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Magnetic Properties in Transition-Metal-Doped Gold Clusters:M@Au6 (M � Ti;V;Cr)
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The electronic structure and magnetic properties in a series of transition-metal-doped Au clusters,
MAu6

� (M � Ti;V;Cr), are investigated experimentally using photoelectron spectroscopy (PES) and
density functional calculations. PES features due to the impurity atoms and the Au6 host are clearly
observed. It is found that all the MAu6

� and MAu6 clusters possess a planar structure, in which the
transition metal atom is located in the center of an Au6 ring and carries large magnetic moments (2, 3, and
4 �B for MAu6, M � Ti, V, and Cr, respectively).
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Although transition metal atoms with a partially filled d
shell are magnetic, their magnetism is quenched or signifi-
cantly reduced in the bulk due to chemical bonding that
gives rise to crystal cohesion. For transition metal impuri-
ties in a nonmagnetic host, the hybridization of the impu-
rity d states with the host metal plays a crucial role in
determining the local magnetic moments, which is sensi-
tive to both the local structure and the electronic nature of
the host [1–4]. Atomic clusters provide a unique medium
to explore magnetism because the cluster size, local struc-
ture, and atomic compositions can be readily controlled
and varied [5–11]. Generally, the reduced coordination
number and higher symmetry in clusters lead to narrower
electronic bands and enhanced magnetization [5–9]. Gold
clusters have been of considerable current interest in nano-
science because of the unique catalytic, electronic, and
optical properties exhibited by small gold nanoparticles
[12–18]. Transition-metal-doped gold clusters have also
been actively pursued to tailor the desired structural, elec-
tronic, magnetic, and chemical properties for potential
applications [19–27]. Here we report the generation of a
series of transition-metal-doped gold clusters, MAu6

�

(M � Ti;V;Cr), which are investigated experimentally
by photoelectron spectroscopy (PES) and theoretically us-
ing density functional theory (DFT). It is found that the
magnetic moments of the impurity transition metal atoms
are not quenched by the nonmagnetic gold host in the
MAu6 clusters, which possess total magnetic moments
corresponding to the number of d electrons (2, 3, and 4
for M � Ti;V;Cr, respectively) localized in atomiclike
unhybridized 3d orbitals of the dopands.

The experiment was performed using a laser vaporiza-
tion magnetic-bottle PES apparatus [28]. The bimetal-
lic MAu6

� cluster anions were produced by laser vapor-
ization of an Au=M (M � Ti;V;Cr) disk target and
mass-separated using time-of-flight mass spectrometry.
Photoelectron spectra of MAu6

� were measured using a
magnetic-bottle time-of-flight PES analyzer at three differ-
ent photon energies: 355 (3.496 eV), 266 (4.661 eV), and
193 nm (6.424 eV) with an electron kinetic energy resolu-
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tion of �Ek=Ek � 2:5% (�25 meV for 1 eV electrons).
The spectrometer was calibrated with the known spectrum
of Au� and Rh�. Figure 1 shows the photoelectron spectra
ofMAu6

� (M � Ti;V;Cr) at 193 nm with numerous well-
resolved features. The spectra for all three species are very
similar and all have very nearly identical electron binding
energies. The spectra can be divided into two spectral
regions (Fig. 1): region I in the low binding energy side
between 3–4.5 eV and region II between 4.5 and 6.4 eV in
the high binding energy side. Region I displays the only
differences among the three species: more transitions are
observed from M � Ti! V! Cr. Remarkably, region II
is almost identical in all three spectra. These observations
suggest that the spectral features in region I are from de-
tachment of dopand-dominated orbitals, whereas region II
is from the Au6 motif of the bimetallic clusters. We note
that spectral features in region II bear some amazing
similarities to the valence-band part of the neat Au6

�

photoelectron spectrum [16]. The similarity of the photo-
electron spectra of the three MAu6

� species implies that
these bimetallic clusters must have similar geometrical
structures. The observation of the clear separation between
spectral features of the dopand and the Au6 motif in the
MAu6

� bimetallic clusters is unprecedented, suggesting a
guest-host relationship between M and Au6 and a special
chemical interaction between the dopand and the host.

More fine features were resolved in the lower photon
energy spectra (not shown) and allowed the adiabatic and
vertical detachment energies of the ground state transition
(X) to be accurately determined (Table I) [29]. The inset of
Fig. 1(a) displays the 355 nm spectrum of TiAu6

�, which
was vibrationally resolved with a frequency of 160�
20 cm�1. The observation of a single short vibrational
progression suggested that there is very little geometrical
change between the ground states of TiAu6

� and TiAu6

and that they both have very high symmetry. We performed
quantum calculations to identify the most stable structures
of MAu6

