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Single-Co Kondo effect in atomic Cu wires on Cu(111)
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Linear atomic chains containing a single Kondo atom, Co, and several nonmagnetic atoms, Cu, were
assembled atom by atom on Cu(111) with the tip of a scanning tunneling microscope. The resulting one-
dimensional wires, Cu,,CoCu, (0 < m, n < 5), exhibit a rich evolution of the single-Co Kondo effect with the
variation of m and n, as inferred from changes in the line shape of the Abrikosov-Suhl-Kondo resonance. The
most striking result is the quenching of the resonance in CuCoCu, and Cu,CoCu, clusters. State-of-the-art first-
principles calculations were performed to unravel possible microscopic origins of the remarkable experimental

observations.

DOLI: 10.1103/PhysRevResearch.2.023309

I. INTRODUCTION

The Kondo effect was originally observed as the resis-
tivity increase below a characteristic temperature of some
metals containing magnetic impurities [1,2]. As intuited by
Kondo in 1964, many-body correlations are at the origin
of this phenomenon [3,4]. Later, his ideas were extended
beyond the perimeter of perturbation theory by Anderson
[5,6] and by Wilson [7] understanding and exploiting the role
of scale invariance. The conduction electrons of the metal
scatter off the local spin of a single quantum impurity and
a low-energy collective excitation described by a quantum
mechanical singlet wave function is formed. The bare mag-
netic moment is hence screened and, oversimplifying, one can
picture this mechanism as multiple spin flips occurring due to
the exchange interaction between the impurity spin and the
conduction electrons.

The spectroscopic signature of this spin exchange is rep-
resented by the Kondo [3,4] or Abrikosov-Suhl [8-10] res-
onance at the Fermi energy Eg. At zero temperature the
resonance full width at half maximum is related to the Kondo
temperature T via kg Tk (kg is the Boltzmann constant). The
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presence of this resonance was confirmed in photoemission
[11-16] and inverse photoemission [17] experiments.

It is certainly no exaggeration to say that the detection of
the Abrikosov-Suhl-Kondo (ASK) resonance at the single-
impurity level with a scanning tunneling microscope (STM)
[18,19] represents a seminal finding in surface physics. In
spectra of the differential conductance (d1/dV, I current, V
bias voltage) the ASK resonance appears with a Fano [20,21]
or Frota [22,23] line shape. The Fano line shape reflects that
spin-conserving tunneling occurs directly from the tip to the
conduction electron continuum and indirectly via the Kondo
resonance. The interference of tunneling electrons in these
two paths leads to the characteristic spectroscopic line shape
[18,19]. Many-body numerical renormalization group calcu-
lations [24] justify the phenomenological Frota line shape,
which was likewise reported from experiments [25,26]. A
wealth of reports followed the initial observations [18,19]
and revealed the rich physics of the single-atom [27-32]
and single-molecule [33-51] Kondo effect. Excellent review
articles are available, e.g., Refs. [52-54].

Importantly, variations of the ASK resonance line shape
in spectroscopy experiments with an STM serve as a sub-
tle probe for magnetic-interaction [45,55-64], hybridization
[32,34-36,65-609], and density-of-states (DOS) [66,70-72]
effects. In particular, a nonmonotonic evolution of Tx of a
single Co atom in a compact CoCu,, cluster on Cu(111) [66]
unraveled that the local electronic structure at the magnetic-
impurity site is essential for its Kondo effect, rather than the
sheer number of coordinations with nearest-neighbor atoms.
Deviating from the previous compact cluster geometry [66]
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the evolution of the Kondo effect in linear Cu,,CoCu, clusters
is reported here. All atomic chains exhibit ASK resonances
with 40 < Tx < 110 K with two surprising and notable ex-
ceptions: the ASK resonances at the Co site for CuCoCu,
and Cu,CoCu; clusters are quenched, at odds with all other
clusters that show a clear spectroscopic signature of the Kondo
effect.

