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PACS 75.20.Hr — Local moment in compounds and alloys; Kondo effect, valence fluctuations,
heavy fermions

PACS 68.37.Ef — Scanning tunneling microscopy (including chemistry induced with STM)

PACS 73.20.-r — Electron states at surfaces and interfaces

Abstract — We study theoretically a square lattice of the organometallic Kondo adsorbate iron(II)
phtalocyanine (FePc) deposited on top of Au(111), motivated by recent scanning tunneling mi-
croscopy experiments. We describe the system by means of an effective Hubbard-Anderson model,
where each molecule has degenerate effective d-orbitals with xz and yz symmetry, which we solve
for arbitrary occupation and arbitrary on-site repulsion U. To that end, we introduce a gener-
alized slave-boson mean-field approximation (SBMFA) which correctly describes both the non-
interacting limit (NIL) U = 0 and the strongly interacting limit U — oo, where our formalism
reproduces the correct value of the Kondo temperature for an isolated FePc molecule. Our results
indicate that while the isolated molecule can be described by an SU(4) Anderson model in the
Kondo regime, the case of the square lattice corresponds to the intermediate-valence regime, with
a total occupation of nearly 1.65 holes in the FePc molecular orbitals. Our results have important
implications for the physical interpretation of the experiment.

Copyright © EPLA, 2015

The advances in nanotechnology and the degree of
control of different parameters in systems with strongly
interacting electrons provide a rich and challenging field
for the theoretical understanding of strongly correlated
materials, and for future applications in spintronics and
quantum information [1]. The strong repulsion between
3d electrons in the 3d series of transition-metal atoms
(TMAs) has led to the observation of the Kondo effect in
several systems in which these atoms [2-4] or molecules
containing them [5-11] are absorbed on noble-metal sur-
faces. In its simpler form, the Kondo effect arises when a
TMA has a (nearly) integer occupation of an odd number
of electrons and spin 1/2;, and this spin is “screened”
by a cloud of conduction electrons in the metal, building
a many-body singlet ground state. As a consequence,
a narrow Fano-Kondo antiresonance (FKA) appears in
the differential conductance in scanning tunneling spec-
troscopy (STS) experiments. More exotic Kondo effects
involving even occupation and spin 1 [12,13], and orbital
degeneracy [10,14,15] were also observed. In particular,
it has been shown that STS for a system consisting on
a single iron(II) phtalocyanine (FePc) molecule (see the

inset of fig. 1) deposited on top of clean Au(111) (in the
most usual “on-top” configuration) can be explained in
terms of an effective SU(4) impurity Anderson model [10].
The four degrees of freedom correspond to the intrinsic
spin-(1/2) degeneracy times twofold degeneracy between
molecular orbitals with the same symmetry as the 3d,.
and 3d,. states of Fe, where z is the direction perpendic-
ular to the surface. The Kondo model is the odd-integer
valence limit of the impurity Anderson model, in which
localized electrons (like those of the 3d shell of a TMA)
are hybridized with a conduction band.

Experiments in which an array of effective “impurities”
(TMAs or molecules containing TMAs) are deposited on
metal surfaces constitute a further challenge to the theory
because they should be described by the periodic Ander-
son model, for which neither exact solutions nor accurate
treatments, like the numerical renormalization group, ex-
ist. Tsukahara et al. studied the STS of a square lattice
of FePc molecules on Au(111) [8]. They observed a split-
ting of the FKA near the Fermi level. A first hint to
the correct description of the system came soon when the
corresponding experiments for an isolated FePc molecule
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could be well described by the effective SU(4) impurity
Anderson model [10]. A natural step to construct a lat-
tice model is to introduce an effective hopping between
the molecules, which leads to a two-band Hubbard model
when the hybridization H,,;, with the metallic states is ne-
glected. When H,,;, is included, one obtains an orbitally
degenerate Hubbard-Anderson model. Lobos et al. [16]
derived this model and solved it using a slave-boson mean-
field approximation (SBMFA) for infinite on-site repulsion
U [17]. These authors were able to reproduce the observed
splitting of the FKA, which in simple terms can be inter-
preted as arising from split van Hove singularities due to
the anisotropic hopping terms in the Hubbard part of the
model.