� and MAu6 and to obtain insight into the nature
of bonding between the transition metal guest and the
nonmagnetic host [30]. An extensive structural search
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FIG. 1. Photoelectron spectra of MAu6
� (M � Ti, V, and Cr)

at 193 nm, (a) TiAu6
�, (b) VAu6

�, and (c) CrAu6
�. The inset in

Fig. 1(a) displays the 355 nm spectrum with a well-resolved
vibrational progression for TiAu6. The observed electronic tran-
sitions are labeled as two regions I and II: region I denotes
photodetachment transitions mainly from the 3d-derived orbitals
of the dopant atom and II denotes detachment transitions from
gold 5d-derived orbitals (see text).
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was performed. Among the numerous possible structural
isomers two types of structures are important. First, since
small gold clusters have been shown to be planar [15,16],
we considered various two-dimensional (2D) structures.
Second, we considered three-dimensional (3D) structures
with six Au atoms surrounding a central impurity atom
analogous to the icosahedral W@Au12 cluster [19,20].
Many isomers were found and two structures, representing
the two structural types, are given in Fig. 2.
TABLE I. Experimental adiabatic (ADE) and vertical (VDE)
detachment energies of MAu6

� (M � Ti, V, and Cr) compared
to those calculated for the lowest energy isomers. All energies
are in eV.

Experimental Theoretical
ADE VDE ADE VDE

TiAu6
� 3:32� 0:02 3:32� 0:02 3.28 3.29

VAu6
� 3:23� 0:02 3:25� 0:02 3.20 3.23

CrAu6
� 3:23� 0:02 3:25� 0:02 3.20 3.23
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The most stable structure for MAu6
� and MAu6 (M �

Ti, V, and Cr), is a 2D structure with the transition metal
atom sitting in the center of an Au6 ring [Fig. 2(a)]. Other
lower-symmetry 2D structures are all much higher in en-
ergy for all three clusters. The high symmetry 3D octahe-
dral arrangement is not a stable structure and geometry
optimization led to a distorted isomer [Fig. 2(b)], which is
much higher in energy than the 2D ring structure. The
Au-M distance in the 2D MAu6

� cluster is relatively
constant for all the three central atoms and averages about
2.69 Å, which is longer than the normal Au-M distance, for
example, the Au-Ti distance in tetrahedral TiAu4 is 2.42 Å
[31]. A recent DFT study on MAun

� cations showed a
similar ring structure to be the ground state for VAu6

� and
low-lying isomers for TiAu6

� and CrAu6
� [27]. The

ground state of TiAu6
� was shown to be a lower-symmetry

2D structure while that of CrAu6
� was shown to be a 3D

structure. The Au-M distance in the ring structure of the
MAu6

� cations is in the range of 2.73 to 2.76 Å, slightly
longer than the M-Au distance in the MAu6

� anions.
It should be noted that all the ground state 2D structures

of MAu6
� have high spins, whereas the 3D structures tend

to have low spins (Fig. 2). The doublet TiAu6
� and quar-

tet CrAu6
� form perfectly symmetrical D6h structures.

However, due to the Jahn-Teller effect, the triplet VAu6
�

has a very slight in-plane distortion to a lower-symmetry
D2h structure with very minor bond length changes.
Although the most stable isomer for neutral MAu6 is also
the Au6 ring with the dopant at the center, for TiAu6 the 2D
structure is only more stable than the 3D one by 0.15 eV.
However, for VAu6 and CrAu6 the 2D structure is over-
whelmingly favored (0.75 and 2.72 eV in favor of the 2D
structure for VAu6 and CrAu6, respectively). The neutral
ground state structures all have marginally distorted ge-
ometries from the perfect D6h molecular wheels. Because
of the very flat potential energy surfaces, these distortions
have negligible effect on the energies from the correspond-
ing planar forms, consistent with the sharp ground state
PES transitions. We found that all the neutral MAu6 ring
structures prefer higher spin multiplicities (S � 3, 4, and 5
FIG. 2 (color online). Optimized structures for MAu6
� (M �

Ti, V, and Cr) using density functional theory at the PW91-SDD
level. Relative energies are given in eV. (a) The most stable
isomer; (b) The second isomer.
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for M � Ti, V, and Cr, respectively) compared to the
corresponding anions. We note that the ring structures of
the MAu6

� cations were also predicted to have high spins
(S � 4, 5, and 6 for M � Ti, V, and Cr, respectively) [27].

To validate the theoretical predictions, we computed the
adiabatic and vertical detachment energies, as compared
with the experimental values in Table I. All the computed
detachment energies agree very well with the experimental
results. The calculated vibration frequency for the totally
symmetric mode for the ground state of TiAu6 is
137 cm�1, which also compares well to the observed value
(160� 20 cm�1). The closeness of the calculated adia-
batic and vertical detachment energies for each species is
consistent with the negligible geometry change between
the anion and neutral ground state structures. The excellent
agreement between the experimental and theoretical re-
sults lend considerable credence to the obtained planar
wheel structures for MAu6

� and MAu6 and their high
spin multiplicities.