Motivated by these appealing experimental results, density
functional theory (DFT) and quantum Monte Carlo (QMC)
calculations were applied in order to describe the Kondo
physics of the linear clusters. While many properties of the
clusters are captured by the calculations, the atomically fabri-
cated Cu,,CoCu, clusters define a test case for systematically
benchmarking theory against experiment. The reliable de-
scription of complex correlated electronic systems presents an
outstanding challenge in modern condensed-matter physics.
Rigorous benchmarks across methods for the Hubbard model
[73] and a hydrogen chain [74] have proven extremely in-
sightful. Benchmarks of correlated phenomena such as Kondo
physics in real materials and theory based on state-of-the-
art first-principles calculations are virtually absent, however.
Consequently, a corresponding high demand exists. Our work
serves this purpose: rather than phenomenologically fitting of
a single system, calculations are performed on the highest
level of theory available for a range of systems without any
adjustable parameters throughout this series. As a starting
point towards such a benchmarking, DFT and QMC calcu-
lations were combined in a “DFT++ manner” [75] to test to
which extent experimental findings can or cannot be explained
by this approach. Our work unveils the capabilities and open
issues of state-of-the-art modeling techniques.

II. EXPERIMENT

Experiments were performed with an STM operated in
ultrahigh vacuum (10~% Pa) and at 5 K. Cu(111) surfaces
were cleaned by Ar™ bombardment and annealing. Chemi-
cally etched W wires—presumably coated with Cu substrate
material due to in situ preparation by indentations—served
as STM tips. Single Co atoms were deposited at ~8 K
from an electron beam evaporator through openings of the
radiation shields of the bath cryostat. Single Cu atoms were
transferred from the tip to the surface by controlled tip-surface
contacts [76-79]. STM images were recorded at constant
current with the bias voltage applied to the sample. Spectra
of d1/dV were acquired by sinusoidally modulating the bias
voltage (1 mVyys, 950 Hz) and measuring the first harmonic
of the current response of the tunneling junction with a
lock-in amplifier. Topographic data were processed using
WSXM [80].

III. RESULTS AND DISCUSSION

A. Scanning tunneling microscopy and spectroscopy

Figure 1 shows representative STM images of the
Cu,,CoCu, clusters studied in this work. In the following
these assemblies will be referred to as (m, n) clusters. Single
Co [Fig. 1(a)] and Cu atoms on Cu(111) appear as circular
protrusions with larger apparent height for Co (70 pm)
compared to Cu (=50 pm) at V = 10 mV. The (m, n) clusters
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images of atom-by-atom fabricated linear
Cu,,CoCu, clusters on Cu(111) denoted (m, n) with 0 < m,n <5
(bias voltage: 10 mV, tunneling current: 50 pA). (a) STM image of
a single Co atom (size: 2.6 x 2.7 nm?). A Cu(111) crystallographic
direction (110) is indicated by an arrow. The color scale ranges from
0 (low) to 120 pm (high) in all STM images. (b)—(t) STM images of
linear clusters (2.6 x 4 nm?).

W
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FIG. 1. STM

were fabricated atom by atom [81,82]. After assembling the
linear Cu,, cluster, one edge of the chain was decorated by a
single Co atom. Additional n Cu atoms were then attached to
this Co atom, continuing the direction of the chain. Attaching
a single Cu atom to Co [Fig. 1(b)] increases the Co apparent
height to =90 pm. (0,2) clusters [Fig. 1(c)] exhibit a Co
apparent height of ~110 pm. Additional Cu atoms in (0, n)
clusters (n > 3) do not change the Co apparent height appre-
ciably [Figs. 1(d)-1(f)]. Similar observations hold for (m, n)
clusters with m > 1 [Figs. 1(g)-1(t)]. Inside such clusters Co
always appears ~15 pm higher than its Cu neighbors. All
linear atomic chains are aligned with (110) crystallographic
directions of Cu(111) [arrow in Fig. 1(a)].