However, there are several indications that the theory
needs to be improved in order to reproduce the experi-
mental details. For instance, the energy necessary to add
the first hole E; ~ —0.1eV (see eq. (1)) was estimated
from ab initio calculations in the local density approxi-
mation (LDA), which obtained spectral density of Fe 3d,.,
and 3d,,. states 0.1eV above the Fermi energy ep, which
we set as the origin of energies (e = 0). However, as
described below, more accurate LDA+U calculations es-
timate F; ~ —1.6eV. Since the value U = 1.8eV was
estimated [10], F4 + U is small and in principle double
occupancy of holes cannot be neglected contradicting the
assumptions in ref. [16] (the hole occupancy is between
1 and 2). In addition, that theory does not allow to ob-
tain the position of the split dips in the FKA at the same
position as in the experiment, and an ad hoc voltage (hor-
izontal) shift in the differential conductance dI/dV was
necessary to fit the experiment. While a shift in d7/dV
(vertical) might be expected due to uncertainties in the
background contribution due to conduction electrons, a
voltage shift is more difficult to justify. As a comparison,
for a Co atom on Au(111) a SBMFA of the SU(2) impurity
Anderson model provides an excellent fit of the observed
dI/dV without the need of a voltage shift [18].

The above discussion shows the need of accounting for
a finite U and multiple occupancy at the impurity sites.
Kotliar and Ruckenstein originally implemented this idea
within the SBMFA [19], which was later generalized for
orbitally degenerate systems [20-22], and constitutes a
very successful tool for describing highly correlated sys-
tems [23-25]. However, as we show below, this approach
does not lead to the correct Kondo temperature for an
isolated molecule in the Kondo regime.

In this work we study the orbitally degenerate Hubbard-
Anderson model as an effective model to describe a square
lattice of FePc molecules on Au(111), for realistic pa-
rameters derived from the LDA+U. We construct a
SBMFA that gives the correct Kondo temperature for one
FePc molecule, and also reproduces very accurately the
non-interacting limits (NILs) U = 0, for both the impu-
rity and the lattice cases. Although physically we expect
U to be rather large (i.e., approx. 1.8eV), reproducing

the exactly solvable NIL constitutes an important “san-

ity check” for the entire formalism and is important when
multiple occupancies cannot be neglected. To the best
of our knowledge, this is a novel theoretical development
which improves over previous SBMFAs for orbitally de-
generate correlated systems [20-22]. We also stress that
the formalism presented here is in principle generic and
applicable beyond the case of FePc/Au(111) molecules.

Our method allows for quantitatively accurate fits of the
experimental dI/dV, both for the isolated molecule and
for the square lattice. The fitting procedure allows to ex-
tract the parameters of our model. From here we conclude
that while the single FePc molecule is in the Kondo limit,
the lattice of FePc molecules is in the intermediate-valence
regime.

The Hamiltonian was derived in ref. [16]. We refer the
reader to that work for details. It can be split into three
parts. H,,,;is a degenerate Hubbard model that describes
the effective molecular states and the hopping between
them, H,. contains the conduction states, and H,,;, is the
coupling between molecular and conduction states:

o= Hmol + Hc + Hmia:v
N

o = 3|~ 3 (1

iJ o,V

toh?t R

rij,0''rijta,,o

0 Y s )

U
+ Ednrij + 5”%‘ (nrw - 1)] )

N
_ vt v
¢ szgcru@gcrij,g,m

ij Eov

Hopivw = VZZ (hrwg G0t H.c.) .

ij Eov

(1)

The operators hy  , annihilate a hole (create an elec-
tron) in the state |Vr” o), where v = (z,y) denotes one
of the two degenerate molecular states with spin o at site
with position r;; = ia; + jap of the square lattice, with
a; the Bravais lattice vectors in the directions x and vy,
respectively. For simplicity we denote as x and y the or-
bitals with symmetry xz and yz. The operator for the
total number of holes at the molecule lying at site r;; is
Mri; = N, o With nf - o = hﬁt,o r.0- The mean-
ing of U is x = y, and Yy =x. The hopping £ between z (y)
orbitals in the z (y) direction is larger than the hopping
t1 between x (y) orbitals in the y (z) direction.

