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The influence of a magnetic impurity �Ni atom� on the electronic, magnetic, and Landauer conductance
properties of a monatomic Au wire is studied by first-principles density-functional calculations. We compare
two adsorption geometries: bridge and substitutional. We find that the Ni atom remains magnetic in both cases;
however, in the bridge geometry, the total spin is close to 1/2 and the symmetry of the hole is d3z2−r2 while in
substitutional it is larger than 1/2 with two degenerate holes with symmetry dyz and dzx. By using the Büttiker-
Landauer theory, we find that in the first case the ideal, frozen spin conductance is somewhat diminished by the
Ni impurity, although quite sensitive to calculation details such as the position of the empty Ni d and s states,
while in the substitutional case conductance remains close to the ideal value G0 �=2e2 /h� of the pristine gold
wire.
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I. INTRODUCTION

A good understanding and control of electronic and trans-
port properties of atomic-size conductors is a must in modern
nanoscience, where one goal is to build structures with novel
functionalities exploiting the possibilities offered by the
nanosize of these components. Atomic-size contacts and
nanowires are routinely produced by scanning tunneling mi-
croscopes and by mechanically controllable break junctions.1

Since the electron mean-free path is larger than the size of
these structures, their conductance is ballistic and quantized
with values that are material dependent. For instance, in
noble metals �Cu, Ag, and Au� the ultimate conductance pla-
teau corresponding to a monatomic contact or a monatomic
nanowire has a value close to G0 �G0=2e2 /h�,2–5 correspond-
ing to essentially perfect transmission of two wide-band s
electrons �one for each spin� across the contact. In transition
metals instead �Fe, Ni, Co�,2,6–9 the lowest conductance pla-
teau is generally larger than G0 and more difficult to explain.
Here, in fact, in addition to the s channel there is a conduc-
tance contribution from the 3d electrons. Their narrower
bandwidth, however, yields a conductance contribution per
channel well below G0. Moreover these metals are ferromag-
netic, and magnetism plays a role in determining the conduc-
tance, which becomes strongly spin polarized, generally
higher for minority spins.10

An interesting geometry to consider is a noble-metal
nanocontact with a transition-metal impurity. Due to the re-
duced coordination, the impurity will generally develop a
magnetic moment. We will assume in the present work that
this moment is frozen and nonfluctuating, such as one would
obtain with a strong external magnetic field. The s electrons
from the noble-metal contacts will impinge on the impurity,
suffering partial reflection as well as transmission, both of
course spin polarized. How will the spin-polarized d elec-
trons of the impurity influence the conductance of the nano-
contact? In addition, how will this effect depend on the im-

purity geometry? We choose to address these questions in the
simplest idealized system, consisting of a monatomic noble-
metal nanowire with a single transition-metal impurity.

Recently, the conductance of noble-metal nanowires with
transition-metals impurities �Au nanowires with Pd �Ref. 11�
and Cu nanowires with Ni �Ref. 12�� has been studied ex-
perimentally using point-contact techniques. Pd addition to
Au nanowires leads merely to a height decrease in the G0
peak in the conductance histogram but no shift has been
observed, at least in Au-rich nanowires. Low concentrations
of Ni on a Cu nanowire �generally nonmonatomic, however�
act as impurity scatterers for the electrons and lead to a de-
crease in the conductance resulting in a small shift toward
lower values of the peaks in the conductance histogram.

Theoretical studies of the ballistic conductance in these
systems are still rare.13–15 Calculations performed on metallic
Cu nanowires with the diameter of a few atoms in presence
of transition-metal impurities suggested a spin-dependent
conductance with several transition metals, but found that Ni
impurities become nonmagnetic. By simulating the conduc-
tance of Au�001� point contacts, with transition-metal impu-
rities �Pd, Fe, and Co� placed on various positions near the
center of the point contact,14 it was found that the conduc-
tance is very sensitive to the position of the magnetic impu-
rity. The changes in conductance were mainly attributed to
the minority d bands of the impurity which modify the s-like
density of states at the center of the point contact. In Ref. 15
it was shown that the transport properties of Au nanowires
with a Co atom constriction are spin dependent and are
strongly affected by the local symmetry of the system.