The one-dimensional wires were used to explore changes
in the Co Kondo effect. Spectra of dI/dV are summarized in
Fig. 2 for (0, n) clusters (0 < n < 5) in Fig. 2(a) and for (m, n)
clusters (1 < m, n < 5)in Fig. 2(b) All spectra were acquired
atop the Co central region. The majority of spectra exhibits an
indentation close to zero bias voltage, which is interpreted as
the ASK resonance. Solid lines are fits to the data using the
function f (V) + p(V) with the Fano line shape (V) = a(q +
£)?/(1 + &%) [a is amplitude, g is asymmetry parameter, & =
B(eV —¢gp) with 1/8 = kgTx, e is the elementary charge,
and ¢gp is the resonance energy] and a linear background
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FIG. 2. Spectroscopy of the ASK resonance. Spectra of dI/dV
(dots) recorded above the Co atom in (m, n) clusters on Cu(111)
for (a) m =0, n>1 and (b) m,n > 1. The bottom spectrum of
(a) depicts the single-Co ASK resonance. Solid lines are fits to the
data using the Fano line shape (see text). Spectra are offset for
clarity. Individual spectra without vertical offset are presented in the
Supplemental Material [83]. Feedback loop parameters prior to data
acquisition: 30 mV, 50 pA. (c) Spectroscopic data recorded above the
Co atom in (2,1), (2,2) clusters in wide bias voltage ranges. Feedback
loop parameters prior to data acquisition: 200 mV (top pair), 500 mV
(bottom pair), 50 pA.

p(V) = by + b,V. A linear background was previously used
in many analyses of the ASK resonance line shape [52-54].
It may be justified by the voltage-dependent transmission
of the tunneling barrier that was reported in a theoretical
work considering all three dimensions of the barrier and
the different atomic orbitals of tip and sample [84]. While
the transmission was demonstrated to evolve in a nonlinear
manner for bias voltages on the order of 1 V and differently for
the investigated s, p, d atomic orbitals, in a small range around
0 V, which is particularly interesting for the spectral line
shape of the ASK resonance, the transmission and, thus, the
background in d//dV data may well be described by a linear

TABLE I. Kondo temperature Tk (K) of (m, n) clusters extracted
from fits of dI/dV spectra using the Fano line shape and a linear
background.

(m, n) 0 1 2 3 4 5
0 S1+£2 112+£7 82 £2 772 77+£2 75+2
1 112 7 71 £2 - 80 £7 383

2 82 £ 2 - - 9 +7 39 L5

3 77+2 807 797 110£8 745

4 77 +£2 38£339+£5 74£5 96 +10 77 £6
5 75 £ 2 776 765

function whose slope depends on the contribution of the actual
atomic orbitals involved in the tunneling. Striving moreover
for a reliable comparison of extracted Kondo temperatures,
the spectroscopic data of all clusters were fit in the same bias
voltage range, —30 mV < V < 30 mV. The Frota line shape
superimposed on a linear background was likewise used to fit
the experimental data. However, the fit results were inferior
to the results obtained with the Fano line shape. Therefore,
in this work all ASK resonance dI/dV data were fit with the
Fano line shape combined with a linear background.

The single Co atom [bottom data set of Fig. 2(a)] exhibits
an ASK resonance with a width that corresponds to Tx =
51 =2 K (see Table I for a collection of all extracted Tx),
which is in agreement with previous reports [28,66]. By
adding one Cu atom [(0, 0) — (0, 1)] Tk increases by more
than a factor 2 to Tx = 112 &= 7 K. This increase of Tk is in
accordance with a previous work on compact CoCu,, clusters
[66]. The addition of a second Cu atom [(0, 1) — (0, 2)]
gives rise to a considerable decrease of Tk to 82 £+ 2 K. For
(0, n) clusters (n > 3) Tk then stays nearly constant. The value
of Tx =77 £2 K for (0,3), (0,4) clusters agrees well with
previous experimental observations and calculations for linear
CoCus and CoCuy clusters [60].

Clusters (m, n) with m, n > 1 unveil unexpected behavior.
The most remarkable observation is the entire quenching of
the ASK resonance of Co in (1,2), (2,1), (2,2) clusters [second
and third spectrum counted from the bottom in Fig. 2(b)].
This behavior was reproduced for several clusters and tips.
The suitability of the tip for spectroscopic measurements was
intermediately controlled by reproducing the single-Co ASK
resonance and the steplike onset of the Cu(111) Shockley
surface state (not shown). In order to exclude the presence of
exceptionally wide ASK resonances [30] which would appear
rather flat on the small bias voltage range of Fig. 2(b), the
bias voltage range in d1/dV spectroscopy was extended up to
4500 mV [Fig. 2(c)]. An ASK resonance was not observed.

