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Electronic properties of artificial Au chains with individual Pd impurities
T. M. Wallis,a) N. Nilius,b) G. Mikaelian, and W. Hoc)
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~Received 21 October 2004; accepted 9 November 2004; published online 14 December 2004!

Artificial Au atomic chains with individual Pd impurities were assembled from single metal atoms
with a scanning tunneling microscope on a NiAl~110! surface. Scanning tunneling spectroscopy
~STS! revealed an electronic resonance 2.15 eV above the Fermi energy localized within 4 Å of
single Pd atom impurities and two electronic resonances 2.25 eV and 2.95 eV above the Fermi
energy localized within 8 Å of Pddimer impurities. The emergence of these localized resonances
was studied by STS at each stage of the atom-by-atom assembly. Additionally, conductance images
of the chains revealed delocalized electronic density oscillations in the pure Au segments of the
chains. © 2005 American Institute of Physics.@DOI: 10.1063/1.1842712#
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The electronic properties of nanostructures consisting
only a few atoms may depend sensitively on the exact p
tion and chemical identity of each and every atom in
structure. For example, calculations for nanowires1,2 and ex-
periments on point contacts3 indicate that the transport prop
erties of atomic scale conductors may be altered consider
by a single atom impurity. The scanning tunneling micr
scope~STM! is a useful tool for investigating the electron
properties of nanostructures consisting of a small numbe
atoms due to its capability of probing electronic structu
with high spatial resolution. STM has been used to inve
gate individual electronic wavefunctions of metallic sing
walled carbon nanotubes,4 surface states on nanoscale A
islands on Ag~111!,5 and electron scattering from single d
fects in carbon nanotubes.6 The additional capability of the
STM to laterally manipulate individual atoms makes it po
sible to construct custom nanostructures such as quan
corrals.7,8

We recently reported a new strategy for the atom-
atom assembly and electronic characterization of Au ato
chains on NiAl~110! by STM. Conductance (dI/dV) images
revealed electronic density oscillations delocalized along
entire length of the Au chains.9 The dispersion relation an
effective electron mass for the Au chains were determined
spatially resolved scanning tunneling spectroscopy~STS!.10

Recently, Folsch and co-workers used similar technique
characterize artificial Cu chains on Cu~111!.11 Here, we ex-
tend this strategy to Au atomic chains with single Pd at
and Pd dimer impurities on NiAl~110!. The energy and spa
tial extent of individual, localized impurity resonances is d
rectly measured by STS. Additionally, the evolution of t
localized resonances is monitored at each stage of the a
by-atom assembly of the chains. Finally,dI/dV imaging re-
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veals delocalized electronic density oscillations in the p
Au segments of the chains.

The homemade STM used in these experiments has b
detailed elsewhere.12 The STM was operated at 11 K and
ultrahigh vacuum~base pressure;3310211 torr). A small
number~;0.001 monolayer! of individual Au and Pd atoms
were evaporatedin situ onto the clean NiAl~110! surface at
11 K from two separately heated alumina crucibles. Dur
STS measurements anddI/dV imaging, the differential tun-
neling conductance was obtained using a lockin techniq
Automated software controlled the acquisition ofdI/dV
spectra at fixed intervals along the chain. Periodic late
tracking of a local maximum in apparent height was us
during STS measurements to compensate for thermal d
The STM feedback loop was off duringdI/dV measure-
ments, but was on during all tip movement and tracking p
cedures.dI/dV images were acquired using a technique p
viously described fordI/dV imaging of pure Au chains.9

Individual Au and Pd atoms appear as round protrusi
in constant-current topographic images. STS measurem
with the tip positioned above single Au atoms adsorbed
Ni-Ni bridge sites reveal an electronic resonance 2.00
above the Fermi energy which is not observed with the
positioned over the bare NiAl surface. STS measureme
with the tip positioned above single Pd atoms on Ni-
bridge sites reveal an electronic resonance at 2.90 eV. T
electronic resonances are attributed to the hybridization
the Au 6sp and Pd 5sp orbitals with the NiAl electronic
states. These differences in the electronic structure of Au
Pd atoms are reflected in a strong voltage dependence o
apparent heights of these atoms in topographic images
topographic images taken with a sample bias voltage n
2.00 V, Au atoms have a large apparent height and are ea
distinguished from Pd atoms.