The main goal of this paper is to understand the spin-
dependent scattering in a noble-metal monoatomic wire with
a transition-metal impurity. We consider a long chain of Au
atoms16,17 with a Ni impurity in it and we study two geom-
etries: Ni adsorbed on the bridge position or as a substitu-
tional impurity. We discuss the bonding mechanism of the Ni
impurity to the gold wire as well as its magnetic properties
and its effects on the ballistic conductance. Our calculations
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are carried out within a density-functional theory �DFT� ap-
proach combined with the Landauer-Büttiker formalism,18

using the method originally proposed by Choi and Ihm19 for
the Kleinman-Bylander-type pseudopotentials and
generalized10,20 to the ultrasoft pseudopotential scheme.21

Generalized-gradient approximation �GGA�+U
calculations22 were also carried out to verify qualitatively the
effect of strong correlations on the positions of the energy
levels and their consequent influence on conductance.

We find that as expected the Ni impurity develops a mag-
netic moment in both geometries. In the bridge configura-
tion, it modifies the transmission of gold s electrons near the
Fermi level in a spin-dependent way. The precise value of
the ballistic conductance is difficult to predict since it is quite
sensitive to the details of the calculation, such as the exact
position of the empty Ni d and s states, which in turn is
imprecise in DFT, as shown by the GGA+U calculation. In
the substitutional case, where the magnetic moment is even
larger, the transmission of gold s electrons is surprisingly
spin independent due to symmetry. Here the predicted con-
ductance is therefore only slightly reduced with respect to
the clean gold wire. The transmission of the filled gold d
channels is also found to be sensitive to the details of the
interaction and spin dependent. However, these states lie be-
low the Fermi level and do not contribute to the equilibrium
ballistic conductance.

II. METHODS

Our calculations are done within DFT using the spin-
polarized generalized-gradient approximation ��-GGA� with
the Perdew-Burke-Ernzerhof parametrization23 of the ex-
change and correlation energy. The nuclei and core electrons
are described by ultrasoft pseudopotentials21 and the wave
functions are expanded in a plane waves basis set. We use
kinetic-energy cutoffs of 30 and 300 Ry for the wave func-
tions and the charge density, respectively. All calculations are
done by the QUANTUM ESPRESSO code.24 We consider a su-
percell containing a linear monatomic Au wire with 16 atoms
and one Ni atom �see Fig. 1�. The supercell is repeated pe-
riodically in the xy plane with a wire-wire distance of
10.58 Å, a distance checked to be large enough to avoid

artificial interactions between the periodic replicas of the
wire. The integration of the one-dimensional �1D� Brillouin
zone is done on a uniform mesh of ten k points while the
presence of a Fermi level is dealt with by the Methfessel-
Paxton broadening technique25 with a smearing parameter of
0.002 Ry. The projected density of states are calculated in a
supercell containing 40 Au atoms in order to hide small ar-
tificial gaps due to the periodic replicas of the Ni atom.

Ballistic conductance is given in the Landauer-Büttiker
approximation by G= �e2 /h�T�EF�, where T�EF�, the total
transmission at the Fermi energy, can be expressed as
T�EF�=Tr�t†t�, where t is the matrix of normalized transmis-
sion amplitudes. Transmission as a function of energy is cal-
culated by the method by Choi and Ihm19 generalized to
ultrasoft pseudopotential10 by solving the scattering equation
in an open quantum system composed by two semi-infinite
leads and a scattering region. The lead and scattering regions
of our system are shown in Fig. 1.

The self-consistent potential in the first part of the super-
cell of length equal to the Au-Au distance is used to build the
periodic potential of the left and right leads, while the poten-
tial in the rest of the supercell is used for the scattering
region. Therefore the leads start at a distance of about 22 Å
away from the Ni atom. At this distance the perturbation
caused by the Ni atom is very small, and the electron bands
at real wave vector k calculated using this potential agree
with the bands of the perfect wire within 0.01 eV. The bal-
listic conductance is estimated by the Landauer formula18

�zero-bias limit�, calculating the transmission at the Fermi
level. All spin moments are assumed to be frozen, excluding
all fluctuations and possible Kondo effects, as if under a
strong magnetic field.

