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Combining ab initio calculations and effective models derived from them, we discuss the electronic
structure of oxygen doped gold chains when one Au atom is replaced by any transition-metal atom
of the 3d series. The effect of O doping is to bring extended Au 5dxz and 5dyz states to the Fermi
level, which together with the Au states of zero angular momentum projection leads to three possible
channels for the screening of the magnetism of the impurity. For most 3d impurities the expected
physics is similar to that of the underscreened Kondo model, with singular Fermi liquid behavior. For
Fe and Co under a tetragonal crystal field introduced by leads, the system might display a non-Fermi
liquid behavior. Ni and Cu impurities are described by a S = 1 two channel Kondo model and an
SU(4) impurity Anderson model in the intermediate valence regime, respectively. In both cases, the
system is a Fermi liquid, but the conductance shows some observable differences with the ordinary
SU(2) Anderson model. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973982]

I. INTRODUCTION

In the last years, there has been a great amount of exper-
iments in electronic transport through semiconducting1–7 and
molecular8–12 quantum dots (QDs), in which manifestations
of the Kondo effect were observed. In addition, experiments
with mechanically controllable break junctions made possi-
ble to create one-dimensional atomic chains of several ele-
ments,13–15 and the conductance of noble-metal nanowires
with transition-metals impurities has been measured using
point-contact techniques.16,17

The Kondo effect is one of the paradigms in strongly cor-
related condensed matter systems18 and arises when the spin
of a localized electron (such as that of a magnetic 3d impurity)
is at least partially screened by conduction electrons interact-
ing with the spin. The Kondo model, in its simplest version,
consists of a spin 1/2 with an exchange interaction with a sin-
gle conduction band. The localized spin and the conduction
electrons form a many-body singlet ground state. The binding
energy of this singlet is of the order of the characteristic Kondo
temperature TK below which the effects of the “screening” of
the impurity spin manifest themselves in different physical
properties, such as the conductance as a function of tempera-
ture G(T ), which has been measured in quantum dots and is in
excellent agreement with theory.5

In the general case, the localized spin has magnitude S
and can be screened by N channels, which correspond to
conduction states of different symmetry. The case 2S = N
(including the simplest one 2S = N = 1) corresponds to the
fully screened case with a singlet ground state. For 2S > N

one has the underscreened case, in which the total spin of the
ground state is S �N /2 and the scattering of conduction elec-
trons near the Fermi energy corresponds to singular Fermi
liquid behavior.19,20 Finally 2S < N corresponds to the over-
screened Kondo effect, in which inelastic scattering persists
even at vanishing temperatures and excitation energies, lead-
ing to a non-Fermi liquid. The simplest overscreened model is
the two-channel Kondo one, S = 1/2, N = 2, in which the impu-
rity contribution to the entropy is ln 2/2 and the conductance
per channel at low T has the form G(T ) ' G0/2± a

√
T , where

G0 is the conductance at zero temperature in the one-channel
case.21,22

The underscreened Kondo effect and quantum phase tran-
sitions involving partially Kondo screened spin-1 molecular
states were observed in transport experiments by changing
externally controlled parameters.10,11 On the other hand, a sys-
tem consisting in a Co atom inside a Au chain, in which the
symmetry is reduced to four-fold by connecting it to appro-
priate leads, has been proposed as a possible realization of the
overscreened Kondo model.23–25 Here, the role of the two con-
duction channels is played by the 5dxz and 5dyz electrons of
Au, which are equivalent by symmetry (asymmetry between
the channels destroys the non-Fermi liquid behavior22).