H, corresponds to a band of bulk and surface conduc-
tion electrons of the substrate. The operator Cr;; £,0 ANNi-
hilates a conduction hole with spin ¢ and quantum number
£ at position r;;. Note that the form of H,,;, and H. as-
sumes that the molecular states of each Hubbard site r;;
is hybridized with a different conduction band. This is an
approximation which is valid if the distance between the
Hubbard sites is R > 1/kp, with kp the Fermi momen-
tum of the metallic substrate [26-28], as it is the case in
our problem. In other words, the molecular states are well
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separated and if the hopping between them is neglected,
the system behaves as dilute system of impurities.

We use the subscript 7 to denote any of the four states
at each site (z 7,z |, y 1, y |). The basic idea of the SB
approach is to enlarge the Fock space to include bosonic
states which correspond to each state in the fermionic
description. For example, the vacuum state at site ¢ is
now represented as ej|0>, where e;f is a bosonic opera-
tor corresponding to the empty site; similarly SzTn fiTn|O>
represents the s1mply occupled state with one hole with
“color” 7, mmzfml m2|0> corresponds to a state with
double occupancy and similarly for triple and quadruple
hole occupancy (we denote the bosons as tjm - and g,
respectively). The fermion operators entering eq. (1) in
the new representation are given by

I’ij177 = Zrij,nfljm’
Zto‘ijxn = Sluwerij + Zdlmnsl"ijv”l
1
+ Z tz!nlngndl'z'j»mm + thl‘z:j,m??zﬂa?
n1<nz2

(2)

(3)

where all n; # 1 and where we assume 2, , = z for

0

Tij,n
the moment. The bosonic operator z; o corresponds to
the creation of the fermion n at site I‘2]7 in the bosonic
sector of the Hilbert space.

To restrict the bosonic Hilbert space to the physical
subspace, the following constraints must be satisfied at
each lattice site (in what follows we drop the site index
r;; for simplicity):

1:66+Zs Sn+ Zdnﬁh 172
1 <72
+ Z 7]17727]3 tninans + q q,
N1 <n2<n3
hi’hn B s,, + Z d’ml .+ Z 77771772 2
MmN n1<n2#n
JFQTQ- (4)

The interaction term in eq. (1) can be written as

o= U( D Ay 3 Yt by,

N1<M2 N1<n2<n3

+ 6qTq) : (5)
The advantage of the SB representation is that using
eq. (5) in the saddle-point approximation, in which all
bosonic variables are replaced by numbers, the problem
is reduced to a non-interacting one, in which the values
of the bosons are obtained minimizing the free energy. A
shortcoming of this procedure is that using egs. (2), (3),
the exactly solvable NIL U = 0 is not recovered after per-
formingthe mean-field approximation (MFA). In this limit,

all bosonic numbers become independent of position r;
and color 7, they can be chosen real and positive and for a
total fermion occupation n = (n,,;), calling p = n/4, one
has e = (1 — p)* (probability of finding an empty site),
*=p(l-p)*, &® =p*(1-p)? t* = p’(1—p) and ¢* = p*.
This leads to 2, = [p(1—p)]'/2, while the correct result is
zy =1 for U = 0. To remedy this problem for the SU(2)
case, Kotliar and Ruckenstein have replaced the 2 » Oper-
ator for another one z;, which is equivalent to 2 1n the
restricted Hilbert space, but when evaluated in the MFA
for U = 0 gives 2z, = 1 [19] They have shown that with
this correction, the SBMFA is equivalent to the Gutzwiller
approximation. This procedure was generalized for an ar-
bitrary number M of colors [20-22]. For M = 4 we can
write (dropping again the site indices for simplicity)

1/2 o 1/2
Zn = OnL/ O / ) (6)
O =1 As e 1y 3 s
Mm#n
Z d;rhﬁzdﬂmz - Al tihnznatﬁmzﬂw (7)
n1<n27#n
Onr = 1=/ 8178’7 — Az Z djml iy
m#n
—4s Z tiﬂnnztﬁm’f?z — Ay q'q, (8)
N <n27#n

where in eq. (7) all n; # 1. We have written the coefficients
Aj in egs. (7), (8) so that the formalism is electron-hole
symmetric, giving the same z, for occupation n and 4 — n.
Note that zg gives a non-vanishing result on states which
do not contain 1, while all terms of eq. (8) except the first

Therefore 20012 = 20

n-nR n
larly, since z; creates this particle in the bosonic language,
and all terms except the first in eq. (8) project over states
which do not contain it, O 1/ 2 2 = zg. Then z, = 22
in an exact treatment. However this is no more true in
the MFA. Choosing A; = 1, the second of egs. (4) gives
(Onr) = 1—p, and by electron-hole symmetry (O,r) = p.
This implies (z,) = 1 for U = 0 recovering the correct NIL
in the SBMFA for any occupation.