III. RESULTS

A. Structural properties

In Fig. 1, we show the two geometries considered in this
work. Figure 1�a� shows the bridge geometry while Fig. 1�b�
shows the substitutional geometry where one Au atom is
replaced by a Ni atom. In the bridge case, we assume that the
Ni impurity lies in the xz plane. The structural parameters db
and dc for the bridge case and dc for the substitutional case
are obtained by optimizing the atomic positions of the Ni
atom and of the two Au atoms closer to the Ni and changing
the longitudinal size of the supercell until the minimum en-
ergy is found. During the optimization, the Au-Au bond
length �da� for all the other atoms is fixed to the value da
=2.80 Å. A value of da larger than the equilibrium distance
was chosen because at shorter da �in particular, at the equi-
librium Au-Au bond length, 2.60 Å�, DFT calculations yield
a slightly magnetic Au wire:26 this spurious magnetization is
due to self-interaction errors, which shift the m=1 band of
the Au wire up to the Fermi energy.27

The calculated values of db and dc are reported in Table I.
On the same table we also report the total magnetization of
the system and an estimate of the adsorption energies Ead,
calculated as the difference between the energy of the Au
wire with a Ni impurity and the sum of the energies of the
clean Au wire and of the isolated Ni atom �assumed in the

scattering region

da

dc

dc

db

scattering region

(a) BRIDGE

(b) SUBSTITUTIONAL

lead

lead

dad

FIG. 1. �Color online� Supercells of monoatomic linear Au15

wires with a Ni impurity �a� for the bridge case and �b� the substi-
tutional case.
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3d94s1 configuration, which is the ground state in the local
density approximation �LDA��, with fully occupied 3d
spin-up states and four electrons in the 3d spin-down states.
We also calculated Ead and dc for Ni adsorbed on the hex-
agonal close packed �hcp�-hollow site of Au�111�; these
quantities are reported in Table I as well. It is found that the
Ni atom prefers to adsorb on the bridge site rather than on
the substitutional site of the monoatomic Au wire, most
likely because the latter involves the breaking of a Au-Au
bond. The adsorption energy Ead=3.47 eV on the bridge site
is slightly larger than the value 3.33 eV found for Ni ad-
sorbed on the hcp-hollow site of the Au�111� surface. The
substitutional site has an adsorption energy of 2.56 eV. While
energetically less stable than the bridge site, the substitu-
tional geometry is worth considering both because of its dif-
ferent symmetry and because it could be realized under large
stress. Experimentally the Au nanowire can in fact sustain a
large finite tension of 1.5 nN,28,29 and the substitutional con-
figuration could become energetically favorable just before
breaking.

B. Magnetic properties

In Fig. 2, we show the planar average of the magnetiza-
tion density integrated on xy planes as a function of z along
the wire. The local magnetic moment of Ni is estimated by
integrating the planar average from �zNi+zAu,l� /2 to �zNi
+zAu,r� /2, where zNi is the z coordinate of Ni and zAu,l �zAu,r�
are the z coordinates of the Ni nearest-neighbor left �right�
Au atoms. The values found in this way, 1.06�B and 1.36�B,
respectively, for bridge and substitutional geometries, are
larger than the calculated moment of bulk fcc-Ni �0.61�B�
but significantly smaller than that of the isolated atom �2�B�.
This indicates that when the Ni atom is adsorbed on the wire,
there is a substantial difference in the charge transfer in the
two spin channels �see below�. The larger value with respect
to the bulk can be attributed to the low coordination of the Ni
atom. In particular, the local magnetic moment of Ni for the
bridge case is smaller than for the substitutional case, and is
similar to that calculated for an infinite monatomic Ni wire
�1.11�B�.30 Furthermore, the two Au atoms nearest neighbor
to Ni develop a small induced magnetic moment of 0.10�B
and 0.19�B for the bridge and substitutional case, respec-
tively, with the same sign as that of Ni.

In Fig. 3, we show the spin-resolved charge-density trans-
fer ���r�=�Ni/Au−wire�r�− ��Ni�r�+�Au−wire�r�� for both bridge

and substitutional cases. In this simulation the atomic con-
figuration of the isolated Ni atom is taken to be 3d84s2,
which is the experimental ground state of the isolated atom.
Charge flows from the black �negative� region to the white
�positive� region. In Fig. 3�a�, which corresponds to the
bridge structure, we can see a charge transfer from the Ni
atom to the Au wire in the majority-spin part. In particular,
the majority-spin ���r� around the Ni atom shows an s-like
negative spatial distribution, indicating that the Ni atom loses
s-electron charge that goes to the Au wire. On the other hand,
in the minority-spin ���r� the charge flows from the Au wire
to Ni-Au bonding region because partially occupied Ni d
states acquire additional electrons making bonds with the
fully occupied Au d states. A similar charge transfer can be
observed in the ���r� for the substitutional case in Fig. 3�b�,
and strong hybridization between Ni d and Au d states is
evident as compared with the bridge case.