Moreover, for the larger clusters a maximum of Tx was
reached in the symmetric case, i.e., for (3,3) clusters with
Tx = 110 £ 8 K and for (4,4) clusters with Tx = 96 £+ 10 K.
In both cases, the addition of a single Cu atom to one side
of the linear chain leads to a significant drop of Tk, Tx =
74 £ 5 K for (3.,4) clusters. (4,5), (5,5) clusters do not adhere
to this trend, which may indicate that these very long clusters
behave like infinite Cu chains with an embedded Co atom.
The asymmetry parameter g varied between —0.2 and 0.2
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for all clusters exhibiting an ASK resonance without showing
characteristic behavior with m and n.

Before turning to the calculations it is important to mention
that changes in Tx observed from the small linear clusters
reported here deviate from the previously reported evolution
of Tx in compact CoCu, clusters [66]. Indeed, for compact
CoCu,, clusters Tx was demonstrated to first increase with
n up to n = 2 with a maximum value 7x ~ 326 K and then
decrease down to Tx =~ 43 K for n = 4. In contrast, the short
linear clusters discussed here reach a maximum of Tx for
(0,1). Increasing the number of Cu atoms by one leads to
a nearly halved Tk for (1,1). Obviously the Co coordination
number in compact CoCu, and linear CuCoCu clusters is
identical. However, the different behavior of Tx in the two
cases evidences the impact of the actual cluster geometry on
the Kondo effect.

B. Model calculations
1. Density functional theory

Simulations of the (m,n) clusters were performed on
Cu(111) slabs with a lateral extent of 3 x 13 unit cells. For
calculations of the geometrical structure three Cu layers were
used, while for the hybridization simulations five Cu layers
were included. The calculations are based on the Vienna
ab initio simulation package (VASP) [85] with the projector
augmented wave (PAW) basis sets [86,87] and the generalized
gradient approximation (GGA) to the exchange correlation
potential [88].

Atomic structure and magnetic moment formation. We first
investigated the atomic structure of the adsorbed linear (m, n)
clusters and its dependence on magnetic moment formation
by comparing structural relaxations and total energies as re-
sulting from non-spin-polarized (nsp) and spin-polarized (sp)
calculations. To obtain an indication for the matching between
the fully relaxed geometries in theory and the experimental
clusters the evolution of dI/dV spectra at elevated bias volt-
age is compared with the calculated DOS (Fig. 3). Figure 3(a)
shows the spectroscopic signature of an unoccupied resonance
above the Co site in (m, n) clusters with increasing (from
bottom to top) cluster length. The resonance peak shifts to
lower bias voltage with increasing m and n. Calculations of the
local DOS at the Co site [Fig. 3(b)] reveals an unoccupied Co
p. resonance whose onset likewise shifts to lower energy with
increasing cluster size. Owing to the same trend and to similar
onset energies [Fig. 3(c)] the peaks in dI/dV spectra are
assigned to the spectroscopic signature of the calculated Co p,
resonance. Thus, the experimental and calculated evolutions
of spectra at elevated energy are consistent, as expected for
relaxed geometries.

Side and top views of the calculated clusters are depicted
in Fig. 4(a). The chains are almost perfectly linear with only
slight vertical (<10 pm) and lateral (<20 pm) corrugations.
The adsorption heights, Co magnetic moments, and total
energy differences between nonmagnetic and magnetic cal-
culations are summarized in Table II. The general trend in all
systems under consideration is that the formation of magnetic
moments on the order of 2 ug (up is the Bohr magneton) is
favorable by energies on the order of ~0.5 eV and associated
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FIG. 3. Evolution of the unoccupied Co p, resonance with the
cluster size. (a) d1/dV spectra of an unoccupied state recorded above
Co in (m, n) clusters (0 < m, n < 4). Spectra are vertically offset
for clarity. Spectroscopic data without vertical offset are presented
in the Supplemental Material [83]. (b) Calculated Co p, DOS in
(m, n) clusters. (c) Experimental (circles) and calculated (triangles)
unoccupied resonance energy at the Co site in (m, n) clusters.

with an upward relaxation of the Co atoms on the order of
10 pm.

