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ABSTRACT

The Kondo effect is a many-body phenomenon, allowing insight into the electronic and atomistic structure of magnetic adsorbates on
metal surfaces. Its chemical control is intriguing because it deepens such insight, but the underlying mechanisms are only partly under-
stood. We study the effect of increasing the number of CO ligands attached to a cobalt adatom on copper(001), which correlates with an
increase in the Kondo temperature Tk experimentally [Wahl et al., Phys. Rev. Lett. 95, 166601 (2005)], by solving an Anderson impurity
model parametrized by the density functional theory. Our results suggest that the orbital responsible for the Kondo effect is d,>_,> for the
tetracarbonyl and its combination with d, for the dicarbonyl. The molecular structures depend considerably on the approximate
exchange-correlation functional, which may be related to the known difficulty of describing CO binding to metal surfaces. These structural
variations strongly affect the Kondo properties, which is not only a concern for predictive studies but also of interest for detecting mechan-
ical deformations and for understanding the effect of tip—adsorbate interactions in the scanning tunneling microscope. Still, by constrain-
ing the tetracarbonyl to Cy, symmetry, as suggested by experimental data, we find structures compatible with the experimental trend for
Tx (employing BLYP-D3+U). This is not possible for the tricarbonyl despite the range of computational parameters scanned. For the
tetra- and dicarbonyl, the increased Ty correlates with a larger hybridization function at the Fermi level, which we trace back to an
increased interaction of the Co 3d orbitals with the ligands.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079518

I. INTRODUCTION

When a magnetic atom or molecule is brought into contact
with a metallic system, the conduction-band electrons can screen
the spin of this atom or molecule, due to strong electron correla-
tion. If such screening takes place in impure metallic systems, the
resistivity starts to grow with decreasing temperature, as opposed to
its pure counterpart, which has been first explained by Kondo for
dilute magnetic alloys in 1964'~ (the name impurity has later been
extended to include magnetic adsorbates as well). Since then, the
Kondo effect has become a subject of intensive research since it
allows insight into fascinating aspects of electron correlation” and
can give information on the electronic and atomistic structure of

interacting quasiparticles in the spirit of Landau’s phenomenologi-
cal Fermi-liquid theory. It was Nozieres who showed that the
Kondo effect can be characterized in terms of a so-called local
Fermi liquid in 1974, which was a big step towards conceptual
understanding of Kondo systems."”

Magnetic molecules on metallic substrates are of particular
interest for spintronics, because of their potential to self-assemble
on a surface.””'® The magnetic character of the molecules can be
used for storing data or also for transferring information via spin
coupling between different neighboring spin centers.” For applica-
tions in spintronic devices, an understanding is required of the
coupling of the adsorbate’s magnetic moment not only with neigh-

molecular adsorbates.”™"* boring spin centers but also with conduction-band electrons pro-

These strong correlations lead to collective low-energy excita-
tions close to the Fermi surface. Below a certain temperature, impu-
rity electrons dressed by these excitations can behave as weakly

vided by the substrate. As mentioned earlier, the latter can give rise
to the Kondo effect and can be controlled by changing the environ-
ment of a spin center. For instance, self-assembly of O, molecules
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leads to periodically enhanced Kondo resonances, ® and by chang-
ing the chain length of Mn,Fe on a CuN, surface, the Kondo cou-
pling can be controlled."”

In this work, we would like to focus on the effect of molecular
ligands on the Kondo effect.'**' Wahl et al.”” have shown that the
coupling of the local moment on a Co atom to the conduction-band
electrons of a Cu(001) substrate can be enhanced by attaching CO
ligands to the Co atom [forming Co(CO),, complexes], by extracting
the Kondo temperature from scanning tunneling spectroscopy
(STS) experiments. The number of CO ligands might not only affect
the hybridization of the Co atom but will also change the splitting
of the 3d shell, as a consequence of the different symmetries of the
complexes. For n = 2, a fourfold symmetry was found in scanning
tunneling microscopy (STM), which is due to a thermally induced
rotation of the intrinsically twofold symmetric adsorbate on
Cu(001), which happens on a faster time scale than what the STM
can resolve. Co(CO);/Cu(001) is observed to have no rotational
(Cs,) symmetry, whereas the complex with four ligands exhibits
Cy, symmetry (which could result both from an intrinsically
Cyy-symmetric structure and from a rotating C,,-symmetric one,
with two opposing ligands being closer to the surface than the other
two). The Kondo temperatures Tk, as extracted from a Fano fit of
the STS spectra, increase with the number of CO ligands: 165 +
21K (n=2),170 + 16K (1 = 3), and 283 + 36K (n = 4).””

We want to gain insight into this behavior as a step towards
establishing structure-property relationships for the Kondo
effect, by solving the Anderson impurity model parametrized by
the Kohn-Sham density functional theory (so-called DFT++
methods, following Ref. 23). In doing so, we will point out how
shortcomings in present-day first-principles electronic-structure
methods when predicting the atomistic structures of adsorbates
on surfaces can strongly affect predicted Kondo properties. This
is particularly relevant for systems with CO ligands, since inter-
action of CO with metal surfaces poses a challenge to electronic-
structure methods (“CO-puzzle”).”

Il. METHODOLOGY

The optimization of molecular structures on surfaces, in the
scope of the Kohn-Sham DFT (hereinafter referred to as DFT for the
sake of brevity), requires a choice of the approximate exchange—corre-
lation functional that can describe the electronic structure not only of
the molecule/adsorbate but also of the metallic substrate to predict
adsorption distances, angles, adsorption sites, and symmetries accu-
rately. For molecular adsorbates with their large number of atoms in
the unit cell, one often chooses local density approximation (LDA)
and generalized-gradient approximation (GGA) type exchange—corre-
lation functionals, as they are a good compromise between accuracy
and computational effort in practice. These classes of exchange—corre-
lation functionals are problematic for the description of the CO
ligands, due to an underestimated gap between the highest occupied
and the lowest unoccupied molecular orbital (HOMO and LUMO).
This contributes to the well-known problem of DFT in predicting the
correct adsorption sites of CO molecules on different metal substrates,
which is known as the “CO-puzzle” in the literature.” ™’