Nevertheless, the widely used choice A; = 1 leads to an
incorrect Kondo temperature Tk for the impurity case in
the limit U — 4o00. From exact Bethe ansatz results, the
Kondo temperature in this limit for the SU(N) Anderson
model is (except for a factor of the order of 1 that depends
on the way in which it is defined) [29]

~ D exp (NEAd>

where a constant density of conduction states p per color
(spin and symmetry) extending from —D to D and the
Kondo regime —FE; > A are assumed, with A = 7pV/2.
The problem is reduced to an effective one-fermion model,
in which the hybridization term is reduced by the factor

do contain this particle. Simi-

0

(9)
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(zin) = 2, the term Hy is added, and the constraints of
egs. (4) should be added. Using the first constraint one
can eliminate one of the bosons, and the second one is
taken into account by introducing a Lagrange multiplier
A, leading to an effective impurity level at Eq=Eq+ A
The Green function of the pseudofermions is

G (W) = (v~ Eqg+id)7",

7 (10)

where A = 22A is one of the definitions used for Ty. The
change in energy due to the impurity becomes [29]

~ ~ 2 | A2 ~ A
E = 1 —4A +2A1n <Ed+A> +4FE4 arctan (é)}

™ D? Ey

— AN(s? 4 3d? + 32 + ¢%) + 6U (d? + 2> + ¢°).

(11)

For U — 400, one has d =t = ¢ = 0, and one can use
e? = 1—4s? (from eq. (4)). The condition IE /O = 0 gives
E; = Acot(ns?) and minimizing eq. (11) with respect to
s one obtains

T (12)

most (B A
T 0Os

> + 8sFEy = 0.
In the Kondo limit, —E; > A, the total occupation
n — 1, and then s — 1/2 and eq. (12) gives

022
0s

De 7TEd
—exp ——
NoARAI

In order for this equation to be consistent with eq. (9),
minus the derivative of 22 evaluated at s = 1/2 should be
C = N = 4. Using egs. (3), (6), (7), and (8), and taking
Ay =1 (to have a finite z for n — 0) one obtains

A= C =

. 1
s=1/2 ( 3)

2 1—4s?
(4—3A3)(1 — A1s?)’
16
(4—-3A3)(4— A1)

U— 400, (14)

C = (15)

Thus, using A; = 1 leads to an incorrect exponential de-
pendence of Tk on Ey for U — +00. To remedy this, we
modify the coefficients A; so that the condition C' = 4
is satisfied, and at the same time we try to recover the
NIL U = 0 as accurately as possible. To reproduce the
NIL for n = 4p — 0, in which e? ~ 1 — 4p, s2 ~ p, and
the rest of the bosons can be neglected, we must choose
Ay = Az = 1. This gives O,r = p (see eq. (8)) and com-
pensates the factor \/p of 2z, while O, — 1. Then, the
condition C' = 4 implies A; = 0. To determine the re-
maining coefficient we impose that the NIL for n = 1 is
also recovered. This leads to a quadratic equation for As.
Its solution nearest to 1 gives A = 1.3185. Note that be-
cause of electron-hole symmetry, z = 1 also for n = 3 and
n — 4. We have represented the resulting z as a function
of n for U = 0. It is a very flat function with a value

near 1, and the maximum deviation is at n = 2 for which
z = 0.989. Therefore, our SBMFA reproduces accurately
not only the Kondo limit for one impurity at large U, but
also the NIL in the general case. Another possibility to
optimize the Aj; is to relax the correct NIL for n — 0
and n — 4 and to ask that the formalism captures the
correct Kondo temperature T ~ D exp|—nU/(16A)] for
E; = —3U/2 such that the system is in the electron-hole
symmetric case (with n = 2) for large but finite U. This
condition would imply As = 2 £+ 1/3/2. However, for re-
alistic parameters (as described below) this estimate gives
Tx ~ 5x 1077 K which is too small, indicating that these
values of F; are not realistic. Thus, we keep the values of
Aj described above.