C. Electronic structure

We show in Figs. 4–6 the projected density of states
�PDOS� on the Ni orbitals and the PDOS on the atomic
orbitals of the two Au atoms close to the Ni. In the latter, the
PDOS of the clean monatomic Au wire are also shown for
comparison. Figure 4 �Fig. 5� corresponds to states of the

TABLE I. The table shows the adsorption energy �Ead�, total
magnetization �Mtot�, and Au-Au �db� and Au-Ni �dc� bond lengths
for the bridge case and the substitutional case. Corresponding Ead

and dc for Ni adsorbed on the hcp-hollow site of Au�111� are also
shown for comparison.

Position Bridge Subst. Au�111�

Ead �eV� 3.47 2.56 3.33

Mtot ��B� 1.30 1.93

db �Å� 2.74

dc �Å� 2.42 2.37 2.49
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FIG. 2. Planar average of the magnetization density integrated
on the xy plane and plotted along z for �a� the bridge and �b� the
substitutional case. The tics on the x̂ axis indicate the positions of
the atoms.
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bridge case which are even �odd� with respect to the mirror
reflection about the xz plane, while Fig. 6 refers to the sub-
stitutional case.

In the monatomic Au wire, the s and the d3z2−r2 states,
which have orbital angular momentum m=0, lie in a wide
energy range and give the main contribution to the Au-Au
bonding. The s states are associated with an ideal conduc-
tance G0 of the pristine Au nanowire and contribute with two
channels �one per spin� to the transmission even away from
the Fermi level. The �m�=1 twofold-degenerate bands �linear
combination of dyz and dzx states� lie strictly below the Fermi
level. In the present geometry and approximation the band
edges are at −2.0 and −0.2 eV. Similarly the �m�=2 twofold-
degenerate bands �linear combination of dxy and dx2−y2 states�
are located around −0.8 eV with a bandwidth of about 0.34
eV.

By comparing the PDOS projected on the Ni atom and on
the Au atoms close to Ni we can draw some conclusions on
the bonding of Ni to the Au wire. We start by discussing the
bridge case. In Fig. 4 one can see that, at energies slightly
above 1 eV �with respect to the Fermi level�, there are peaks
of unoccupied Au s levels both of majority and minority
spins. Corresponding peaks are found in the projections on
the s states of Ni in both spin channels. The peak above the
Fermi level in the Ni s spin-up channel is not present in the
isolated atom PDOS and indicates a transfer of charge from
the occupied s level of Ni to the wire contributing to the
bond. Just above the Fermi level, at about 0.1–0.2 eV, there
is the main minority-spin empty state dzx of Ni. It is respon-
sible for giving the bridge Ni impurity essentially a spin 1/2.
In GGA+U this spin-down hole state moves well above EF,
giving the bridge impurity a full 1/2 spin. Weak accompany-
ing peaks are present in the PDOS of neighboring Au, sug-
gesting that dzx states of Au also contribute to the bonding.

Au d3z2−r2 and dx2−y2 states which are even with respect to the
mirror plane containing the Ni atom and the wire, mix with
the dzx states of Ni and also have unoccupied states at about
the same energies in the minority-spin PDOS. Finally, the
PDOS on the dyz and dxy states of Au which are odd with
respect to the xz mirror plane, shown in Fig. 5, have no
unoccupied states above the Fermi level. However, due to the
presence of Ni, these states hybridize and, therefore, the
shape of their PDOS changes significantly with respect to the
clean wire: new peaks appear at about −3.1, −2.3, and
−2.1 eV and corresponding peaks are visible in the Ni
PDOS.