The work of Alaei et al”® shows that using BLYP (a GGA
functional)” can at least solve the problem of predicting the

ARTICLE scitation.org/journalljap

correct adsorption sites for CO on some metal substrates, such as
Rh(111), Pt(111), and Cu(111), but without solving the problem of
the underestimated HOMO-LUMO gap of a CO molecule. On the
other hand, the work of Favot ef al.”’ shows that PBE*"** (a GGA
functional) is able to predict the correct adsorption site of CO on a
Cu(001) surface. A more systematic improvement can be reached
by taking into account nonlocal correlation effects,” as in the
scope of the van der Waals-density functional (vdW-DF with
revPBE) developed by Dion et al,”* although its generalizations to
spin-polarized systems’’ are not broadly available in electronic-
structure codes. Therefore, we focus on spin-polarized PBE and
BLYP here for structure optimizations, including their DFT+U var-
iants as we have found this to mimic the effect of strong correlation
on adsorption distances.”” Furthermore, we applied Grimme’s dis-
persion correction (DFT-D3) in all cases.”"”

All Kohn-Sham DFT calculations were performed with the
Vienna ab initio simulation program (VASP) using the projector
augmented-wave method.”’** For the carbonyl cobalt complexes
under study here, we modeled the Cu(001) surface with a super cell
size of 4 x 4 Cu atoms with five Cu layers in total. Structural relax-
ation was done with a 2 x 2 x 1 k-grid and convergence criteria for
the self-consistent field algorithm of 2.7 - 10~° ¢V, and 0.027 eV/A
for the force acting on each atom. The kinetic-energy cutoff for the
plane-wave single-particle basis was set to 400 eV. In addition to
the adsorbates, we allowed the two topmost Cu layers to be relaxed
and also the cell shape (i.e., the lattice parameter). The relaxed
lattice parameter is 3.48-3.49 A for all systems under investigation,
consistently for all optimization protocols. In addition, we opti-
mized the systems (adsorbate and the two topmost Cu layers) with
a fixed lattice parameter of 3.615 A, which is denoted by the
index “fix.” For DFT+U, we used an on-site Coulomb potential of
U =4.0eV and J = 0.9V applied on the Co 3d orbitals.

The electronic structure of the optimized carbonyl cobalt com-
plexes on Cu(001) was then analyzed with a combination of the
density functional theory and the Anderson impurity model (AIM).
For this purpose, we calculated the electronic structure with the
spin-unpolarized DFT (as usual in the literature) using the PBE
exchange-correlation functional and a k-grid of 17 x 17 x 1 centered
around the T"-point. A slightly more detailed description of the meth-
odology is given in Ref. 37. The Anderson Hamiltonian reads

H=>" el gvo + > Vel oo + Vidloti |
vo

vio

+ 3 el + %Z Ul o i M
io i
where €; is the energy of the ith localized d orbital of the impurity
(here defined as the Co atom) and €, is the kinetic energy of the bath
electron v (in this work, the remainder of the system, i.e., the CO
ligands and the copper surface). Ew/?:ia are creation and annihilation
operators_for electrons with spin o acting on the vth bath state,
whereas d,»(,/dl-t7 are the corresponding operators acting on the local
orbital i. The bath electrons are coupled to the impurity via the
hybridization V., and Uy = [ drdr’y;(r)y; (¥ )ﬁwk(r)y/l(r’ ) is
the local Coulomb interaction (we dropped tlfle spin indices here for
simplicity) as introduced by Slater,”* with . (x = i, j, k, I) being, in
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general, any atom-centered basis function. We used the parameters
(F°, F?, and F*, see below) as derived by Slater for hydrogen-type
atomic orbitals.

The central quantity extracted from a Kohn-Sham DFT wave-
function is the hybridization V,;, which we employ to compute an
energy-dependent hybridization function Ajj(w),

ViV,
S D st @

14

In practice, this was done by projecting the Kohn-Sham Green’s
function G5, onto a set of localized atomic orbitals and then extract-
ing Ajj(w) from the local noninteracting Green’s function g,'j(a))/lb as

Aj(@) = —[g; ' (@) + €5 — (@ + 01)5;]. 3)

Here, €;; are the matrix elements of the Kohn-Sham operator in the
local basis that has been used in the projection. Diagonalization of
the local Kohn-Sham operator leads to the impurity levels €; = €;
introduced in Eq. (1), and consequently g;(w) = gi(®), as well as
Aj(w) = Ai(w).

The energy-dependent hybridization function was then used to
solve the Anderson impurity model with the continuous-time
quantum Monte Carlo (CT-QMC) impurity solver in the hybridiza-
tion expansion'>"” as implemented in 1QIST."* The imaginary part of
Ajj(w) carries the information on the impurity level being broadened
by the interaction with the bath electrons, while the energy shift
caused by this interaction is captured in the real part of A;(w). The
term “noninteracting” in this context refers to the DFT solution
(although electron correlation effects are captured in the exchange-
correlation term), because it is used to parameterize the AIM. The
corresponding “interacting” solution is subsequently obtained from
DFT++, which yields the interacting impurity Green’s function G™?
that is connected to the noninteracting one via the Dyson equation,

g '@ =G (@) + (o). (4)

Here, T is the so-called self-energy, which describes the dressing of
impurity electrons by low-energy excitations caused by electron corre-
lation. This leads to a quasiparticle description of the impurity elec-
trons,”” which may below a certain temperature behave as a Fermi
liquid." At this point, it is worthwhile to mention that the self-
energy as obtained from our DFT++ approach captures the electron
correlation effects on the impurity orbitals explicitly.”' For this reason,
DFT++ works well for strongly correlated materials regardless of the
correlation strength, in contrast to present-day approximate DFT,
making DFT++ suitable for describing Fermi-liquid-like systems.

The impurity occupation in the interacting case can be
obtained by the integration (or rather the Matsubara summation)
of the interacting Green’s function. The imaginary part is related to
the spectral function A; as

A(@) = — %ImG;MP(w), (5)

which requires to be analytically continued™ onto the real energy
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axis (in the simplest case, replacing iw, — @ + id is sufficient,””
but due to statistical noise present in CT-QMC, we have to use
the maximum entropy method’*) because CT-QMC operates in
imaginary time.