We note that for one localized electron with two conduc-
tion channels equivalent by symmetry (for example xz and
yz in tetragonal symmetry), one expects the orbital SU(2)
symmetry, which combined with the spin SU(2) one leads to
the SU(2) × SU(2) symmetry. However often in practice, the
symmetry corresponds to a larger Lie group, the SU(4) one,
leading to another exotic Kondo effect. In fact the low-energy
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effective Hamiltonian for a molecule of iron(II) phtalocya-
nine on Au(111) has the SU(4) symmetry.12,26 This is also the
case for quantum dots in carbon nanotubes.27–35 Recently, the
SU(4) Kondo effect has been argued to correspond to exper-
imental observations of a system of two quantum dots for a
certain range of parameters.7,36–41 As we show below, a Cu
impurity in a Au chain doped with O can be described by the
SU(4) Anderson model, which can be thought as a general-
ization of the Kondo model to include charge fluctuations. If
instead of one we have two localized electrons, the Coulomb
repulsion breaks the SU(4) symmetry. If in the system above
the Cu impurity is replaced by Ni, the system can be described
by a spin 1, two channel Kondo model with the SU(2) × SU(2)
symmetry,42 which is also analyzed in this work.

In this paper, we study the electronic structure of 3d impu-
rities in oxygen doped gold chains. Using ab initio calcula-
tions, we determine the occupancy of the different spin-orbitals
at the impurity site. In some problematic cases, we also use
continuous-time quantum Monte Carlo with three orbitals to
solve the impurity, in a similar way as in dynamical mean-field
theory (DMFT). From this information, we infer the effective
Anderson or Kondo model that describes the system at low
energies. The case for a Co impurity23–25 and a Ni one42 was
studied before. Using the numerical renormalization-group
(NRG) applied to the effective model, we calculate explic-
itly the conductance as a function of temperature for the Ni
impurity showing that it has a behavior qualitatively similar as
for ordinary one-channel S = 1/2 Kondo impurities but with
important and observable quantitative differences. We also cal-
culate the conductance for a Cu impurity, corresponding to the
SU(4) Anderson model.

In Section II we explain the different methods used in this
work. Section III contains the results for the whole 3d series.
In Section IV we summarize the results.

II. METHODS

The basis of this study consists in ab initio calculations
based on density functional theory (DFT). We use the full
potential linearized augmented plane waves method, as imple-
mented in the WIEN2K code.43 The generalized gradient
approximation for the exchange and correlation potential in
the parametrization of PBE (Perdew, Burke, and Ernzerhof),44

and the augmented plane waves local orbital basis are used.
The cutoff parameter, which gives the number of plane waves
in the interstitial region, is taken as RMT ∗ Kmax = 7, where
Kmax is the value of the largest reciprocal lattice vector used in
the plane waves expansion and RMT is the smallest muffin tin
radius used. The number of k points in the Brillouin zone is
enough, in each case, to obtain the desired energy and charge
precisions, namely, 10�4 Ry and 10�4 e, respectively. In all the
studied cases we consider a periodically repeated hexagonal
lattice with a = b = 15 bohrs, and the coordinate system is fixed
in such a way that the chain axis is aligned with z. The a and
b distances in the supercell were checked to be large enough
to avoid artificial interactions between the periodic replicas of
the wire.

As it is known, transport experiments in Au chains indicate
that the conduction channel is a single 6s band.45,46 However,

due to self-interaction errors, DFT calculations can yield a
spurious magnetization in a Au wire at its equilibrium distance,
deq

Au–Au = 4.9285 bohrs.47–49 In order to avoid it, we include a
Hubbard U = 4 eV correction in the 5d-electron Au manifold,
as discussed in Ref. 42.

As mentioned in Section I, the purpose of this work is
to study the Kondo physics in cases where the localized spin
has magnitude S and can be screened by N channels, which
correspond to conduction states of different symmetry. One
possible experimental realization for obtaining the N chan-
nels in Au wires is the incorporation of O-dopants, which
make the 5dxz ,yz orbitals of Au cross the Fermi level, due to
the large hybridization with the oxygen 2px ,y states, and the
transfer of electrons to them due to the larger electronegativity
of oxygen. In our previous work,42 we have determined that
an O-doping of 19% is the minimal amount needed in order
to open the |m| = 1–symmetry conduction channel through
all the Au atoms in the chain. The Au atoms that have an O
atom as a nearest neighbor become slightly spin polarized. To
avoid a magnetic interaction with the localized spin, in most
of our calculations these Au atoms are placed away from the
impurity.