Figure 3 displays a schematic molecular orbital correla-
tion diagram for the three 2D MAu6

� clusters and their
valence orbital pictures, which provide insight into the
observed spectral features and the nature of bonding be-
tween the dopand and the Au6 ring. The energy levels for
all the clusters separate into two distinct regions with a
considerable energy gap. The frontier orbitals consist of
almost pure d orbitals from the central dopant, whereas all
the occupied levels derived from the Au6 ring lie signifi-
cantly deeper. These orbital level schemes are consistent
with the photoelectron spectra (Fig. 1). The bonding inter-
actions between the dopant and the Au6 ring come by
symmetry from the overlaps between the in-plane dxy
and dx2�y2 orbitals with the antibonding 6s orbitals of the
Au6 ring. The first detachment channel, common for all
three MAu6

� clusters, is the removal of the dxy � electron.
FIG. 3 (color online). Molecular orbitals (MOs) and MO en-
ergy level correlation diagram for M@Au6

� (M � Ti, V, and
Cr). The mainly M 3d orbitals (top) are well separated from the
Au-derived orbitals represented by boxes. Pictures for the fiveM
d orbitals and one of the topmost Au-derived orbitals are shown
(left).
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This explains why the first ADE’s for all three MAu6
�

clusters are remarkably similar and also explains the ob-
servation of the single vibrational progression in the
355 nm spectrum of TiAu6

� (Fig. 1) due to the ring
breathing mode. As the dopant changes from Ti to Cr,
the extra d electrons fill the nonbonding, atomiclike d
orbitals, whose binding energies gradually increase. As a
result extra detachment bands appear to fill the gap be-
tween the two main regions in the photoelectron spectra of
VAu6

� and CrAu6
� (Fig. 1).

Thus the bonding in the MAu6
� bimetallic clusters can

be viewed as an Au6 ring interacting with an M�, which
possesses a d5, d6, and d7 valence configuration for M �
Ti, V, and Cr, respectively, (i.e., the 4s electrons are
promoted to the 3d orbitals). Four of these electrons (two
� and two �) are involved in the bonding between M� and
Au6, leaving 1, 2, and 3 unpaired spins in the MAu6

�

anions for M � Ti, V, and Cr, respectively. In the neutral
clusters, one of the bonding electrons (dxy�) is detached,
resulting in 2, 3, and 4 unpaired spins inMAu6 forM � Ti,
V, and Cr, respectively. These unpaired spins occupy atom-
iclike d orbitals and the number of spins correspond ex-
actly to the number of unpaired d electrons in the atoms
(except for Cr, which has a d5s1 ground state configura-
tion). Thus the MAu6 bimetallic clusters possess atomic-
like magnetism, carrying magnetic moments of 2, 3, and
4 �B for M � Ti, V, and Cr, respectively. Although there
is considerable chemical bonding between the impurity
atom and the Au6 ring, the atomic magnetism is maintained
in the bimetallic clusters. The Au6 ring acts as a host
protecting the spins of the central dopant atoms, whereas
the dopant atom helps stabilize the Au6 ring structure
because the bare Au6 cluster is known to have a D3h
triangular structure [15,16]. Thus the transition metal dop-
ant atom and the Au6 ring have a unique host-guest inter-
action, stabilizing the ring structure and giving rise to the
atomic magnetism.

It is well-known that the local magnetic properties of an
impurity transition metal atom strongly depend on the local
environment. The planar structure of the MAu6 clusters is
important for their atomiclike magnetism because in the
planar geometry only the two in-plane d orbitals (dxy and
dx2�y2 ) can interact with the substrate by symmetry while
the three out-of-plane d orbitals (dxy, dyz, and dz2 ) have
little interaction with the substrate and behave atomiclike.
In 3D structures, all five d orbitals may interact with the
substrate; and depending on the strength of this interaction
the magnetic moment of the impurity atom may be com-
pletely quenched. For example, a Cr atom inside an Au12

cage has been shown to exhibit no magnetic moment [26].
We note the ring-shapedMAu6

� cations [27] have all been
shown to exhibit large magnetic moments (S � 4; 5; 6 for
M � Ti;V;Cr, respectively) even higher than the neutral
MAu6 clusters, corresponding to the removal of both mi-
nority spins in the d orbital manifold (Fig. 3). However,
these minority spins in the dxy and dx2�y2 orbitals are also
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responsible for the M and Au6 ring bonding interactions.
Thus, the removal of these electrons weakens the stability
of the planar ring structures in the MAu6

� cations, making
other structures energetically competitive or even more
favored for the MAu6

� cations [27].
Preliminary theoretical and experimental results show

that all transition metal atoms with open d shells can
stabilize the Au6 ring structure. In other words, the Au6

ring in the MAu6 system serves as a perfect, maybe the
smallest, host to store a single transition metal atom,
analogous to endohedral fullerenes (M@C60, M �
alkali metal, alkali earth, rare earth, and rare gas atoms),
although no transition metal atoms can be stored inside the
fullerenes [32,33]. We performed preliminary DFT calcu-
lations in which Ti@Au6 clusters are laid on a nonmag-
netic surface such as a graphite surface, and found that the
atomiclike magnetic moments in Ti@Au6 are not
quenched by the surface. Thus the M@Au6 guest-host
bimetallic clusters may serve as an ideal system to inves-
tigate impurity atoms in planar geometries. Continued
experimental and theoretical studies of similar impurity
doped clusters may lead to the discovery of new families of
molecular magnets with tunable magnetic properties.
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