The Coulomb term of Eq. (1) was approximated by using only
density-density terms (see Ref. 37 for more details), parameterized by
the Slater integrals*>*” F°, F2, and F* by using the average Coulomb
interaction parameter U (F°) = 4.0 eV and the exchange-interaction
parameter ] = 0.9eV [J = & (F*> + F*) = 0.9eV with % = 0.625].

The correlation energy already captured in the framework of
DFT, often called the double-counting (DC) energy, was corrected
by subtracting a term based in the fully localized limit (FLL),”

1 1
Ept = SUN(N = 1) = ZJNy(Ny = 1)
1
- Ele(Nl —1). (6)

In Eq. (6), N, Ny, and N| are the total number of electrons, the
number of spin-up, and the number of spin-down electrons on the
local subspace, respectively, in our case, the Co 3d shell. It is impor-
tant to note that the fully localized limit is just an approximation to
the real correlation energy already captured in the framework of
DFT. Thus, in this work, the DC value was shifted by +1.0eV to
evaluate the effect of small errors within the FLL approximation.

Calculating expectation values of operators at finite tempera-
tures typically requires knowledge of the partition function Z of the
system.”” Here, this is achieved by sampling the partition function
configurations of the system directly using CT-QMC and employ-
ing them in the calculation of observables like G™M® or the spin-
spin correlation function y.*” The latter is defined on the imaginary
time axis (where 7 runs from 0 to 3, with # = 1/T) as

2:(0) = ((Dx:(0)) = (8,()85,(0)). %

In Eq. (7), S;(r) is the local spin at imaginary time 7. Evaluating
x(7), one can gain insight into the magnetic behavior of the system
under consideration. The local spin at the initial time 7 =0 is
equivalent to the magnetization before interactions with the sur-
rounding take place. Another special value which is known as the
long-time correlation value of y(z) is 7 = /2, from which one can
estimate to which extent the impurity electrons are localized on
one of the impurity orbitals, or delocalized/screened due to interac-
tion with the substrate and the ligands. The latter case is indicated
by a rather rapid drop of y(z) as ¢ — /2, whereas a finite value at
x(B/2) suggests that there is a spin density located on one of the
impurity orbitals even in the presence of the bath.

lll. ATOMISTIC STRUCTURE OF Co(CO),, ON Cu(001)

Detailed information on bond lengths, bond angles, and
adsorption distances is difficult to access from the experiment. At
the same time, as discussed above, metal surfaces with molecular
adsorbates in general and with adsorbed CO in particular are chal-
lenging for present-day first-principles methods. To address this
problem, we have optimized all carbonyl cobalt complexes with
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PBE-D3 and BLYP-D3, with and without U correction. In some
cases, we have compared the results of keeping the lattice parameters
fixed (for this, we use the index “fix”) with the results obtained by
relaxing the cell shape together with the atomic positions of the car-
bonyl complexes (and the surface atoms of the first two layers, see
Sec. II for further details). In the following, we briefly summarize the
most important observations about the structures of the carbonyl
cobalt complexes on Cu(001), while detailed information about the
structural parameters can be found in the supplementary material.

A. Co(CO),/(001)

For Co(CO),/Cu(001), one consistently obtains C,, symmetry
[Fig. 1(a)] for all exchange-correlation functionals mentioned
above, which is in agreement with Ref. 22. It can also be confirmed
that the rotational barrier of Co(CO),/Cu(001) is rather low
(6.4kJ/mol = 66 meV as obtained from PBEg,-D3), which would
support the observation of Wahl et al.*” that this molecule is rotat-
ing faster than the STM time resolution on Cu(001) in the experi-
mentally accessible temperature range.

Given that present-day approximate DFT has problems to
describe the Kondo screening of the magnetic moment, we would
expect to obtain a nonzero magnetic moment from spin-polarized
DFT optimizations for systems showing a Kondo effect. However,
we do not find such a magnetic moment on the adsorbate when
using PBE-D3 and BLYP-D3, both for the optimizations including
and excluding the cell shape. When we apply a Hubbard U correc-
tion on the Co atom for BLYP-D3, we do obtain a magnetic
moment of 1.0ug on the Co atom of Co(CO),/Cu(001) when we
include the cell shape in the optimization. This increased spin
localization is in line with the tendency of DFT+U to correct for
electron overdelocalization.”® As shown in Table I, the BLYP-D3+U
spin localization has consequences for the adsorption distance as
indicated by the increased Co-surface distance dco—surf compared
with the BLYP-D3-optimized structure. A similar increase of the
adsorption distance can be observed as a result of cell shape relaxa-
tion, as suggested by comparing the values for BLYP-D3g, (1.39 A)
and BLYP-D3 (1.60 A). This might come from the slightly reduced
lattice parameter (see Sec. II) in cases with cell shape optimization,
which effectively decreases the size of the fourfold hollow position
and thus increases the adsorbate-surface distance. We will later show
that there is a delicate dependence on the Kondo properties obtained
from DFT++ on the adsorption distance.

B. Co(CO)s/Cu(001)

The DFT-predicted symmetry of Co(CO);/Cu(001) in this
study differs from the experimental one reported in Ref. 22 for all
exchange—correlation functionals under study. Here, we obtain a
rather Cs,-like”’ symmetry of the molecule [see Fig. 1(b)], whereas
in Ref. 22, the experimental structure suggests no such rotational
symmetry. Of course, one may debate whether the STM results
(Fig. 1 in Ref. 22) clearly exclude Cs, symmetry. However, since
our optimized structures do not appear consistent with these data,
and since we could not find Kondo features in the DFT++ data for
any of these structures, we assume that the range of DFT variants
employed here is not capable of describing the tricarbonyl structure
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FIG. 1. (a) Co(CO),, (b) Co(CO)s, (c) Co(CO), on Cu(100) (Cs) and (d)
Co(CO), on Cu(100) (Cy,) as obtained from BLYP-D3 + U. We labeled the

carbon atoms for Co(CO); and Co(CO), on Cu(100) (Cy,) to point out the two
symmetrically different CO ligands.

reliably and will not focus on it any further within the scope of this
work (see the supplementary material for more details).