The PDOS for the substitutional case are shown in Fig. 6.
We can see no unoccupied state in the PDOS on the Au
d3z2−r2 states and no well defined peak in the Au s PDOS.
Actually the Ni s PDOS shows a continuum of states above
the Fermi level, indicating a good hybridization with the s
Au band. This suggests that the Ni s and d3z2−r2 states make
bonds with the m=0 states of Au exactly like the orbitals of
the Au atom that is substituted and accordingly the effects of

Majority Spin
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Majority Spin

Minority Spin
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(b) SUBSTITUTIONAL
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FIG. 3. �Color online� The spin-resolved charge-density differ-
ence ���r�=�Ni/Au−wire�r�− ��Ni�r�+�Au−wire�r�� for the bridge case
and for the substitutional case. The charge flows from black �nega-
tive� region to white �positive� region.

E−E (eV)FE−E (eV)F

PD
O

S
(a

rb
.u

ni
ts

)

0

2

0

2

0

2

0

PD
O

S
(a

rb
.u

ni
ts

)
PD

O
S

(a
rb

.u
ni

ts
)

PD
O

S
(a

rb
.u

ni
ts

)

AuNi

Ni

Ni
s s

Ni
d3z −r2 2

Au

Au

3z −r2 2

Au

0

2

2

0

2

0

−2

−2

−2

−2

−2

−2

−2

−2

−4 2 0−2 2−2

0

2 2

0

−4

zxd

2 2x − y x − y2 2d d

d

dzx

FIG. 4. Projected density of states onto s, d3z2−r2, dzx, and dx2−y2

orbitals �even states with respect to mirror reflection about the xz
plane� of Ni and of the two Au atoms in contact with Ni, for the
bridge case. The PDOS of the monatomic Au wire are also shown
�dashed lines�.

MIURA et al. PHYSICAL REVIEW B 78, 205412 �2008�

205412-4



the Ni inclusion into the electronic structure of the Au wire is
relatively small. The main source of magnetism now stems
from Ni minority spin �m�=1 states with symmetry dyz and
dzx which lie at the Fermi level but are largely empty. These
states are hardly affected by GGA+U; however, in GGA
+U the total magnetic moment is slightly larger, Mtot�2�B,
and Ni can be modeled as a spin 1 impurity. Also Au has a
corresponding minor peak in the same symmetry channel
indicating an interaction between corresponding states in Ni
and Au. The PDOS on the �m�=2 Au orbitals show very
sharp peaks that are displaced with respect to the peaks of
the clean wire and are present also in the corresponding Ni
PDOS, albeit less pronounced.

D. Ballistic conductance

In Fig. 7 we show the spin-resolved transmission as a
function of the energy of the incident electron for the bridge
and substitutional cases. The number of channels available at
each energy is also shown for comparison. According to the
Landauer-Büttiker theory, in the linear-response regime, the
conductance is proportional to the transmission at the Fermi
level that we take as the zero of the energy. Here, the Au
nanowire has only s states. However, we show the transmis-
sion in the range −3.0 eV�E�3.0 eV in order to have a
clearer picture of the effect of a Ni atom on the ballistic
transport in a Au nanowire. In this broader energy range,
structures appear in the transmission due to the d states of
Au, besides of course the d and s states of Ni.

We start by discussing the bridge case. Above the Fermi
level the calculated transmission differs significantly from
that of the monatomic Au wire. It is spin dependent, indicat-
ing a substantial influence of the Ni impurity. The transmis-
sion shows a dip structure at 1.1 eV in the majority-spin
channel and at 0.2 and 1.3 eV in the minority-spin channel.
The positions of two of these dips correspond to empty state
peaks which appear in the PDOS of the Au s states at 1.1 eV

for the majority-spin state and at 1.3 eV for the minority-spin
state. As noted above, these peaks are present also in the
PDOS of the Ni s states which, hybridizing with the Au s
states, contribute to block the s-electron conductance of the
monatomic Au wire in the energy region that corresponds to
the antibonding peaks. The dip at 0.2 eV which appears in
the transmission for the minority-spin channel and the differ-
ence between the spin-up and spin-down transmissions at the
Fermi energy is related to the scattering of the s Au states
with the spin-down Ni dzx hole. Some amount of Fano-type
interference in these dips may be caused by the possibility of
the incoming electron to pass through the scattering region
along two routes: one through the impurity �with its resonant
levels� and one straight along the Au wire, two waves which
in general interfere. Propagating states above the Fermi level
in the monatomic Au wire have predominantly s character
and they cannot propagate through the scattering region in
the energy region where they form a bond with Ni. Since the
energy region where the �anti-� bonding peaks appear are
different for spin-up and spin-down electrons, the net result
is a spin-dependent transmission.
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The value of the conductance, proportional to the trans-
mission at the Fermi energy, is quite sensitive to the position
of the dips close to the Fermi level. In our geometry we find
a conductance of 0.78 e2 /h for the spin-minority electrons
and 0.96 e2 /h for the spin-majority electrons. However,
these values are quite dependent on the very technical and
unsafe details of the calculation. In particular inclusion of a
self-interaction correction or the addition of a Hubbard-U
term in GGA+U can change significantly the position of
these dips and therefore influence the conductance �see Sec.
IV for a more thorough discussion of this issue�.

