomers are obtained and shown

in Fig. 1, where a big sphere refers to the impurity

atom M . Here, we consider extensive two-dimensional

(2D) structures and three-dimensional (3D) structures

with six Au atoms surrounding a central impurity 3d

atom. For a pure Au7 cluster, a planar edge-capped

triangle with Cs symmetry [see Fig. 1(b)] is found to

be lowest in energy. This result is consistent with

the experimental result.[11] Our calculations show that

when a TM atom is doped into an Au6 cluster, all

M@Au6 clusters prefer the ground-state 2D structure

with the transition metal atom sitting in the centre of

an Au6 ring [see Fig. 1(a)].

Fig. 1. Ground-state structures and low-lying isomers for M@Au6 clusters (M=3d, 4d and 5d transition-

metal atoms) obtained by using density functional theory with the PW91 functional, DND basis, and VPSR

pseudopotential (see text for details). M atom is represented by big spheres.
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The calculated various structural and energetic characteristics of M@Au6 clusters are summarized in Table

2. The results for pure Au7 clusters are also given in Table 2 for comparison. We find that the ground-state 2D

structures for Mn@Au6 cluster in 3d series form perfectly symmetrical D6h structures, while Sc@Au6, Ti@Au6,

V@Au6, Cr@Au6, Fe@Au6, Co@Au6 and Ni@Au6 have a slight in-plane distortion due to the Jahn–Teller effect.

A planar edge-capped triangle (see Fig. 1(b)) and a distorted isomer of 3D octahedral arrangement [see Fig. 1(c)]

are both much higher in energy for all these clusters. In the previous work[34] of Li et al., they reported that

all structures of the neutral doping M@Au6 (M=Ti, V, and Cr) clusters preferred higher symmetry than that

of the pure Au7. This is consistent with the result obtained in our work.

Table 2. Structure of M@Au6 cluster, the optimized M–Au bond length (RM−Au), binding energy (Eb) per atom,

HOMO–LUMO energy gap (Egap), and energy separation of isomeric structure from ground-state structure (∆E)

of M@Au6 cluster (M=3d, 4d and 5d transition-metal atoms), data on pure Au7 cluster and relative binding energy

(∆Eb) compared with ground state Au7. “–” means the structure is distorted and geometry optimization led to

the ring structure (see Fig. 1(a)).

cluster
ground state low-lying isomer

structure RM−Au Eb/eV ∆Eb/eV Egap/eV structure ∆E/eV structure ∆E/eV

Au7 Fig. 1(b) 2.653 2.22 0 1.08 Fig. 1(a) 0.15

3d series

Sc@Au6 Fig. 1(a) 2.660 2.75 0.53 0.22 Fig. 1(b) 0.52 Fig. 1(c) 0.58

Ti@Au6 Fig. 1(a) 2.639 2.70 0.48 0.18 Fig. 1(b) 0.31 Fig. 1(c) 0.42

V@Au6 Fig. 1(a) 2.626 2.52 0.30 0.12 Fig. 1(b) 0.65 Fig. 1(c) 0.68

Cr@Au6 Fig. 1(a) 2.626 2.28 0.06 0.76 Fig. 1(b) 0.05 Fig. 1(c) 1.65

Mn@Au6 Fig. 1(a) 2.612 2.35 0.13 0.72 Fig. 1(b) 1.83 Fig. 1(c) 2.07

Fe@Au6 Fig. 1(a) 2.600 2.38 0.16 0.50 Fig. 1(b) 0.10 Fig. 1(c) 0.33

Co@Au6 Fig. 1(a) 2.592 2.29 0.07 0.77 Fig. 1(b) 0.35 Fig. 1(c) 0.65

Ni@Au6 Fig. 1(a) 2.585 2.30 0.08 0.33 Fig. 1(b) 0.26 Fig. 1(c) 0.31

4d series

Y@Au6 Fig. 1(a) 2.746 2.78 0.56 2.42 Fig. 1(b) 0.54 Fig. 1(c) 0.57

Zr@Au6 Fig. 1(a) 2.677 2.88 0.66 1.28 Fig. 1(b) 1.02 Fig. 1(b) 1.39

Nb@Au6 Fig. 1(a) 2.655 2.69 0.47 0.90 Fig. 1(b) 0.82 Fig. 1(c) 1.13

Mo@Au6 Fig. 1(a) 2.652 2.44 0.22 1.47 Fig. 1(b) 0.75 Fig. 1(c) 1.32

Tc@Au6 Fig. 1(a) 2.646 2.51 0.29 1.13 Fig. 1(b) 0.76 Fig. 1(c) 1.03

Ru@Au6 Fig. 1(a) 2.638 2.46 0.24 0.84 Fig. 1(b) 0.69 Fig. 1(c) 0.71

Rh@Au6 Fig. 1(a) 2.641 2.33 0.11 1.01 Fig. 1(b) 0.56 Fig. 1(c) 0.75

Pd@Au6 Fig. 1(a) 2.645 2.17 –0.05 1.10 Fig. 1(c) 0.10 Fig. 1(b) 0.37

5d series

Lu@Au6 Fig. 1(a) 2.720 2.71 0.49 2.01 Fig. 1(b) 0.55 Fig. 1(c) 0.58

Hf@Au6 Fig. 1(a) 2.646 3.04 0.82 1.21 Fig. 1(c) 1.23 Fig. 1(b) –

Ta@Au6 Fig. 1(a) 2.628 3.01 0.79 1.15 Fig. 1(c) 1.10 Fig. 1(b) –

W@Au6 Fig. 1(a) 2.624 2.76 0.54 1.00 Fig. 1(c) 1.31 Fig. 1(b) –

Re@Au6 Fig. 1(a) 2.639 2.50 0.28 1.41 Fig. 1(b) 0.98 Fig. 1(c) 1.37

Os@Au6 Fig. 1(a) 2.629 2.55 0.33 0.80 Fig. 1(b) 0.86 Fig. 1(c) 1.01

Ir@Au6 Fig. 1(a) 2.636 2.52 0.30 1.14 Fig. 1(b) 0.70 Fig. 1(c) 1.04

Pt@Au6 Fig. 1(a) 2.630 2.42 0.20 1.05 Fig. 1(b) 0.53 Fig. 1(c) 0.92

The optimized M–Au bond length (RM−Au) of the ground-state M@Au6 clusters for the 3d, 4d and 5d