C. Co(CO0),/Cu(001)

In the case of Co(CO),/Cu(001), it is challenging to obtain a
fourfold (Cy,)-symmetric structure as suggested by the STM experi-
ments of Wahl et al.,”” because in all attempts to optimize the struc-
ture, the twofold (C;,) symmetry was found to be lower in energy
by about 30.2kJ/mol (PBEg,-D3) to 42.1kJ/mol (BLYP-D3+U).
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TABLE |. Optimized adsorption distances of the carbonyl cobalt complexes on Cu(001) in angstrom as obtained from different DFT protocols. The index “fix” is used in cases

where the experimental lattice constant was used.

PBE-D3gy PBE-D3 BLYP-D3g, BLYP-D3 BLYP-D3+U
Co (isolated) 1.46 1.78
Co(CO), 1.33 1.54 1.39 1.60 1.74
Co(CO), 1.58 1.75 1.76
Co(CO), (Cz) 1.90 2.07 226
Co(CO), (Cs) 1.69 1.89 1.85

The vdw-DF functional (revPBEgy) predicts C,, symmetry to be
70.0kJ/mol lower in energy than C, symmetry. The rotational
barrier of the molecule (as obtained for the PBEg,-D3 structure) in
C,, symmetry is 20 kJ/mol (0.21 eV). This suggests that a hypotheti-
cal rotation of this molecule in the STM experiments by Wahl et al.
is not responsible for the observed C, symmetry, because the
experiments were taken at T = 6K (i.e., the thermal energy is not
enough to activate a rotation with an energy barrier of 0.21 eV). In
the experiment, the preparation of the carbonyl complexes was
done by first depositing cobalt on Cu(001), and then saturating the
surface with CO molecules. DFT (BLYP+U) suggests a rather short
adsorption distance (Table I, also compare Ref. 60) of an isolated
Co on Cu(001) (1.78 A), which is closer to the tetracarbonyl in Cy,
symmetry (1.85 A) than to the one in C,, symmetry (2.26 A). Tt is
conceivable that the formation of the Cy,-symmetric system is kinet-
ically favored, due to the adsorption distance being closer to that of
an isolated Co on Cu(001). Although the sample was annealed to
T =200—300K, the formation of the probably more stable C,,
structure (as suggested by DFT) may be inhibited.

In the DFT and DFT+U calculations, we again do not obtain a
local magnetic moment on Co(CO),/Cu(001) in both symmetries.
This could make an interpretation in terms of a Kondo effect
difficult, but as we will see later, it is indeed possible to identify fea-
tures in the DFT++ electronic structure for Co(CO),/Cu(001) in
Cy4y, symmetry which are in agreement with the experimentally
observed Kondo effect. For the corresponding C,, symmetry, no
Kondo properties could be found, suggesting that only the C,, sym-
metry is consistent with the experimental observations.

IV. KONDO PROPERTIES OF Co(CO),/CU(001)

In the following, we will focus on the structures optimized
with BLYP-D3+-U (with optimization of the cell shape), since these
show a nonzero local moment on the Co atom for the dicarbonyl
complex. For Co(CO), on Cu(001), we limit the discussion to the
Cyy structure because it fits to the experimentally observed symme-
try (see Fig. 1 of Ref. 22) and allows for an interpretation in terms
of a Kondo effect (see below). For these structures, we parametrize
the AIM with closed-shell PBE, in order to correctly describe the
nonmagnetic character of the Cu(001) surface (and thus the cou-
pling of the Co 3d orbitals with a nonmagnetic metal).

As the Kondo effect manifests itself as a sharp feature in the
spectral function at the Fermi energy, we aim at identifying the rele-
vant Co 3d orbitals that might contribute to the experimentally
observed zero-bias anomaly from the spectral functions of the indi-
vidual orbitals.”> Noziéres'” showed that a Kondo effect can be

described within the Fermi-liquid theory. We will use this to identify
the transition point to the Fermi-liquid regime, as an approximated
value for the Kondo temperature Tx. Therefore, we will analyze the
temperature dependence of the spin-spin correlation function y(r)
at the special value ¢ = /2, which should behave as T? in the
Fermi-liquid regime. Furthermore, we will investigate the so-called
first Matsubara-frequency rule,”’ which states that ImZ(w,) should
go linearly to zero as T — 0K, as another tool for probing the
Fermi-liquid properties of the di- and tetracarbonyl systems.

A. Spectral properties of Co(CO),,/Cu(001)

In Fig. 2, all Co 3d spectral functions of Co(CO), and
Co(CO), on Cu(100) (Cy,) are shown at T = 116 K. Due to diago-
nalization of the Co 3d subspace, some of the Co 3d orbitals are
mixed. Co(CO),/Cu(001) [Fig. 2(a)] shows a sharp feature at the
Fermi energy (w =0.0eV) for the Co 3dyg,. 1 g6c—y2) oOrbital,
whereas the remaining Co 3d orbitals only have broader features
below the Fermi energy (in the energy range shown here). The
sharp feature of this orbital thus makes it a promising candidate
for causing the experimentally observed Kondo effect (which will

a) Co(CO),/Cu(001) b) Co(CO),/Cu(001)
14 '0.622 - 0.8 ) — 0.8 o ': '
L2F  w — 0.7 —

10 L (ymz‘?‘ﬁ 0.6(*y>) —]| 0.6 —

_ i 05

\8_, 08 B T \8/ 04

< 06| 1<
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04 . 0.2
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FIG. 2. Spectral functions [Eq. (5)] of the Co 3d orbitals as obtained from PBE++
for (a) Co(CO), and (b) Co(CO), on Cu(100) (Cs) at B =100evV~"
(T =116 K). Here, the fully localized limit was used with U = 4.0eV and
J=009eV. In case of the notations 0.6z2 — 0.8(x* — y?) and 0.82%+
0.6(x> — y?), the Co d,> and d,z_. orbitals are mixed after diagonalization of
the Co 3d subspace.
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be further investigated in terms of its Fermi-liquid properties later
on). This is an interesting contrast to the bare Co atom on Cu
(001), where (at least at relatively large temperature) it is likely the
d,> orbital which is causing the Kondo properties.’”