The differential conductance G(V3,) = dI/dV;, measured
in STS experiments, is a non-equilibrium process in which
the conduction states of the tip of the scanning-tunneling
microscope at a bias voltage V;, hybridizes with a linear
combination [y, of molecular and conduction states. This

amounts to adding a perturbation V; Ek(tllrw +H.c.) to
the Hamiltonian, where t; refers to the tip states and
le,, = a[zn(cmm + qhy,; )], where a is a normalization
constant. In the limit in which V; is small, G(V3) is propor-
tional to the density of states p;(eVy) of the states I, at
the position r;; of the tip [18,30]. Here ¢ controls the ratio
of the hybridization of the tip with the molecular states
with respect to the corresponding value for the conduction
states (this interference is the physical origin of the Fano
effect). Once the Green function of the molecular states
Gﬁim(w) = zfiijfi]_’n(w) (see eq. (10) for the impurity
case) is obtained from the SBMFA, p;(w) = —Im[G;(w)]/7
is given by a simple expression obtained using equations
of motion [18]. One has

Gr, W) =Y G (W) + (VGY (w) + )G, (@),
n
(16)
where ngjm is the Green function of the conduction states
before adding the molecules (we take that corresponding
to a constant density of states p = 1/(2D) extending from
—D to D).

According to the estimations of LDA4U (see supple-
mental material of ref. [10]), for an isolated FePc molecule
on Au(111), U = 1.84€V and the energy of the localized
molecular orbital is Ey = —3.91eV. Therefore, the energy
necessary to add the first hole on a molecular orbital is
E; = —(Ey+3U) = —1.61¢eV. In the rest of this work we
take U = 1.8 eV and for this system we take £y = —1.6eV
(for the square lattice of FePc molecules we modify Ey
as described below). We have chosen D = 3.65e¢V and
p =1/(2D). However, the relevant parameter which con-
trols the hybridization is the product A = 7pV2, while the
spectral density of the molecular states, as well as p;(w)/po
depend very weakly on D.

To describe the case of a single FePc molecule, we take
A and q as fitting parameters. The resulting p;(w), except
for an additive constant, is proportional to the observed
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Experiment
== Model

0
~ 1
=
o
2
I
<_2

-3

_Ais -4 -2 0 2 4 6

V (mV)

Fig. 1: (Color online) Change of the spectral density of the
operator sensed by the STM tip [ (see text) as a function of
frequency for an isolated FePc molecule. The circles correspond
to 3.1G(w/eV)—2.5, where G in arbitrary units was taken from
fig. 3(a) of ref. [10]. Parameters are U = 1.8eV, Eq = —1.6eV,
A = 11meV and ¢ = —0.03. The inset shows a scheme of the
FePc molecule.

G. In fig. 1 we represent the change Ap;(w) in p;(w) after
addition of the impurity (last term in eq. (16)) which
should be proportional to the change in G, and is less
sensitive to the details of the conduction band. From the
fit we obtain A = 11meV and ¢ = —0.03. Note that the
agreement with experiment near the Fermi energy is very
good. It is certainly better than the comparison between
two different experimental realizations (figs. 3(a) and (b)
of ref. [10] for zero magnetic field). For the parameters of
our fit, we obtain a total occupation of 1.01 holes (2.99
electrons) in the molecular states. The total probability
of double hole occupancy is 1.3% and that of having no
holes (4 electrons) is 0.14%. Therefore, we conclude that
the single FePc molecule is in the Kondo regime. These
results agree with those of Minamitani et al. [10] who used
the numerical-renormalization group to interpret the ex-
periments. However, those authors did not attempt to fit
the experiment.

To model the square lattice of FePc molecules on
Au(111), we need to introduce the intermolecular hop-
ping elements ¢;. We assume t5/t; = 3 as estimated pre-
viously [16]. The SBMFA again reduces the problem to
an effective non-interacting one. The latter has the same
form as that explained in the supplemental material of
ref. [16], but in our case a finite U is used and there-
fore the quasiparticle weight Zi-,j. is different and given
by eqgs. (3), (6), (7), and (8) with A; = 0, Ay = 1.3185,
and A3 = A4 = 1 as described above. Although for the
lattice, the model is not SU(4) symmetric, the effective

0.0

Experiment

_02 = Model

~0.4

-0.6

Ap; [(polal?)