Below the Fermi level more channels are available for
transmission. However, at −2.0 eV�E�0.0 eV, the trans-
mission remains low, 1.02÷2.4 per spin, much lower than
the transmission in the clean nanowire �3.0÷5.0 per spin�.
This is due to the fact that the Au nanowire states with pre-
dominantly dx2−y2 and dxy character do not propagate through
the scattering region. For −3.0 eV�E�−2.0 eV, on the
other hand, the transmission is close to the clean-wire value,
1.0. In this energy region the Au propagating states have
d3z2−r2 −s character and contribute to the transmission be-
cause of the reduced hybridization with the Ni states.

The transmission for the substitutional case differs quali-
tatively from the bridge case. A Ni atom in the substitutional
position does not block the transmission of the s−d3z2−r2

channel at the Fermi level. Actually the transmission is
nearly independent of spin above the Fermi level and is only
slightly reduced with respect to the clean Au wire. The con-
ductance is equal to 0.81 e2 /h and 0.76 e2 /h for spin-
majority and spin-minority electrons, respectively. This be-
havior is in agreement with the fact that the PDOS of Ni s
shows a broad tail above the Fermi level indicating a good
hybridization with the Au s band.

The spin dependence of the transmission is remarkable at
−2.0 eV�E�−0.2 eV. In this energy region, Ni �m�=1 and

�m�=2 states make bonds with Au �m�=1 and �m�=2 states,
respectively. Since these Ni states are spin polarized, incident
electrons from Au �m�=1 and �m�=2 undergo spin-dependent
scattering.

IV. DISCUSSION

As we pointed out in Sec. III, there are many resonances
around the Fermi energy in the Ni PDOS shown on the left
panels of Figs. 4–6, which correspond to LDA electronic
levels, mainly spin-down holes, on the Ni atom. It is well
known, however, that due to incomplete cancellation of self-
interactions, LDA generally places all states, filled and
empty, too close to the Fermi level.31 One can therefore ex-
pect the position of these LDA spin-down empty Ni levels to
be unsafe, as they would in general be shifted upward by a
better cancellation of self-interactions. In order to get quali-
tative insight into these effects, we carried out GGA+U cal-
culations within the QUANTUM ESPRESSO package. The de-
tails of the GGA+U approach are quite standard, as
described, e.g., by Ref. 22. A U correction of 3 eV was
applied to the Ni d states only. This parameter value is in line
with values adopted in the literature27 and we did not attempt
to determine it with a self-consistent procedure.22 In Fig. 8
we show how the PDOS of the Ni d orbitals are modified.
Since the Hubbard U discourages partial occupancies, it acts
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FIG. 7. Majority-spin �left� and minority-spin �right� conduc-
tance as a function of energy relative to the Fermi energy for the
bridge and substitutional cases. The conductance of a perfect Au
wire is also shown �dashed line� for comparison.