In the case of Co(CO),/Cu(001) in Cy, symmetry, we would
like to re-emphasize that DFT (using GGA-type functionals) pre-
dicts a magnetic moment of 0.0y on the Co atom. Nonetheless,
the spectral function of Co(CO),/Cu(001) obtained from DFT++
[Fig. 2(b)] shows a sharp feature at the Fermi energy for the Co
3d, orbital. Based on this observation, there is reason to believe
that DFT++ predicts a finite local moment on the Co atom of
Co(CO),/Cu(001) in this orbital, which is probably screened due
to a Kondo effect and thus leading to the sharp feature in the spec-
tral function, as we will confirm later. Due to the C,, symmetry,
Co(CO),/Cu(001) would be a promising candidate for a so-called
orbital Kondo effect (as is reported for cobalt-benzene sandwich
molecules’” and for Co adatoms on graphene”), because it has two
degenerate orbitals (dy,/y,). However, the lack of a resonance at the
Fermi energy for these orbitals suggests that this is not the case.

To conclude, for Co(CO),/Cu(001) and Co(CO),/Cu(001)
(Csy), we could identify a sharp, Kondo-like feature at the Fermi
energy, which gives us the opportunity to investigate the increasing
Kondo temperature with an increasing number of CO ligands, for
answering the question of how the Kondo effect can be chemically
controlled.

B. Fermi-liquid properties of Co(CO),/Cu(001)

We study the Fermi-liquid properties to probe the existence of
a Kondo effect as suggested by the spectral functions for Co(CO),
and for Co(CO), in Cy, symmetry.

1. Spin-spin correlation function at high temperatures:
Is there a magnetic moment to be screened?

First, we consider the spin-spin correlation functions of the
carbonyl cobalt complexes in Fig. 3. Here, y(r) is shown at
T = 1160 K, because we expect that at this temperature, no Kondo
screening takes place, and a finite local moment should be observed.

Co(CO), /Cu(001) Co(CO)4 /Cu(001)
0.7
0.62° -0.8(x>y*) —— o ——
0.6 Xz —— Xz ——
Xy —— Xy ——
9 v 3
0.4 0.822 +0.6(x>-y%) 2 ——

x(T)

0.3
0.2

TineV’!

FIG. 3. Spin-spin correlation function y(z) of the Co 3d orbitals as obtained
from PBE++ at 8 = 10eV~" (T = 1160K) of all carbonyl cobalt complexes on
Cu(001) under consideration here. The PBE++ calculation was done with
U=4.0eV, J=0.9¢eV, and using the fully localized limit for estimating the
double-counting correction.
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For Co(CO),/Cu(001), x(7) of the 3dys, 4 0.6x2—y2) and 3dy, orbit-
als drops to a nonzero value as 7 — /2, suggesting a persisting spin
density in these orbitals. Most of the magnetic moment observed for
Co(CO),/Cu(001) is located in the Co 3dys + 0.6(2—y?) Orbital, as
suggested by the larger value at y(f/2). This observation suggests
that the feature at @ = 0.0eV in the spectral function of the Co
3dy sz + 0.602—y?) orbital is indeed a signature of a Kondo effect.

For Co(CO0),/Cu(001) (Cy,), only the Co 3d,2_,> orbital shows
a finite value of y(8/2) at T = 1160K (Fig. 3), which is the same
orbital contributing spectral weight at @ = 0.0eV in form of a
sharp feature. Thus, this orbital is a promising candidate for causing
the observed Kondo effect in Co(CO),/Cu(001). For the C,, sym-
metry, we observe that y(3/2) drops to zero for all Co 3d orbitals,
as for Co(CO);/Cu(001) (see the supplementary material).

To summarize, we were able to identify promising candidates for
Kondo-relevant orbitals for Co(CO),/Cu(001) (3dosz + 0.62—y?))
and Co(CO),/Cu(001) in Cy, symmetry (3dy_y>) from the spectral
and spin-spin correlation functions.

2. Temperature dependence of y (4/2)

As mentioned at the beginning of Sec. IV, the Fermi-liquid
behavior is manifested as a T2 dependence of y(8/2). In Fig. 4(a),
we study this behavior for all Co 3d orbitals of Co(CO),/Cu(001)
as obtained within the fully localized limit. In all cases, y(3/2)
drops as T is lowered, presumably approaching zero as T — 0K.
For the Kondo-relevant orbital 3dyg, 4 g6x2—y2), One does not
observe T? dependence (and thus no Fermi-liquid behavior), due
to the nonzero intercept with the ordinate. A better agreement
within a Fermi-liquid behavior can be observed by shifting the DC
value by —1.0eV from the original FLL value [Fig. 4(b)], which
increases the occupation of the 3dy s, 4 o.60¢—y2) orbital from 1.31
(FLL) to 1.49 electrons (see Fig. 5).

Here, one observes that the 3dys. 4 gepe—y2) orbital of
Co(CO),/Cu(001) behaves quadratically in T below T = 150K.
Shifting the DC value by +1.0eV from the original FLL value, the
filling in the 3dy g, 4 0.60c—y2) orbital reduces to 1.15 electrons, and
the values of y(8/2) are significantly increased as compared to the
results obtained within the FLL. The sensitivity of y(8/2) to the shift
of the DC value comes from the fact that the occupation on the
3dose2 + 06—y orbital of Co(CO),/Cu(001) changes from 1.15
(FLL+1eV) to 1.49 (FLL—1eV), as shown in Fig. 5. This indicates
that the charge fluctuations in this orbital are strongly increased
when the DC value is shifted by —1eV. This leads to the observed
transition to the Fermi-liquid regime at roughly T = 150 K, whereas
for the other fillings under consideration here, it is not possible to see
this transition for the temperature range considered.