-0.8 /

-1.0

-1.2

V (mV)

Fig. 2: Same as fig. 1 for a square lattice of FePc molecules.
The circles correspond to 0.28G(w/eV) — 0.7, where G in arbi-
trary units was taken from ref. [8]. Parameters are U = 1.8€V,
Fq=—1828eV, A =11meV t; = 7.5meV, and ¢ = —0.006.

non-interacting problem retains this symmetry [31] and in
the homogeneous SU(4) symmetric solution z,, , = z in-
dependent of site, spin and orbital. In order to compare
with the experimental results for the square lattice [8],
we retain the same values of U and A as for the impu-
rity case, and use t, ¢ and E, as fitting parameters. ¢
depends on the distance from the STM tip to molecules
and the surface and therefore one expects that it is dif-
ferent from the one-molecule case. Concerning FE, since
the molecules are negatively charged as they are placed
on the surface [10,32], one expects that E,; lowers for the
lattice due to interatomic repulsion, since holes are sta-
bilized. This agrees qualitatively with our findings. The
quantitative aspects will be discussed below.

The resulting change in the spectral density sensed by
the STM tip is shown in fig. 2. From the fit we obtain
ty, = 7.5meV, ¢ = —0.006 and F; = —1.828eV. The
latter is a surprising result since E4 + U = —28 meV has
become slightly negative, favoring double occupancy but
the system is in the intermediate-valence regime, because
this energy is of the order of A = 11meV. This value of
FE; is imposed by the position in voltage of the observed
differential conductance. Higher values of E,; increase the
electron occupation and shift the structure to the left. For
the parameters of fig. 2 we obtain a total occupancy of 1.65
holes (2.35 electrons). The total single hole occupancy is
0.34, the total probability of double hole occupancy is 0.65,
and other states can be neglected.

The drastic change in the charge of the molecular zz
and yz orbitals is surprising. We should note that first-
principle studies of the charges for isolated FePc [10,32]
and CoPc [33] on Au(111) indicate that in addition to
these orbitals, also the 3d orbitals of the TMAs with
symmetry 3z2 — 72 are partially occupied. Nevertheless,
Minamitani et al. showed that the spin of these orbitals
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is screened in a first-stage Kondo effect at higher energy
and that an effective model containing only xzz and yz
orbitals as the localized ones describes the low-energy
physics [10]. When an isolated FePc molecule is placed
on the metal surface, a partial transfer of electrons takes
place from the metallic states and also from the xzz and
yz orbitals to the 322 — r2 [32]. Our results suggest that
the latter charge transfer is enhanced for a lattice of FePc
molecules on Au(111). The intra-atomic inter-orbital re-
pulsion should favor this procedure, since a larger charge
in the 322 — r? orbital increases the energy for occupying
xz and yz orbitals. These arguments suggest that a more
general model that includes 322 — 72 localized states might
explain the change in the occupancy of zz and yz orbitals.
In summary, we have studied an array of FePc molecules
deposited on top of Au(111), described by an effective
Hubbard-Anderson model with degenerate effective or-
bitals with xz and yz symmetry. To that end, we have
introduced a generalized slave-boson mean-field approxi-
mation (SBMFA), which correctly describes both the non-
interacting (U = 0) and the strongly interacting (U — oo)
limits. This is an important improvement over previ-
ous formulations of the SBMFA for strongly correlated
orbitally degenerate systems, which fail to describe the
Kondo limit. We stress that our method is generic and
has applications beyond the present case of FePc/Au(111).
Our results indicate that while the isolated FePc molecule
can be described by an SU(4) Anderson model in the
Kondo regime, the case of the square lattice corresponds
to the intermediate-valence regime, with a total occupa-
tion of nearly 1.65 holes in the FePc molecular orbitals.
This conclusion is imposed by the position in voltage of
the double-dip structure observed in dI/dV and is inde-
pendent of the details of the parameters. We believe that
the shift in Ey is partly due to intermolecular repulsion,
but it might also indicate a redistribution of charge among
the Fe 3d electrons that is beyond our effective model.
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