A direct comparison of total energies without and with spin
polarization as a function of adsorption height of the Co atoms
in (m, n) clusters is shown in Fig. 4(b). We find that all clusters
favor local magnetic moment formation around the Co sites
regardless of structural relaxation details. Consequently, all
(m, n) clusters considered here are potential Kondo systems,
including (1,2), (2,1), (2,2) clusters for which an ASK reso-
nance is not discernible in the experiments [Fig. 2(b)].

Electronic structure in GGA and effective Anderson model.
To investigate possible Kondo physics in the structures at
hand, multiorbital Anderson impurity models (AIM) were
derived describing the (m, n) clusters from the DFT-GGA
calculations, where electronic correlations arise in the five Co
d orbitals, i.e.,

Ham = ZSkCZCk + Z(Vkaczda +Hc)+ Hyge, (1)
k k.o
with
1 P
Hioe = Y eadide + 5 Y Uaaidfy diydsde: ()
o o]

..... oy

Here the operators d, (d;) annihilate (create) electrons in Co
d orbitals characterized by orbital and spin quantum numbers
o, with corresponding on-site energies &,, and local Coulomb
interactions Uy, . o,. This impurity is embedded in a sea of

.....
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FIG. 4. Simulation of (m, n) cluster geometry on Cu(111) and
comparison of total energies. (a) Side and top view of the relaxed
chain structures as obtained from spin-polarized calculations (Cu:
blue; Co: red; in the top view only Cu surface atoms closest to
the linear chain are shown). (b) Total energy differences E, — Egp,
of nonmagnetic and magnetic solution for fixed geometries inter-
polating between the non-spin-polarized (nsp) and spin-polarized
(sp) structures. The height z of the Co atom above the Cu surface
is chosen as interpolation coordinate, where the lowest (highest) z
value for each curve corresponds to the structure obtained from the
non-spin-polarized (spin-polarized) relaxation.

conduction electron states originating from the surrounding
Cu atoms and is described by annihilation (creation) oper-
ators ¢y (cZ) and dispersions ¢, where k includes crystal
momentum, band index, and spin. The coupling between the
impurity and the conduction electrons is provided by the
hybridization V.

In the AIM only the impurity site is subject to an in-
teraction term, while the bath of conduction electrons is
assumed to be noninteracting. The bath degrees of freedom
can thus be integrated out and the local electronic properties
of the impurity can be described by H),. and the hybridization

TABLEII. Adsorption height of Co above Cu(111) for relaxation
without (nsp), zerr , and with (sp), z¢h,, spin polarization. The magnetic
moment of Co, itc,, in units of the Bohr magneton wup originates
from all Co electrons. E,y, — E, denotes the total energy difference

between nonmagnetic and magnetic solutions.

(ma n) ngop (pm) ZSCP;, (pm) Mo (/'LB) Ensp - Esp (eV)
0,0) 172 185 1.99 0.61
(1,0) 178 188 1.90 0.41
(1,1) 179 182 1.80 0.34
2,0) 179 187 1.94 0.46
2,1) 179 185 1.86 0.41
2,2) 180 186 1.79 0.31
(3,0) 179 187 1.88 0.37
@3,1) 179 187 1.79 0.32
3.,2) 179 187 1.79 0.31
(3,3) 180 187 1.79 0.31
function
Vi, Via
A w) = “1—2, 3
o (@) ;wHF_Ek 3)

with the effective broadening I". We calculated Ay, 4, (w) from
first-principles following Refs. [89,90]. The orbital and spin
diagonal elements of the hybridization function on Matsubara
frequencies (@ + il' — iw,) will enter the QMC simulations
presented in the section below. For a first qualitative overview
of the hybridization strength, which is one of the determining
factors for the occurrence of the Kondo effect and associated
with Tx, we show the orbitally averaged hybridization func-
tions A(w) = % > Age (@) with an effective broadening of
I' = 0.31 eV for all systems under consideration in Figs. 5(a)
and 5(b). The specific choice of I" is motivated by the suffi-
cient broadening of A, which otherwise (I' < 0.31 eV) would
exhibit strongly peaked variations in @ making comparisons
for the different clusters [Fig. 5(a)] difficult.