In Fig. 1 we show a schematic representation of the
16-atom unit cell used in our ab initio calculations. The 3d
impurity is placed in the center of the O-doped Au chain,
and it has two O atoms symmetrically located as fourth
neighbors. In this configuration, the effect of O-doping is
the desired one and does not alter neither the spin-state nor
the symmetries that each 3d impurity has when embedded
in a bare Au chain. To set the distances between atoms in
O-doped Au chains, we relax the Au–O distance for the case
of AuO diatomic chain (two-atom unit cell) and, afterwards,
we take the same bond length, deq

Au–O = 3.625 bohrs, for all
the studied chains. In a similar way, we relax all the 3d
impurity-Au distances taking into account the corresponding
two-atom unit cell and fix the obtained length in the subsequent
calculations.

Due to the presence of localized 3d electrons in a low
dimensional system, we test the effects of electron correlations
in the orbital occupancies, by including a variable Hubbard U
parameter in the transition metal 3d orbitals. Among the dif-
ferent possibilities for the GGA+U approach, we use the self-
interaction correction variant.50 For some impurities, the spin
state as well as the hole/electron’s symmetry is stable when
taking into account the correlations. However, there are a few
cases (Cr and Fe) where GGA and GGA+U give qualitatively
different results. In order to elucidate the charge distribution
for those cases, we use the continuous-time quantum Monte
Carlo (CTQMC).52,53 For simplicity in these calculations we
include only those orbitals which have a significant hybridiza-
tion between the impurity and the rest of the chain, namely,
those with angular momentum projection m = ±1 and m = 0.
In all the treated cases, the states with m = ±2 are the most

FIG. 1. Schematic representation of the unit cell used for the 3d impurity
embedded in a 19% O-doped Au chain.
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localized, as they lie perpendicular to the chain, thus having a
small hybridization.

Restricting the Coulomb interaction to these states,51 the
effective Hamiltonian for the impurity takes the form

HI = U
∑
α

nα,↑nα,↓ + Jt

∑
σ1,σ2

d†xz,σ1
d†yz,σ2

dxz,σ2 dyz,σ1

+ Jt

∑
β,γ

d†
β,↑d

†

β,↓dγ,↓dγ,↑ + (U − 2Jt)
∑
σ1,σ2

nxz,σ1 nyz,σ2

+ (U − 2Jb)
∑
ζ

∑
σ1,σ2

n3z2−r2,σ1
nζ ,σ2

+ Jb

∑
ζ

∑
σ1,σ2

d†
3z2−r2,σ1

d†ζ ,σ2
d3z2−r2,σ2

dζ ,σ1

+ Jb

∑
ζ

(
d†

3z2−r2,↑
d†

3z2−r2,↓
dζ ,↓dζ ,↑ + H.c.

)
, (1)

where d†α,σ (dα,σ) are creation (destruction) operators, nα,σ

the number operator, and the sum with α index runs over all
orbitals (3z2

� r2, xz, yz) while the sums with other Greek index
run over degenerate xz, yz symmetries. For an isolated impu-
rity, we assume that the on-site energy of all 3d orbitals is the
same. This neglects part of the crystal field due to interatomic
Coulomb interactions, but this is usually much smaller than
the effect of hopping with the neighbors which is included in
our treatment.51 For all cases we fix U = 4 eV, J t = 0.70 eV,
and Jb = 0.49 eV. The last two values result from a fit of the
lowest atomic-energy levels of the 3d series. For a detailed
discussion of the general values of these parameters, see
Ref. 51.

The hybridization of the impurity with the Au-chains can
be taken into account defining a hybridization matrix ∆ which
is simply related to the Green’s function of the extreme site
of the chain, close to the impurity. In Matsubara frequen-
cies iωn = (2n − 1)πT , with T the temperature in eV, it
reads

[∆(iωn)]α,α = t2
α

[
G0

L(iωn) + G0
R(iωn)

]
α,α

. (2)

Here G0
L(R) are the Green’s function of the nearest site to

the left (right) of the impurity. They were obtained by first
solving an isolated O-doped Au-chain with an empty site
instead of a 3d-impurity, by using GGA and then calculating
the Green’s function by definition, using the local density of
states. The hopping parameters tα were estimated from the fact
that the imaginary part of the hybridization at zero frequency
(after performing an analytic continuation), Γα = −Im∆(0)α,α
= πt2