In Fig. 4(c), we depict y(8/2) as a function of T for
Co(CO),/Cu(001) (C4) as obtained within the fully localized
limit. ¥(8/2) of the Kondo-relevant orbital (3d:_,>) behaves as T?
at temperatures below T = 165K, pointing to a transition to the
Fermi-liquid regime at this temperature. Shifting the DC by +1eV
with respect to the FLL value alters the temperature at which the
transition to the Fermi-liquid regime is observed only little [see
Fig. 4(d)]. As one can see from Fig. 5, this might be due to the fact
that the filling on the 3d_y> orbital [1.12 (FLL+1eV) to 1.25
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(FLL—1eV) electrons] is not affected as strongly as in the case of
the 3dp.s» 1 0.602—y) orbital in Co(CO),/Cu(001).

3. First Matsubara-frequency rule

We find that a similar behavior of Co(CO),/Cu(001) con-
cerning the Fermi-liquid properties can be found by consider-
ing the so-called first Matsubara-frequency rule depicted in
Figs. 6(a) and 6(b). The only agreement with the Fermi-liquid
behavior can be observed if the DC value is shifted by —1.0eV,

Co(COY/Cu(001) Co(CO)4/Cu(001)
20 Epc+leV mmmmm  Eplilev mmmss  Epl mmmm
150 | ]
F 100 f 1
0.50 | 1
0.00

X2y xz xy yz 7

0.8 22+0.6 (x>-y?)

Xz Xy yz

0.672-0.8 (x>y?)

FIG. 5. Co 3d fillings of Co(CO), and Co(CO), on Cu(001) as obtained from
PBE++ at 8 = 100eV~" for different values of the double-counting correction.
EFY- is obtained from Eg. (6).

as indicated by the linear behavior of ImX(w) as T — 0K for
temperatures below T = 150K. Thus, both y(3/2) and ImX(wp)
as a function of T lead us to conclude that the 3dyg,2 1 0.602—y2)
orbital behaves as a Fermi liquid, but the transition temperature
strongly depends on the Co 3d filling. Nevertheless, this gives
further support to our initial conclusion that the sharp feature
observed in the spectral function [Fig. 2(a)] is a signature of a
Kondo effect.

For Co(CO),/Cu(001), the first Matsubara-frequency rule
[Figs. 6(c) and 6(d)] is also fulfilled for the 3d,._ orbital at all DC
values under consideration here and furthermore affirms the transi-
tion to the Fermi-liquid regime roughly below T = 165K. This
gives reason to believe that the observed feature at @ = 0.0eV in
the spectral function is a true Kondo signature.

4. Discussion

To summarize, we could show that the suggested Kondo-relevant
orbitals of Co(CO),/Cu(001) and Co(CO),/Cu(001) (Cy,) display
the Fermi-liquid properties expected for a Kondo system. However,
for Co(CO),/Cu(001), the transition temperature, or Kondo tem-
perature, depends delicately on the choice of the double-counting
value. Within this work, it is only possible to see a transition to the
Fermi-liquid regime (at T = 150K) if the filling on the Co
3dy gz + 0.60c—y2) orbital is increased by shifting the DC value by
—1eV from the FLL value. In the case of Co(CO),/Cu(001) (Cy,),
the transition to the Fermi-liquid regime is more robust against
changes of the double-counting value, as confirmed unanimously by
x(B/2) and ImX(w,) as a function of T. We find that for all DC
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values, the transition to the Fermi-liquid regime of Co(CO),/Cu(001)
is at roughly T = 165K.

Concerning the question of how the Kondo effect is controlled
by the number of CO ligands, one is now faced with the problem
that the exact double-counting correction for both systems is
unknown and that the Kondo temperature of Co(CO),/Cu(001) is
only detectable (within the electronic temperatures reached here) if
the DC correction is shifted towards smaller values. However, com-
paring the Fermi-liquid behavior of both systems as obtained from
the fully localized limit, Co(CO)4/Cu(001) has indeed a larger
Kondo temperature than Co(CO),/Cu(001) in qualitative agree-
ment with the experimental data, since in the latter case, the transi-
tion to the Fermi-liquid regime occurs at temperatures lower than
the ones considered here. Later, we will give an estimation of Tk
based on the hybridization function of the Co 3djsz 4 0.6(2—y2)
orbital in Co(CO),/Cu(001), which confirms this assumption.

C. Structure dependence of the local moment in
Co(CO),/Cu(001)

In the context of Sec. III, one could ask how strongly the results
for Co(CO),/Cu(100) would change for a different molecular struc-
ture (see Sec. III for more details about how strongly structural
parameters can vary depending on the computational parameters),
as this might allow for a deeper insight into structure—property rela-
tions for the Kondo effect. To investigate the dependence of the
magnetization on the adsorption distance, we show the spin-spin
correlation function at T = 1160K of the Co 3dysz + 0.60¢—y2)
orbital for selected structures (Fig. 7). For the BLYP-D3 and

0 50 100 150 200 250 300 350 400

TinK

PBEj,-D3-optimized structures, y(r) drops faster than for the
BLYP-D3+-U-optimized structure. This points to a stronger screen-
ing of the local moment if the adsorption distance is decreased. At
the same time as the adsorption distance is increased, the bonding
angle ¢._c,_¢ increases, too, and one could expect that the screen-
ing also depends on this angle. However, for the structures reported
here, we can exclude that the spin-spin correlation function of the
Co 3dy.sz 1 0.6(2—y2) orbital is significantly affected by ¢¢_c,_¢ (see
the supplementary material for further details).

PBE,-D3 ——
0.6 BLYP-D3 ——
BLYP-D3+U ——
0.5 | deosurf.  Pco-co-co N
- PBE;-D3 | 1.33A  1065° 146
&
= BLYP-D3 1L60A 1119 138
BLYP-D3+U| 1.74A  1194° 127

Tinev!

FIG. 7. (a) Spin-spin correlation y(z) of the Co 3d orbitals as obtained from PBE++
at = 10eV" (T = 1160K) of the Kondo-relevant orbital 3cg,2 0.60¢—y2) I
Co(CO),/Cu(001) for different optimized structures. The PBE++ calculations
were done with U =4.0eV and J = 0.9eV. (b) Co-surface distance dco_su.,
C-Co-C bonding angle ¢c_co_c and 3dygz 1 gepe—yz filing n (PBE++) for
Co(CO),/Cu(001) as obtained from different optimized structures.