Linear atomic chains were assembled along the@001#
direction of NiAl~110! via repeated manipulations of ind
vidual Au and Pd atoms with the STM tip. The capability
the STM to position individual atoms and the quasi-on
dimensional template provided by the NiAl substrate mak
possible to assemble nanostructures with a precise kn

er,

n,

il:
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edge of the arrangement of each and every atom within
structures. Two different structures were assembled: a si
Pd atom impurity embedded between five- and four-atom
segments (Au5PdAu4) as well as a Pd dimer impurity em
bedded between five- and four- atom Au segme
(Au5Pd2Au4), as illustrated in Figs. 1~a! and 1~e!, respec-
tively. All atoms within the chains were positioned on Ni-N
bridge sites. During assembly, individual Au atoms were
quentially added to the ends of the chains, as shown in F
1~b!–1~c!, 1~f!–1~g!. In topographic images such as Fig
1~d! and 1~h!, the Pd impurities appear slightly narrow
than the rest of the otherwise uniform chain.

The electronic properties of each structure were stud
by performing STS at a series of tip positions along
length of each chain, as shown in Fig. 2. STS measurem
taken with the tip positioned above the single atom and
atomic impurities display peaks indI/dV at 2.15 eV and
2.25 eV, respectively. These impurity resonances are lo
ized within 4 Å of thesingle Pd impurity and 8 Å of the Pd
dimer impurity. Near the Pd dimer impurity in th
Au5Pd2Au4 chain, a second feature between 2.70 eV a
3.00 eV is observed as a shoulder, but its exact energ
difficult to assign due to the sharply rising background sig
in that energy range for this chain. Based on STS meas
ments on a different Au5Pd2Au4 chain, shown in Fig. 3~b!
and discussed below, this feature’s energy is assigned as
eV. The single Pd impurity resonance is shifted down 0
eV from the 2.90 eV resonance observed for isolated
atoms@dashed line in Fig. 2~a!#, reflecting interactions with
the nearby Au atoms. The dimer impurity states are shif
up 0.15 eV and 0.30 eV relative to the resonances of
isolated Pd dimer at 2.10 eV and 2.65 eV@dashed line in Fig.
2~b!#. These smaller shifts reflect the strength of the Pd–
bond and weaker interactions with the nearby Au atoms.

The emergence of these localized impurity resonan
were studied by measuring thedI/dV spectra of the chains a

FIG. 1. Construction of Au chains with Pd impurities:~a! Schematic dia-
gram of a Au5PdAu4 chain on NiAl~110!. ~b!–~c! Consecutive topographic
images show a single Au atom added to a Au2PdAu2 chain to make a
Au3PdAu2 chain ~sample bias voltageVsample51.00 V, tunneling current
I tunnel51.00 nA). Both images are 63 Å363 Å. ~d! A topographic image of
Au5PdAu4 chain (Vsample51.00 V, I tunnel51.00 nA). Image size is 44 Å344
Å. ~e! Schematic diagram of a Au5Pd2Au4 chain on NiAl~110!. ~f!–~g!
Consecutive topographic images show two Au atoms added to a Au2Pd2Au2

chain to make a Au3Pd2Au3 chain (Vsample51.52 V, I tunnel51.00 nA). Both
images are 63 Å363 Å. ~h! A topographic image of Au5Pd2Au4 chain
(Vsample51.00 V, I tunnel51.00 nA). Image size is 44 Å344 Å. The palette
used in the topographic images corresponds to a range of about 3 Å.
Downloaded 17 Dec 2007 to 128.200.78.48. Redistribution subject to AIP
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various stages of assembly. STS measurements were t
with the tip positioned above the Pd impurities as ea
chain was constructed atom-by-atom (Pd,AuPd,AuPd
Au2PdAu...AumPdAun), as shown in Fig. 3. ThedI/dV
spectrum of an AuPd dimer displays two peaks at 1.70
and 2.75 eV which are shifted down from the peaks of is
lated Au and Pd monomers at 2.00 eV and 2.90 eV, resp
tively. The further addition of Au atoms to form a AuPdA
trimer and a Au2PdAu tetramer results in additional peaks
thedI/dV spectra and downward shifts of the lowest ener
peak. This behavior resembles the evolution of short, p
Au chains. When two atoms have been added to each sid
the Pd atom impurity (m52, n52), the localized electronic
resonance at 2.15 eV abruptly emerges. Further additio
Au atoms has no effect on the energy of this localized re
nance, but the lowest energy peak continues to shift dow
energy. In the AumPd2Aun series of chains, localized impu
rity resonances at 2.25 eV and 2.95 eV also emerge abru
but atm52, n51. Once again, the further addition of the A
atoms to the chain has no effect on the energy of these
calized resonances.

In addition to the resonances localized on the Pd im
rities, the STS measurements shown in Fig. 2 also rev
electronic features within the Au segments of the chains. T
spatial distribution of thedI/dV patterns of the Au5PdAu4

chain was studied bydI/dV imaging. ThreedI/dV images
of the Au5PdAu4 chain are shown in Figs. 4~a!–4~c!.