α(ρL(0)+ ρR(0)), can be related with the half-width of the
peak corresponding to the GGA 3d-impurity density of states.
For the studied cases of Cr and Fe, we obtain t3z2−r2 = 0.38 eV,
while txz ,yz = 0.7 eV for Cr and txz ,yz = 1.05 eV for Fe. It might
seem surprising that t3z2−r2 < txz,yz since the hopping between
two d orbitals with m = 0 is expected to be larger than the corre-
sponding hopping for m=±1. However, the relevant parameter
is Γα, and it is always larger for α = 3z2 − r2.

The impurity (1) and its hybridization with the chains (2)
define an effective multiorbital Anderson model that can be
solved by continuous time quantum Monte Carlo. Here we
use a hybridization expansion based algorithm.52,54

As we will show in Sec. III, for the Cr impurity we fix its
total occupancy to two electrons while for Fe we considered
two cases with total occupancies of three and four electrons.

To calculate the conductance in specific cases, we use
the numerical renormalization group55,56 as implemented
in the NRG Ljubljana open source code.57,58 We take the
discretization parameter Λ= 3 and we keep up to 10 000
states.

III. RESULTS

In Table I we present the ab initio results for the orbital
projected electronic occupancies obtained integrating the
charge in each muffin tin, for the first five members of the
3d series, when considering U = 0 at the impurity sites. The
effect of U is discussed below. We note that the ab initio
methods discussed in Sec. II are mean-field approximations
and predict a long-range ferromagnetic order, which is not
expected in a one dimensional system. This has been proved,
for example, for the periodic Anderson model.59 In spite
of this, we believe that the predicted charge distribution for
the magnetic impurity is in general reliable for a given ori-
entation of the spin of the Hund rules ground state and
consistent with CTQMC, which does not break the SU(2)
symmetry.

From the resulting occupancies, we expect the following
behavior for the different impurities:

A. Sc

This case should correspond to only one electron at the
impurity site. The obtained partial occupancies indicate that
this electron occupies one of the degenerate orbitals dx2−y2 ,
dxy. Since the top of the Au states with the same symmetry lies
about 1.3 eV below the Fermi energy, the states with one of
these orbitals occupied have practically no hybridization with
the Au states. Thus one expects a localized spin 1/2 and no
Kondo effect. The mixing with other configurations suggested
by the occupancies of Table I is probably an artifact of the
GGA.

B. Ti

One electron occupies one of the degenerate orbitals
dx2−y2 , dxy, and another one partially occupies the d3z2−r2

orbital. One can describe the system as valence fluctuations
between a configuration with one “frozen” electron (because
it has no hopping) with |m| = 2 and another one with two elec-
trons (the other electron occupying the d3z2−r2 orbital) with
spin 1 due to Hund’s rules. This model was solved exactly

TABLE I. Orbital projected electronic occupancies for majority spin for the
different elements. All the minority spin d orbitals are almost empty.

3d impurity n(3d3z2−r2 ↑) n(3dxy,x2−y2 ↑) n(3dxz,yz ↑)

Sc 0.12 0.31 0.13
Ti 0.43 0.99 0.16
V 0.77 1.64 0.21
Cr 0.80 1.72 1.23
Mn 0.91 1.86 1.86
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by Bethe ansatz.60–63 The physics corresponds to that of the
underscreened S = 1, one-channel Kondo model.

C. V

Two electrons occupy each of the inert orbitals dx2−y2 ,
dxy with majority spin. A third electron fluctuates between
the localized d3z2−r2 orbital at V and the Au band with the
same symmetry. The occupancy of the V 3d3z2−r2 orbital is
high suggesting that the model that describes the system is
the S = 3/2 one-channel Kondo one. If charge fluctuations are
important, the model that describes the system is the one that
mixes the S = 3/2 configuration with the two-electron S = 1
one. This model is also exactly solvable.61–63 The ground state
has total spin 1 and therefore corresponds to the underscreened
case.