J. Appl. Phys. 125, 142910 (2019); doi: 10.1063/1.5079518
Published under license by AIP Publishing.

125, 142910-8


ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-125-009993
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

0 Co(CO),/Cu(001) Co(CO)4/Cu(001) Cay
: . 0.62% - 0.8(x2-£) - g
25 | Xy —
[ 2%
0.82 +0.663y")—

20 | capLpos —
)
e 1.5
£
£ 10 Vau

0.5

0.0 - =

-8.0 -6.0 -40 -20 0.0 2.0 4.0 6.0 -6.0 -40 -20 0.0 2.0 4.0 6.0
EineV

FIG. 8. Projected density of states of the Co 3d orbitals [— 2 Im g;(w)] and local
density of states of the 2p orbitals (sum over all 2p orbitals) of one of the C atoms.
Results obtained from PBE (based on the BLYP-D3+U optimized structures).

The occupation of the Co 3dy g, 4 0.6(2—y2) Orbital shows a del-
icate dependence on the structure, similar to its dependence on the
DC value as shown for the BLYP-D3+4-U optimized structure. For
this reason, it can be assumed that the transition to the Fermi-liquid
regime is similarly affected by changes in the adsorption distance
and the C-Co-C bonding angle and, therefore, is very sensitive to
the computational parameters with which the molecular adsorbates
have been optimized. The structures under study here are likely a
particularly challenging case because of their large structural flexibil-
ity (as opposed to more rigid phthalocyanines) and because of the
challenges associated with describing CO binding to metal surfaces
(“CO-puzzle”), as discussed in Sec. III. These results also suggest
that the Kondo effect in Co(CO),/Cu(001) might be controllable
via external stimuli affecting the adsorption distance (in particular,
interactions between STM tips and adsorbates*”™").

V. DFT-BASED ANALYSIS OF THE KONDO EFFECT:
WHAT CAN WE LEARN WITHOUT SOLVING THE
ANDERSON IMPURITY MODEL?

To gain further insight into the Kondo properties as obtained
from solving the Anderson impurity model, it can be helpful to
consider the spin-unpolarized PBE electronic structures, as they

ARTICLE scitation.org/journalljap

were used to parametrize the AIM (based on the BLYP-D3+U
optimized structures).

In Fig. 8, we show the projected density of states [— 1 Img;(w)]
of the Co 3d orbitals, as well as the C 2p local density of states
(LDOS), which is the sum of the projected density of states of the
C 2p orbitals. They should exhibit peaks at the 0,/0, and 7/7"
orbitals of the CO ligands (a schematic representation of the molec-
ular orbital diagram of an isolated CO molecule is provided in the
supplementary material). From this, one can learn which of the Co
3d orbitals are interacting with the CO ligands, indicated by fea-
tures in the Co 3d PDOS at the same position as the C 2p LDOS.
This information might be useful to learn more about chemical
control of the Kondo effect by increasing the number of CO
ligands, as this will affect the coupling of the Co 3d orbitals with
the rest of the system.

For Co(CO),/Cu(001), the 3d s,240.600—y2 orbital shows only
small features at the C 2p LDOS, as a consequence of this orbital
interacting only little with the CO ligands (as, e.g., compared to the
3dy, orbital). In contrast, the 3d,:_,> orbital in Co(CO), (C,,) inter-
acts with the CO ligands, as indicated by the features in the PDOS
at the position of the o,/0, orbitals of CO. This coupling might
increase the Kondo temperature, as discussed below in more detail.

Considering the value of the energy-dependent hybridization
function (Fig. 9) at the Fermi energy (w = 0.0 eV), one gets a more
complete picture of how strongly the Co 3d orbitals are coupled
with the rest of the system. This value is known from the simplest
Kondo model (oneband with a constant hybridization)f’o to be
directly connected to the Kondo temperature.

Focusing on the Kondo-relevant orbitals of Co(CO),/Cu(001)
(3do 82 +0.600—y»)) and Co(CO),/Cu(001) (3dye_y2), the energy-
dependent hybridization function is in both cases rather featureless
in the range of ® = —1.0eV to @ = +1.0eV. As shown in Table II,
the value at @ = 0.0 eV for the 3d,._,» orbital of Co(CO),/Cu(001)
is about four times larger than for the 3dy s, 0.60c—y2) orbital in
Co(CO),/Cu(001). This supports our assumption that the interac-
tion of the 3de_> orbital of Co(CO), (Cyy) with the CO o3/ o,
orbitals increases the coupling at the Fermi energy, which in turn
results in a larger Kondo temperature (Tx ~ 165XK) as discussed in
Sec. IV. Assuming that the Kondo temperature for Co(CO), /Cu(001)
is lowered by the same factor as the hybridization at the Fermi
energy of the 3dj g2 06x2—y) orbital, one would expect it to be

Co(C0O),/Cu(001) C,,

D

N

FIG. 9. Imaginary part of the Co 3d
hybridization functions of (a) Co(CO),
and (b) Co(CO), (Cay) on Cu(100) as
obtained form PBE (based on the
BLYP-D3-+U optimized structures).

a) Co(CO),/Cu(001) b)
0.0

_ 20}
-1.0 40}
2 2.0 | Z 6.0 |
£ 2 80}
339 2-100 }
T a0l 3 ]

£ 40 E-ii.g
5.0 F yz —— Bl
2 272 -16.0 |

0.87%+0.6(X-
-6.0 0-82740.6(X:y) -18.0
40 30 2.0 -1.0 00 1.0 2.0 40 -3.0
oineV

-20 -1.0 00

o in eV

1.0 2.0

J. Appl. Phys. 125, 142910 (2019); doi: 10.1063/1.5079518
Published under license by AIP Publishing.

125, 142910-9


ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-125-009993
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

TABLE II. Hybridization in eV at the Fermi energy —ImA(0eV) as obtained from
spin-unpolarized PBE (based on the BLYP-D3+U optimized structures) for different
carbonyl cobalt complexes on Cu(001). For Co(CO),, the orbitals are labeled
according to their largest contribution after diagonalizing the Co 3d subspace.

de oy dy  dy  dy  dp
Co(CO), 024 148 024 01 033
Co(CO), (Cyy) 1.31 191 5.87 191 0.33

around Tx = 41 K. The lowest electronic temperature under consid-
eration in the DFT++ calculations as discussed in Sec. IV was
T = 46.4K, which could explain why within the fully localized
limit, we were not able to reach the transition to the Fermi-liquid
regime. According to Sec. IV C, the decreased adsorption distance
of Co(CO),/Cu(001) in, e.g, the BLYP-D3-optimized structure,
shows a hybridization of the Kondo-relevant orbital at @ = 0.0eV
of 0.52 eV. Compared with ImA(0eV) = 0.33eV obtained for the
BLYP-D3+U structure, the Kondo temperature would, therefore,
probably shift towards larger values for this structure.