While the hybridization functions differ between the indi-
vidual chain realizations in several details, a few overarching
statements can be made. First and foremost, the magnitude of
the hybridization function and also the overall shape is similar
in all cases and in line with the hybridization function found
for Co atoms on Cu(111) from Ref. [91]. On a very rough
qualitative level we would thus expect similar Tk across the
whole range of (m, n) clusters.

Regarding variations between the different chain struc-
tures, we find an increase in hybridization with coordination
number of the Co atoms, as one expects. A scaling analysis
[92,93] suggests that 7x depends on hybridization A = A(Ep)
and local interaction U according to

U } @
y Im A(Eg + i0%)] |’

Tk o< exp [—

where y is a factor depending on orbital degeneracies. There-
fore, increasing |Im A(Eg + i0")| should result in (strongly)
increasing Tx. Figure 5(c) shows the measured 7k in relation
to the calculated average hybridization function |Im A(Eg +
i0™)|. There is no clear correlation between |[Im A(Eg + i07)|
and Tg. On the contrary, the (2,2) cluster, which displays
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FIG. 5. Orbitally averaged hybridization functions A and corre-
lation with Tx. (a) Real (top) and imaginary (bottom) parts of A(w)
for the Co d orbitals in the different (m, n) clusters on Cu(111). The
legend is presented in (b). (b) Close-up view of ImA (w) for energies
around Eg. (c) Experimentally extracted Tx versus —ImA (Ef) where
each data point corresponds to one (m, n) cluster.

no signature of the Kondo effect in the experiments, has the
largest |Im A(Er + i0")| among all systems of this study. We
thus conclude that mechanisms beyond this simple orbitally
independent model should be at work in determining the
Kondo physics at least in these two special cases.

In order to account for the complex interplay of charge,
orbital, and spin fluctuations we now turn to QMC simulations
of the full AIM with ab initio derived hybridization functions.

2. Quantum Monte Carlo simulations

Using the implementation of continuous-time QMC in
hybridization expansion (CT-HYB) [94,95] contained in the
package w2dynamics [96], we solve the AIM given in Egs. (1)
and (2) numerically exactly. The energy levels of the bath, its

hybridization with the impurity, encoded in the hybridization
function of Eq. (3), and the energy differences between the
local levels are taken from the DFT-GGA calculations pre-
sented in the previous section. We neglect the off-diagonal
elements of the hybridization as they are of small magnitude.
The fully spherically symmetric local Coulomb interaction
tensor Uy, . o, Was generated from interaction parameters
determined using the constrained random phase approxima-
tion for simple surfaces [97,98]. While the systems under
investigation are Co atoms in varying surface environments,
deviations from spherical symmetry may be neglected due to
their minor effects on numerical results for 3d electrons [99].
The chemical potential was chosen to reach an occupation of
8 electrons in the Co d shell.

To put our approach into context of similar ab initio based
approaches, e.g., Refs. [66,89-91], we emphasize that we
solve the Anderson impurity model with full rotationally
invariant Coulomb interaction statistically exactly at unprece-
dentedly low temperatures. Neglecting interactions beyond
those of density-density type would lead to a different position
and width of the ASK resonance and, therefore, to erroneous
estimates for the Kondo temperature [100].

We use various indicators for the occurrence of the Kondo
effect. One is the behavior of the imaginary part of the
self-energy at low frequencies (the so called “first Matsubara
rule”) [101]. This, together with the calculated quasiparticle
weights and scattering rates, does not seem to allow a clear
distinction of the chains exhibiting the Kondo effect experi-
mentally from the others.