D. Cr

As for V, the inert orbitals with majority spin are occu-
pied. In addition, it seems that there is a little bit less than
one electron in the d3z2−r2 orbital and a little bit more than
one electron in the degenerate orbitals dxz and dyz. Assum-
ing integer occupancies, one has an orbitally degenerate
S = 2 impurity screened by three channels. One would expect
a two-stage partial screening, first by the 5d3z2−r2 Au conduc-
tion states which have a larger hybridization and then by the
5dxz and 5dyz, with some similarities to iron(II) phtalocyanine
molecules on Au(111),12 but here the ground state would have
S = 1.

In order to study in more detail the charge distribution
between the hybridized orbitals with |m| < 2, we have per-
formed GGA+U calculations introducing the interaction U
in the 3d shell. We have to mention that in the case of V
no appreciable changes are seen when U is introduced. For
this reason we omit the details for V. Instead, from Fig. 2,
we see that the effect of U for Cr is to push up the 3d3z2−r2

orbital and transfer the electron to the |m| = 1 orbitals. This is
more clearly seen in Table II where the partial occupancies are
shown. The results for U = 4 eV suggest a ground state with
all orbitals with |m| > 0 occupied forming an S = 2 orbitally

FIG. 2. Partial density of states for the Cr impurity embedded in an O-doped
gold chain with U = 0 (top) and U = 4 eV (bottom) at the impurity site.

TABLE II. Orbital projected electronic occupancies of the Cr majority spin
for different values of U at the Cr site.

U (eV) n(3d3z2−r2 ↑) n(3dxy,x2−y2 ↑) n(3dxz,yz ↑)

0 0.80 1.72 1.23
2 0.82 1.73 1.27
3 0.20 1.76 1.75
4 0.15 1.77 1.77

non-degenerate ground state screened by two degenerate
channels (m = ±1).

In attempt to clarify the discrepancies in the charge dis-
tribution as a function of U in the GGA+U calculation, we
have used CTQMC as outlined in Sec. II. We assume that one
electron occupies each of the inert orbitals m = ±2, with par-
allel spins, and adjust the chemical potential in such a way that
two additional electrons are present in the system formed by
the other orbitals with |m| < 2, the interactions among which
is described by Eq. (3). The resulting charge distribution indi-
cates that these two additional electrons occupy each of the
|m| = 1 orbitals. This distribution agrees with GGA+U for large
U. In spite of the complexity introduced by the presence of
two channels, we expect a similar physics to the one-channel
S > 1/2 underscreened Kondo model, with singular Fermi
liquid behavior.

E. Mn

As expected, this case corresponds to an S = 5/2 Kondo
model, partially screened by the three conduction channels
(|m| < 2) at low enough temperatures.

In Table III we list the orbital projected electronic occu-
pancies for the remaining members of the 3d series, except for
Zn, which is expected to have a full 3d shell and therefore not
showing interesting physics. In all the listed cases we consider
U = 0 at the impurity sites.

F. Fe

It has six electrons, or four holes in the 3d shell. The GGA
results point to 1.40 holes in the inert |m| = 2 orbitals, 0.81 holes
in the m = 0 one, and 1.61 holes in the |m| = 1 orbitals. However,
since the |m| = 2 electrons do not hop, one expects an integer
population of them. If the occupancy is 1 and the remaining 3
holes occupy each of the remaining orbitals (d3z2−r2 , dxz, dxz),
the configuration is similar to that of Co below except for the
presence of the 3d3z2−r2 hole. Interestingly after a first-stage
Kondo effect in which the spin of this orbital is screened (as
in iron(II) phtalocyanine on Au(111)12), the physics would be
the same as that for a Co impurity (discussed below).

TABLE III. Orbital projected electronic occupancies for the minority spin
for the different elements. All the majority spin d orbitals are occupied.

Case n(3d3z2−r2 ↓) n(3dxy,x2−y2 ↓) n(3dxz,yz ↓)

Fe 0.19 0.60 0.39
Co 0.88 1.17 0.22
Ni 0.92 1.87 0.56
Cu 0.83 1.89 1.87
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FIG. 3. Partial density of states for the Fe impurity embedded in an O-doped
gold chain with U = 0 (top) and U = 4 eV (bottom) at the impurity site.