VI. CONCLUSION

The chemical and mechanical control of the Kondo effect in
molecular adsorbates is an intriguing subject, which promises
insight into strong electron correlation. We have studied such
control exploring experimentally characterized cobalt carbonyl
complexes on Cu(001) from a theoretical point of view, employing
both DFT++ approaches for a full description of correlation and
DFT-derived properties for a conceptual understanding of struc-
ture—property trends. We find that it is indeed possible to optimize
structures with DFT (employing BLYP-D3+U) whose Fermi-liquid
properties are compatible with the experimentally observed trend
of larger Kondo temperatures with increasing number of ligands
for the di- and tetracarbonyl complex (constraining the latter to
Cy4, symmetry). We can trace back this behavior to an increased
hybridization at the Fermi energy, which correlates with a stronger
interaction of the Kondo-relevant 3d orbital with the CO ligands
for the tetracarbonyl. This Kondo-relevant orbital is d,>_,» in both
cases, with a strong admixture of d,. for the dicarbonyl system. It
would be interesting to compare these data with newly developed
approaches, in which a general projection scheme allows for
extending the correlated impurity from the cobalt 3d orbitals to
molecular orbitals which include part of the CO ligands.”*"”

Our data also point to the challenges such systems pose for
present-day first-principles electronic-structure methods: The struc-
tural flexibility of cobalt carbonyl complexes, along with the known
difficulty of describing direct carbonyl-metal binding by present-
day DFT, implies that predictive modeling of their Kondo properties
is virtually impossible. In particular, no atomistic structure could be
obtained for the tricarbonyl, which is compatible with the experi-
mentally observed Kondo effect (and with the lack of threefold sym-
metry suggested by STM data). Furthermore, all DFT protocols
employed here suggest that for the tetracarbonyl, a C,,-symmetric
structure is by at least 30 kJ/mol more stable than a Cy,-symmetric
one, yet only for the latter can we obtain Fermi-liquid properties
consistent with the experimentally observed Kondo effect. This

ARTICLE scitation.org/journalljap

suggests that the fourfold-symmetric structure observed in the STM
results from the intrinsic symmetry of the molecule rather than
from a rotational process. This discrepancy might result from the
deficiencies of present-day DFT or from a kinetic stabilization of
the Cy4,-symmetric structure in the experiment. This is an example
of employing spectroscopic data rather than solely total energies for
identifying molecular structures compatible with the experiment, as
also done, for example, in theoretical EXAFS studies.”® For systems
with a less pronounced structural flexibility, such as metal phthalo-
cyanines, it is likely that available first-principles methods are more
reliable at present. On the upside, the strong dependence of Kondo
properties on structural parameters suggested by our data could
imply that these Kondo properties can be controlled mechanically,
particularly by interactions with an STM tip.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on atomistic
structures, on spectral properties, and spin-spin correlation data of
Co(CO); on Cu(001) and Co(CO), on Cu(001) (C,,), on molecular
orbitals of the CO molecule, and on the angular dependence of spin-
spin correlation and hybridization function for Co(CO), on Cu(001).
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APPENDIX: THE EFFECT OF THE CO-SURFACE
INTERACTION ON THE Co 3d HYBRIDIZATION
FUNCTION

It would be interesting to study the contribution to the hybrid-
ization function of the Co 3d orbitals coming from the CO ligands
directly, or indirectly as caused by the ligands being coupled to the
Cu(001) surface. We try to make a step towards answering this
question using the example of Co(CO),/Cu(001) in Cy, symmetry.
For this purpose, we compare the hybridization functions in Fig. 11
of all Co 3d orbitals as obtained from an isolated Co on Cu(001),
for an isolated Co(CO), molecule (no surface), and for Co(CO), on
Cu(001). For the isolated molecule, we start from the optimized
system and remove all Cu atoms, in order to see the contribution to
the hybridization function of the CO ligands only. While this analy-
sis neglects the effects of the surface on the CO ligands, for
example, which may in turn affect the way these ligands contribute
to the hybridization of the Co orbitals, we do expect an elucidating
qualitative picture of the relative importance of ligands and surfaces.

Note that the plots in Fig. 11 are differently scaled on the
y-axis. The hybridization functions of all Co 3d orbitals for an iso-
lated Co atom on Cu(001) are rather small and featureless. In all
cases, however, there is a small bump at roughly E = —1.8¢V to
E = —2.5eV, which comes from the increased DOS of the Cu
surface at this energy (as shown in Fig. 10).

Considering the Co 3d hybridization functions (Fig. 11) of the
isolated molecule should give an impression of the contribution of
the ligands to the hybridization of the Co 3d orbitals in the full

system. For the isolated molecule, the hybridization functions of all
3d orbitals (except for the dpe_,» orbital) exhibit a sharp feature
close to the Fermi energy, which is the reason for the hybridization
function of these orbitals being increased in the vicinity of o =
0.0eV for the full system [Co(CO),/Cu(001)]”" compared with an
isolated Co atom on Cu(001). We believe that this enhancement is
directly induced by the hybridization with the ligands. For the dy._
orbital, the hybridization at E = —1.8¢eV is significantly increased
compared to Co/Cu(001), although for the isolated molecule, we do
not observe a peak in A(w) at this energy. Thus, we conclude that
the increased hybridization is indirectly caused by the CO ligands, as
they couple strongly not only to the Co dy:_,> orbital (as pointed
out in Sec. V) but also to the Cu(001) surface.
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