Another way of judging the propensity of exhibiting the
Kondo effect is the direct inspection of the spectral function
A(w) = — L ImGR (). Owing to the CT-HYB algorithm, A(w)
includes all local electronic correlation effects beyond DFT.
The full Green’s function on the imaginary (discrete) Matsub-
ara frequency axis obtained from CT-HYB was transformed
to the retarded Green’s function Ggr(w) on the real (con-
tinuous) frequency axis using the maximum-entropy method
[102-104]. According to Fig. 6, even considering many-
body effects, chains that in the experiment have qualitatively
different Kondo effects, behave quite similarly in theory. In
particular, the (0,2), (1,2), (2,2) clusters display a very similar
orbital structure of the Kondo peaks, in spite of the fact that
experimentally the first one is the only Kondo-active chain.

For a quantitative comparison between the experimen-
tally extracted widths of the ASK resonance (corresponding
to the experimental 7x) and the theoretical results we cal-
culate the orbital-renormalized resonance width ZImA,(0)
[91,105,106] where Z is the quasiparticle weight defined
below and relate it to a temperature scale by

Tio = —%ZlmAa(O). (5)

This orbitally dependent measure does not straightforwardly
relate to the Kondo temperature of the multiorbital system.
However, Tk ,, directly measures the width of the theoretical
resonances and, therefore, represents a natural candidate to
compare to the experimentally extracted Tk, which measures
the width of the experimental resonances.

The quasiparticle weight Z was calculated from the
imaginary part of X(iw;), the Matsubara self-energy, as
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FIG. 6. Comparison of orbitally resolved spectral functions.
Spectral functions A(w) obtained for Co d orbitals using the max-
imum entropy method from QMC simulations performed for (m, n)
clusters with(a)ym =0,n =2;(b)m=1,n=2;and (c)m =2 =n
at a temperature of 46 K.

Z=11- BijmE(ia)j)]’l in the limit of vanishing iw; (j is
the index of discrete frequency). In this way, Tk , may be cal-
culated for each Co d orbital in the (m, n) clusters for which
QMC simulations were performed. Figure 7 demonstrates
that except for the cases in which no ASK resonance was
observed experimentally, the calculated orbital-averaged Tx 4
[Eq. (5)] never deviates from experimental values by more
than a factor 2. Below we show that the orbital-dependent
Tx .« reacts sensitively to changes of some model parameters,
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FIG. 7. Orbitally resolved (dots) and averaged (lozenges) renor-
malized resonance width Tk , for several (m, n) clusters and compar-
ison with experimental data (squares). The quasiparticle weight (see
text) was calculated in the QMC simulations for each Co d orbital
and averaged. The uncertainty margin of the calculated average spans
the orbital variation, against which the statistical uncertainty is small.
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FIG. 8. Orbitally resolved (dots) and averaged (lozenges) Tx , of
(2,2), (1,0) clusters from QMC quasiparticle-weight calculations and
comparison with experimental Tk (squares). (a) Dependence of Tx ,
of a (2,2) cluster on the Hund coupling constant J for a Hubbard
U =5¢eV. (b) Dependence of Tk o, of a (2,2) cluster (left) and a (1,0)
cluster (right) on U for J = 0.64 eV. Uncertainty margins of the
calculated average Tx , reflect the Tk, variations of the individual
Co d orbitals. The dependence on J (a) is nearly negligible while the
dependence on U and (b) has roughly the same effect on the orbitally
averaged value of both systems. The legend is the same as in Fig. 7.

which may be the origin of discrepancies between theory and
experiment.

Experimentally relevant parameters of the AIM—the in-
traorbital Hubbard interaction U and the interorbital Hund
coupling J—were varied in order to explore the sensitivity of
Tx .« to these parameters. The representative example of a (2,2)
cluster shows that Tx , responds weakly to variations of J
[Fig. 8(a)]. Increasing J from 0.48to 1.10eV usingU = 5eV,
the average of Tx, over all Co d orbitals varies slightly
between 170 and 211 K. The response of Tk, to changes
in U is somewhat stronger as shown in Fig. 8(b) for (2,2)
clusters (left) and (1,0) clusters (right). Using J = 0.64 eV
and increasing U from 5 to 6.25 eV leads to a decrease of the
averaged Tk , from 170 to 95 K for (2,2) clusters and from 97
to 54 K for (1,0) clusters, i.e., by roughly a factor 2 in both
cases.