In this case, we have also investigated the effect of U
within GGA+U to gain more insight into the charge distri-
bution. Taking into account the results shown in Fig. 3 and
the occupancies listed in Table IV, we see here that the effect
of U is to push down the d3z2−r2 orbital, increasing abruptly
its occupancy between U = 2 eV and U = 3 eV. In this case,
all holes are in 3d states with |m| > 0. By an electron-hole
transformation, the physics is the same as that suggested by
GGA+U for large U for Cr: an S = 2 orbitally non-degenerate
ground state screened by two degenerate channels.

As for the case of Cr, we have studied the charge dis-
tribution with CTQMC. In this case we have the additional
ambiguity that the occupancy of the inert orbitals, absent in
the Hamiltonian solved by CTQMC, lies between 2 and 3, for
a total occupancy of 6 electrons. Therefore we have adjusted
the chemical potential in this Hamiltonian for two occupancies:
(i) 4 and (ii) 3 electrons. In the first case we obtain a double
occupancy of the 3d3z2−r2 and single occupancy of the m = ±1
orbitals, in agreement with Table IV for large U. In case (ii) we
obtain one electron in each of the non-inert orbitals (d3z2−r2 ,
dxz, dxz), resulting in the Co configuration with an additional
3d3z2−r2 hole, mentioned above. Unfortunately our results are
not enough to determine which of these two configurations is
more probable.

G. Co

As shown before,23 the configuration of Co corresponds
to two holes occupying the |m| = 1 orbitals and the remaining
one is in one of the inert |m| = 2 orbitals, forming a total spin
S = 3/2 according to Hund’s rules. There is some admixture

TABLE IV. Orbital projected electronic occupancies of the Fe minority spin
for different values of U at the Fe site.

U(Fe) (eV) n(3d3z2−r2 ↓) n(3dxy,x2−y2 ↓) n(3dxz,yz ↓)

0 0.19 0.60 0.39
2 0.16 0.69 0.23
3 0.89 0.01 0.13
4 0.89 0.01 0.11

with the S = 1 ground-state configuration of Ni described
below. The low temperature physics corresponds to an under-
screened Kondo model, S = 3/2 screened by two channels. It
is interesting that under an appropriate tetragonal crystal field,
the orbital degeneracy of the |m| = 2 orbitals is broken and at the
same time the spin-orbit coupling leads to a physics similar to
the S = 1/2 two-channel Kondo model with non-Fermi liquid
properties. This has been discussed in detail elsewhere.23–25

As stated above, Fe impurities might display similar
physics.

H. Ni

From the occupancies listed in Table III, one realizes that
Ni fluctuates between a configuration with two holes and total
spin 1 in the degenerate orbitals with |m| = 1 and one with
one hole in one of these orbitals. A closer investigation of the
effective model reported before indicates that the first config-
uration dominates and the system is in the Kondo regime.42

This is confirmed by our NRG calculations on the effective
model Heff. Thus the system can be considered as a realiza-
tion of a two-channel fully screened S = 1 Kondo model.
The effective Hamiltonian including charge fluctuations
is42

Heff =
∑
M2

(E2 + DM2
2 )|M2〉〈M2 | +

∑
αM1

E1 |αM1〉〈αM1 |

+
∑
νkασ

ενkc†
νkασcνkασ +

∑
M1M2

∑
ανkσ

Vνα〈1M2 |
1
2

1
2

M1σ〉

× (|M2〉〈αM1 |cνkασ + H.c.), (3)

where Ei and M i indicate the energies and the spin projections
along the chain, chosen as the quantization axis, of states with
i = 1,2 holes in the 3d shell of the Ni impurity, and c†

νkασ creates
a hole in the conduction band with symmetry α and spin σ at
the left or right of the impurity (denoted by the subscript ν)
with wave vector k.

FIG. 4. Squares: NRG data for Gα(T ) =
∑

σ Gασ (T ) in units of its maxi-
mum Gs as a function of T /TK for εd = −2∆, where ∆ = 0.115 eV is half
the resonant-level width.42 Dashed black line: fitting of numerical data with
expression Eq. (4) with s = 0.155. Continuous red line: Eq. (4) with s = 0.22.