FIG. 8. PDOS onto the Ni d orbitals calculated with U=3 eV
�dashed lines� compared to the case of U=0 �solid lines�, corre-
sponding to GGA calculations. The results for bridge and substitu-
tional geometries are shown in the left and right panels, respec-
tively. The arrows indicate the shifts in the positions of some PDOS
resonances around the Fermi level due to the inclusion of U. For
these calculations, a supercell containing 16 Au atoms was used.
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to fill up some partially filled levels and empty out others. In
the bridge case, the d3z2−r2 and dx2−y2 resonances are pushed
down in energy, while the spin-down hole state of dzx sym-
metry is shifted to higher energies �these shifts are indicated
by arrows in Fig. 8�. This “cleans up” the energy region
around the Fermi level and yields an integer magnetic spin
moment of 1.0�B �instead of 1.30�B, the value obtained by
GGA calculations�, corresponding to a spin 1/2 system with
one hole. A similar action of GGA+U is found in the sub-
stitutional Ni geometry, with the difference that the position
of the two dzx,zy degenerate spin-down hole levels remains
practically unchanged. While they remain pinned just above
the Fermi energy, the magnetic moment is now 2.02�B, com-
pared with the GGA value of 1.91�B, describing a spin 1
system. As far as the ballistic conductance is concerned, we
expect that GGA+U will not change qualitatively the picture
described in Sec. III. In the substitutional case, we expect it
to be still slightly lower than e2 /h for each spin channel. In
the bridge geometry, the spin-down conductance was lower
than e2 /h �0.78 e2 /h� in our GGA calculations due to the
presence of the Ni dzx state, which affected the density of
states �DOS� of nearest-neighbor Au atoms. Since this level
is shifted significantly by U from the Fermi level to higher
energies, we can argue that the conductance of the spin-down
channel should recover a value close to e2 /h.

V. CONCLUSIONS

We investigated the structural, electronic, and magnetic
properties of a Ni impurity on a monoatomic Au wire and
discussed the ballistic conductance of the system. First, we
found that the Ni atom predominantly adsorb at the bridge
site in a monatomic Au wire at the chosen Au-Au distance,
da=2.80 Å. Second, we showed that in the bridge case,
above the Fermi level, the transmission of the m=0 channel
has dips at the energies of the unoccupied antibonding states
of the Ni-Au s orbitals. Furthermore the hybridization of the
even dzx states of Ni with the even states of Au also produces
a blocking of the m=0 channel near EF. Due to this blocking
effect, the transport properties of this system at the Fermi
level become very sensitive to the exact position of the an-
tibonding states and therefore are quite difficult to predict
exactly. In our geometry and in the GGA approximation the
spin-up conductance is very close to the perfect-wire value,
e2 /h, whereas the spin-down conductance is reduced. How-
ever, the addition of a Hubbard-U term shifts the dzx levels
up in energy and, as a consequence, the spin-down conduc-
tance is expected to be close to e2 /h as well. On the other
hand, the Ni on the substitutional site hardly changes the G0
transmission above the Fermi level.

We therefore conclude that the transmission is sensitive to
the position of the Ni atom on the monatomic Au wire and
can become spin dependent. The position of the dips in trans-
mission are strongly dependent on the impurity atom because

they depend on the hybridization between the states of the
impurity and the s states of the wire. How much an external
stress applied to the wire or the presence of the tips change
this picture will be the subject of future investigations.

Our results for an idealized nanowire system are difficult
to compare directly with existing experiments. Nonetheless,
they indicate a very different spin state for a Ni impurity
adsorbed onto, or embedded into, a monatomic Au nanocon-
tact. They additionally suggest the possibility that when the
G0 conductance of Au nanocontacts remains unchanged in
presence of transition-metal impurities,11 that should not nec-
essarily imply that the impurities play no role, or are not
magnetic.

When comparing with future experiments, it will be im-
portant to note that strong thermal and quantum fluctuations,
and in particular Kondo effects, will influence importantly
the zero-voltage electron conductance. A proper inclusion of
these effects remains a task for the future, and in fact we
expect that the present calculation will serve as the basis for
that development. The present type calculation still retains a
strong direct value for all situations where fluctuations can
be removed or canceled. Besides the hypothetical and prob-
ably unrealistic case of an ultrastrong external magnetic
field, frozen moments should represent an acceptable ap-
proximation to the conductance at voltages above typical
Kondo energies. An evaluation of the Kondo energy scale is
presently beyond our goals, but we expect it to be typically
in the meV range. Therefore, comparison of our Landauer
ballistic conductance results with experiments should be
sought at voltages just above the possible zero-bias
anomalies.32 Of course, inelastic channels will also open up
and influence the conductance at finite voltage33–35 and care
should be taken not to mistake the two different effects.

Finally, we would like to mention that the presence of the
impurity might induce anisotropic magnetoresistance
effects36–38 when a magnetic field is applied; to address these
effects the spin-orbit coupling, which was not included in our
calculations, should be taken into account.
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