series are plotted in Fig. 2. The general features of the RM−Au are similar in 3d, 4d and 5d series. The RM−Au

decreases with the increase of the number of d electrons except that the RM−Au has a very slight increase from

W to Pt in 5d series. Figure 2 shows that the RM−Au of M@Au6 clusters in 4d series is largest while it is

smallest in 3d series throughout.
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Fig. 2. Curves for bond length RM−Au of M–Au in

the ground-state M@Au6 clusters (M=3d, 4d and 5d

transition-metal atoms).

By comparing the difference ∆Eb, which is de-

fined as the difference between the binding energy of

M@Au6 (M=3d, 4d and 5d transition-metal atoms)

and the ground-state of pure Au7 clusters in Table 2,

it can be seen that the binding energy per atom for

the ground-state of the M@Au6 cluster is higher than

that of pure Au7, except for Pd@Au6 in 4d series.

This indicates that except for Pd, all doped transi-

tion metal atoms with open d shells can stabilize the

Au6 ring structure. Figure 3 gives the average bind-

ing energy of the ground-state M@Au6 clusters. As

we can see from Fig. 3, the largest relative binding en-

ergy per atom compared with pure Au7 appears at Hf

with 0.82 eV. So, Hf@Au6 should be the most stable

among these clusters.

Fig. 3. Curves for average binding energy (Eb) of

the ground-state M@Au6 clusters (M=3d, 4d and 5d

transition-metal atoms). The horizontal dot line is for

the pure Au7 cluster.

The highest occupied molecular orbital–lowest oc-

cupied molecular orbital (HOMO–LUMO) energy gap

is another useful quantity for examining the kinetic

stability of clusters. In the present paper, the HOMO–

LUMO is calculated for all spin branches. Figure

4 gives the values of Egap of 3d, 4d, 5d impurities

doped in the Au6 ring. The values of Egap for all 3d

impurity doped Au6 clusters are remarkably smaller

than that of pure Au7. We compare the values of

Egap of all M@Au6 clusters and find that the Egap of

the Y@Au6 cluster (2.42 eV) is the largest, 1.34 eV

larger than the Egap of the pure Au7 cluster. This

suggests that Y@Au6 is chemically more stable than

the neighbouring clusters. On the other hand, V@Au6

has the smallest value of Egap, only 0.12 eV. From

the above discussion, we can conclude that although

doping the TM atom can enhance the structural sta-

bility of gold clusters, the kinetic stabilities of these

transition-metal doped clusters are very variable when

doped with different TM atoms.

Fig. 4. Curves for HOMO–LUMO energy gap (Egap)

of the ground-state M@Au6 clusters (M=3d, 4d and 5d

transition-metal atoms). The horizontal dot line is for the

pure Au7 cluster.

4. Conclusion

We systematically investigated the geometries

and the electronic properties of 3d, 4d, and 5d im-

purity doped Au6 clusters by using relativistic all-

electron density functional theory in the generalized

gradient approximation. Many isomers are found

and three representative structures are given and dis-

cussed. For all the M@Au6 clusters (M=3d, 4d and

5d transition-metal atoms), the most stable structure

is a 2D structure with the transition metal atom sit-

ting in the centre of an Au6 ring. Except for Pd@Au6,

all doped clusters show large relative binding ener-

gies compared with a pure Au7 cluster, indicating that

transition-metal atoms with open d shells can stabilize

the Au6 ring structure. This suggests that the stable

M@Au6 guest–host bimetallic clusters may have po-

tential utility in new nanomaterials as building blocks.
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[28] Häkkinen H, Abbet S, Sanchez A, Heiz U and Landman

U 2003 Angew. Chem. Int. Ed. 42 1297

[29] Zhao L X, Feng X J, Cao T T, Liang X and Luo Y H 2009

Chin. Phys. B 18 2709

[30] Neukermans S, Janssens E, Tanaka H, Silverans R E and

Lievens P 2003 Phys. Rev. Lett. 90 033401

[31] Tanaka H, Neukermans S, Janssens E, Silverans R E and

Lievens P 2003 J. Chem. Phys. 119 7115

[32] Janssens E, Tanaka H, Neukermans S, Silverans R E and

Lievens P 2004 Phys. Rev. B 69 085402

[33] Torres M B, Fernández E M and Balbás L C 2005 Phys.

Rev. B 71 155412

[34] Li X, Kiran B, Cui L F and Wang L S 2005 Phys. Rev.

Lett. 95 253401

[35] Zhang M, He L M, Zhao L X, Feng X J and Luo Y H 2009

J. Phys. Chem. C 113 6491

[36] Ordejón P, Artacho E and Soler J M 1996 Phys. Rev. B

53 R10441

[37] Sánchez-Portal D, Ordejón P, Artacho E and Soler J M

1997 Int. J. Quantum Chem. 65 453

[38] Delley B 1990 J. Chem. Phys. 92 508

[39] Perdew J P and Wang Y 1992 Phys. Rev. B 45 13244

043103-5