092315-6 Barral et al. J. Chem. Phys. 146, 092315 (2017)

TABLE V. Symmetry-dependent d-band minority spin fillings of the Cu atoms (in electrons) for the selected
studied cases. The color coding of the schematic representation of the chains is the one presented in Fig. 1.

Case n(3d3z2−r2 ↓) n(3dxy,x2−y2 ↓) n(3dxz,yz ↓)

0.83 1.89 1.87

0.91 1.89 1.64

0.90 1.89 1.65

0.83 1.79 1.36

The ground state of this model is a Fermi liquid, as for
the one-channel S = 1/2 Kondo model. The reader might ask
if there are important differences in the properties of both
models. One difference is that well inside the Kondo regime,
the conductance at zero temperature is two times larger in
the two-channel S = 1 case (4e2/h for symmetric contacts)
because two conduction channels and two spins are contribut-
ing. Experimentally, asymmetry between the couplings of the
impurity to the left and the right decreases the conductance,
but this difference is likely observable in real experiments.
Another difference is that the shape of the conductance as
a function of temperature is different in the two cases. This
is shown in Fig. 4, where the conductance is calculated for
the parameters extracted in Ref. 42. For the one-channel
S = 1/2 Anderson model, it is well known that the empirical
expression

G(T ) =
Gs[

1 +
(
21/s − 1

)
(T/TK )2

] s , (4)

where s = 0.22 and Gs is the conductance at temperature
T = 0, matches not only the experimental results but also NRG
calculations.1,64 For the parameters that we extract for Ni in
O-doped Au chains, we obtain that a similar empirical law
holds but with s = 0.155, yielding a less steep decrease in the
intermediate temperature regime.

I. Cu

Since Cu is similar to Au, it has an almost filled 3d shell,
and therefore oxygen doping moves the spectral density of
the orbitals with |m| = 1 to the Fermi energy, introducing a
partial emptying of these orbitals.24 We analyze the effect of
the presence of oxygen impurities on the spin-state of the Cu
impurity or its hole’s symmetries, for several configurations,
also changing the amount of O in the Au chain. In Table V we
introduce the different cases studied and their corresponding
Cu occupancy numbers (in electrons) obtained by integrating
the minority band separated in the different symmetries, within
the Cu-muffin-tin sphere. From the last configuration listed in
Table V, it can be inferred that for this case a hole of the Au–O
conduction bands with symmetry either xz or yz and spin either
up or down can enter the full 3d shell of Cu or vice versa.
Thus, this system can be described by an SU(4) Anderson
model.12,26

In Fig. 5 we show the NRG result for the total conductance
G(T ) as a function of temperature in units of G0 = 2e2/h for

three values of the on-site energy of the xz and yz orbitals
relative to the Fermi energy, εd , and hybridization ∆ = 0.01 in
units of the half-bandwidth D. All of them correspond to the
intermediate valence regime with a total occupancy of the 3d
shell of 0.484 for εd = −3∆, 0.439 for εd = −2.5∆, and 0.398
for εd = −2∆, shared equally between the four spin-orbitals.
Note that the intermediate-valence regime in the present SU(4)
case extends to larger values of −εd/∆ than in the most usual
SU(2) case. There is a clear maximum at temperatures of the
order of εd . At smaller temperatures, the conductance is rather
flat, in contrast to other fully screened cases, such as those
displayed in Fig. 4.

At T = 0 the conductance is determined by the Friedel
sum rule. For constant density of states and hybridization (as
we have assumed for the NRG results), according to this rule,
the contribution of the conductance for each spin and channel
with occupancy nασ is40

Gασ =
e2

h
sin2(πnασ), (5)

and G =
∑
ασ Gασ .

The numerical results of Fig. 5 are quite consistent
with this rule. They lie above those obtained using Eq. (5)
by near 1%. This is likely due to numerical errors in the
conductance.