A final test was carried out to explore the dependence of
Tx.» on variations of the Co adsorption height by +10 pm.
The response of the entire spectral function and, in particular,
of the ASK resonance energy to vertical displacements of the
Co atom in the chains, is quantitatively different for (m, n)
clusters. Figure 9 shows that while quantitative changes in
Tx o of individual orbitals are not the same, the averaged
values exhibit very similar behavior for the different clusters.
Moreover, a simple relation to the experimental 7k is not easy
to recognize.
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FIG. 9. Orbitally resolved (dots) and averaged (lozenges) Tk o
of (a) (2,0), (b) (2,1), (¢) (2,2), and (d) (2,3) clusters from QMC
quasiparticle-weight calculations and comparison with experimental
Tx (squares). The plots depict the dependence of Tk , on variations of
the relaxed Co adsorption height zy by £68. The uncertainty margins
of the average Tk , reflect the Tx , variations of the individual Co
d orbitals, against which the statistical uncertainty is small. The
dependence of the orbitally averaged value on the Co adsorption
height is nearly the same for all considered clusters. The legend is
the same as in Fig. 7.

IV. CONCLUSION

Scanning tunneling spectroscopy of atom-by-atom assem-
bled linear Cu,,CoCu, (0 < m,n < 5) clusters on Cu(111)
reveals rich Kondo physics of the Co atom. Describing the
ASK resonance with a Fano line shape unravels a wide range
of Tx from ~40 to ~110 K depending on m and n. Most
strikingly, for CuCoCu; and Cu,CoCu; the ASK resonance is
entirely quenched hinting at the collapse of the Kondo effect.

DFT and QMC calculations indicate the presence of ASK
resonances in the spectral functions of all linear clusters. From
calculations for the different geometries estimates of 7k range
between ~100 and ~200 K. Under moderate variations of
the interaction parameters or the height of the Co atom, the
range of estimates extends further in both directions. The
simulations thus capture Tx qualitatively correctly for the ma-
jority of clusters. There are, however, clear deviations of the
theoretical from the experimental results. First, the variations
of Tx between the different clusters is not correctly accounted
for by the current level of theory. The most remarkable
deviation is the presence of an ASK resonance for CuCoCu,

and CuyCoCu; in the simulations, clearly contradicting the
experimental findings.

In order to identify the origin of these deviations several
experimentally relevant model parameters, i.e., the electron-
electron coupling strength in the Coulomb tensor, the Co
orbital occupation, and the Co atom adsorption height, were
varied. The qualitative response of the orbitally averaged Tk
is similar for all clusters suggesting that the experimentally
observed absence of the ASK resonance for CuCoCu, and
Cu,CoClu; is neither of simple electronic nor structural origin.
Rather, the microscopic explanation of the quenched ASK res-
onance in CuCoCu, and Cu;CoCu; may involve the increased
size of the supercell for simulations, the transmission function
to the tip, electron-phonon coupling, and an enlarged basis set
for the description of low-energy, spin-orbit interaction and
other relativistic effects.

From a methodological modeling standpoint, our results
demonstrate that the complexity encoded in nanosystems like
adsorbed atoms or clusters on surfaces combined with elec-
tronic correlation effects is substantial. It presents a partially
solved problem as regards quantitative aspects such as the
occurrence of Kondo physics in most systems studied here
and a generally qualitatively correct match between experi-
mental and theoretical Tx. In our view, the investigated linear
Cu,,CoCu, (0 < m,n < 5) clusters on Cu(111) can serve as a
very informative benchmark case for the future development
of theoretical approaches to correlated nanosystems.

Moreover, the approach presented here may become im-
portant for describing Kondo screening in superconductors,
which is relevant to topological quantum computation where
it is crucial to manipulate and control chains of magnetically
active atoms on superconductors. Rather than directly pur-
suing a solution of localized magnetic moments in a bath
with Bardeen-Cooper-Schrieffer pairing fields, an alternative,
as demonstrated in this work, is to work in a first-principle
fully many-body framework including most of the realistic
correlation effects and understand the problem before going
to a superconducting bath.
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