FIG. 2. ~a! 23 spectra obtained by scanning tunneling spectroscopy~STS!,
acquired at fixed intervals along the length of the Au5PdAu4 chain. In the
inset, an image is labeled to indicate the positions at which the spectra
acquired. For each spectrum, tip-sample distance was fixed withVsample

52.98 V andI tunnel51.00 nA. The STS spectrum of an isolated Pd ato
~dashed line! is shown for comparison.~b! 25 STS spectra acquired at fixe
intervals along the length of the Au5Pd2Au4 chain. Spectral positions are
shown in the inset. For each spectrum, tip-sample distance was fixed
Vsample53.06 V andI tunnel50.10 nA. The STS spectrum of an isolated P
dimer ~dashed line! is shown for comparison. The isolated Pd atom and
dimer spectra in~a! and ~b!, respectively, have been scaled to facilita
comparison.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Energy-dependent electronic density oscillation patterns
evident. There is one node in the five-atom Au segment
zero nodes in the four-atom Au segment in the 1.00 VdI/dV
image and one node in the each Au segment in the 1.3
dI/dV image. In Fig. 4~d!, cross sections ofdI/dV images
reveal the evolution of the electronic density patterns in
Au5PdAu4 chain as a function of energy.

Comparisons between the electronic density oscillati
in the chains with Pd impurities and pure Au chains dem
strate that the five- and four-atom Au segments are wea
coupled to one another. In a pure 20-atom Au chain,
lowest-energydI/dV peak was at 0.75 eV and present
STS spectra taken at all points within the interior of t
chain.10 Here, the lowest energy feature is 0.74 eV~0.75 eV!
in the five-atom Au segment of the Au5PdAu4 (Au5Pd2Au4)
chain but shifts to 0.88 eV~0.89 eV! in the four-atom Au
segment. These lowest-lying energy resonances are del
ized within either Au segment, but not along the entire cha
The 0.14 eV shift between the lowest energy peaks in
five- and four-atom Au segments is comparable to the 0
eV shift between the lowest energy peaks in isolated, p
five- and four-atom Au chains. Additionally, the number a
energies of peaks in the Au segments of the chains w
impurities closely resembles their isolated, pure Au coun
parts.

Previously, the electronic density oscillations in pure A
chains were modeled as states in a one-dimensional box
tential in which the ends of the chain were the walls of t
box.9,10 Based on the similarity between the Au segments
Au5PdAu4 and Au5Pd2Au4 with pure five- and four-atom Au
chains, the Au segments of Au chains with Pd impurities m
be crudely modeled as two independent particle-in-a-
systems, with each box bounded by one end of the chain

FIG. 3. Evolution of localized resonances at impurities.~a! STS of an Au
chain with a single Pd impurity acquired at each step of construction f
isolated Pd atom to Au5PdAu4 . Each spectrum was acquired with the t
directly above the Pd atom.~b! STS of a Au chain with a Pd dimer impurity
acquired at each step of construction from isolated Pd2 dimer to
Au4Pd2Au3 . Each spectrum was acquired with the tip directly above
center of the Pd2 dimer. The tip sample distance was set withVsample be-
tween 2.85 and 3.00 V andI tunnel51.00 nA.
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the impurity. In this model, electronic density oscillation
with zero, one, or two nodes correspond to the ground, fi
excited, and second-excited states of the particle-in-a-b
The wavelengths of the second-excited states in the fi
atom segments of both Au5PdAu4 and Au5Pd2Au4 were
taken from the cross sections ofdI/dV images and corre-
spond to a box 18.061.0 Å long, in agreement with the
apparent size of an isolated five-atom chain in STM imag
A rigorous electronic structure calculation with molecul
orbital and density functional theories provides a rationali
tion for the application of the particle-in-a-box model to a
tificial Au chains on NiAl~110!.13

Linear Au atomic chains with different types of Pd im
purities were assembled from single metal atoms. The p
dominant electronic features—localized impurity resonan
and delocalized density oscillations within the A
segments—were characterized by STS anddI/dV imaging.
These experiments demonstrate a strategy for assembly
characterization of nanostructures with sensitivity to the
sition and chemical identity of each and every atom in
structure.
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FIG. 4. dI/dV images of the Au5PdAu4 chain taken at~a! 1.00 V, ~b! 1.30
V, and ~c! 1.60 V. Each curve in~d! is a cross section of adI/dV image of
the Au5PdAu4 chain. The dashed line in~a! illustrates the location of the
cross sections. The cross sections are displayed in order of increasingVsample

from bottom~1.00 V! to top ~2.30 V! in 0.10 V increments. The curves hav
been offset to facilitate comparison. The cross sections are displayed
that the four-atom Au segment is on the left hand side.
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