FIG. 5. Total NRG conductance G(T ) for the SU(4) Anderson model as a
function of temperature, for three values of εd (−2∆, −2.5∆, and −3∆) with
hybridization ∆ = 0.01 in units of the half-bandwidth D.
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IV. SUMMARY AND DISCUSSION

Using ab initio methods combined with continuous-time
quantum Monte Carlo, we have studied the electronic struc-
ture of systems with one substitutional 3d impurity in oxygen
doped gold chains, along the whole 3d series, searching for
unusual behavior in the screening of the impurity spin. The
effect of oxygen doping is to bring 5dxz and 5dyz orbitals to the
Fermi energy, which together with the 5d3z2−r2 ones constitute
three screening channels for the impurity spin.

We left Zn out because one expects that it has a full 3d
shell and no magnetism. At the other end of the 3d series, we
find that Sc behaves as an isolated magnetic impurity with spin
S = 1/2, because it has one electron occupying either the 3dx2−y2

or the 3dxy orbitals, and they have a negligible hybridization
with the orbitals of the rest of the chain. For this reason we
call them inert.

The system with Ni and Cu impurities behaves as a Fermi
liquid, obeying the Friedel sum rule. In the first case, the
low-energy physics can be described by a fully compensated
S = 1, two-channel Kondo model. In this case, we have calcu-
lated the conductance through the system using NRG, pointing
out quantitative differences with the most usual S = 1/2, one-
channel case. For Cu impurities, the appropriate low-energy
model is the SU(4) Anderson impurity one, in the intermediate-
valence regime. In this case, the conductance also shows
differences with more usual cases.

The remaining systems, taking out some peculiarities,
are expected to behave as singular Fermi liquids, like under-
screened Kondo model. This is due to the presence of partially
filled inert orbitals which tend to couple into large spins due
to the Hund rules and cannot be screened by the conduction
electrons. The conductance as a function of temperature for
several underscreened Kondo models is presented in the Sup-
plementary material of Ref. 10. Particularly complex is the
case of Cr, in which different configurations seem mixed, and
Fe, for which our results are inconclusive with respect of the
ground state configuration. One possibility for Fe is that it has
the same configuration of Co with one additional 3dx2−y2 hole.
The spin of this hole is expected to be screened in a first-stage
Kondo effect leaving a low-energy physics similar to that of
Co. As shown before for the latter,23–25 under an appropriate
tetragonal crystal field, which can be realized connecting the
system with leads with a square cross section, the spin-orbit
coupling leads to an effective spin 1/2 overscreened by two
degenerate channels with xz and yz symmetries, leading to
non-Fermi-liquid behavior.

The results using CTQMC have been done using a
restricted basis set. This has the advantage of accelerating the
time in the calculations, and the interactions take a simpler
form than those of the complete basis set.51 The main draw-
back however is then the Hund interaction with the spin of the
inert orbitals is neglected. We believe that this does not alter
the resulting occupancies of Cr and Fe because the resulting
spin of the remaining orbitals is the maximum possible, taking
maximum advantage of the Hund interaction.

Finally we comment on the effect of symmetry-breaking
perturbations, like distortions or defects in the chains. This
effect breaks the channel degeneracy and changes the physics

in those cases in which the impurity has partial degenerate
orbitals which are not inert. For example in the case of Ni,
breaking of the degeneracy of the xz and yz orbitals would
change the S = 1 two-channel Kondo physics, in a two-stage
Kondo model with two characteristic temperatures, each one
corresponding to each channel. The ground-state however con-
tinues to be a Fermi liquid. In the case of Co, the partial
screening of the S = 3/2 spin by two channels also would
occur in two stages, but the ground state still corresponds to an
S = 1/2 singular Fermi liquid. The breaking of symmetry is
more dramatic for Co in tetragonal symmetry because the
symmetry breaking renders the effective S = 1/2 overscreened
model with non-Fermi liquid behavior to a usual Fermi liq-
uid below a characteristic energy scale. A previous estimate
indicates that this scale is below TK (and the non-Fermi liq-
uid features are observable) if the splitting between xz and yz
orbitals is less than 100 meV.23
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57R. Žitko, NRG Ljubljana—Open source numerical renormalization group

code, http://nrgljubljana.ijs.si, 2014.
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