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Topological quantum phase transition in individual Fe atoms on MoS,/Au(111)
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In a recent experiment [Trishin et al., Phys. Rev. Lett. 127, 236801 (2021)], rich physics was observed for
Fe atoms on MoS,/Au(111), characterized by three different behaviors depending on the spectral density of
the substrate p.: one dominated by single-ion anisotropy, one by the Kondo effect, and an intermediate one.
Based on symmetry and previous works, we show that the appropriate model to describe the system is the
anisotropic two-channel spin-1 Kondo model, which has an underlying topological quantum phase transition
(TQPT) between an ordinary Fermi liquid (FL) and a topological one with a nontrivial value of the Luttinger
integral. Solving the model with the numerical renormalization group, we show that the different behaviors can
be explained in a unified fashion as a function of p, and correspond to both FLs and an intermediate regime close
to the TQPT in the topological phase. Further experiments should confirm this transition.
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The understanding of the basic physics of systems com-
posed of magnetic atoms or molecules on metallic surfaces
has been a subject of great interest in the past two decades.
This is motivated by possible promising technological ap-
plications in the field of spintronics [1], for which coherent
manipulation of the spin is essential [2], and as a test for
paradigmatic theories in condensed matter, such as the Kondo
effect [3,4]. In its simplest form, the Kondo effect arises when
the free electrons of a metallic host completely screen the
magnetic moment of an impurity [3].

Several relevant experiments using a scanning tunneling
microscope (STM) have been done to study the low-energy
electronic structure of systems in which magnetic units were
deposited on noble-metal surfaces. The magnetic units were
either transition-metal atoms with incomplete d shells [5-14]
or molecules containing transition-metal atoms (or other lo-
calized electrons) [15-32]. In most of these works, several
variants of the Kondo effect are apparent. The theoretical
treatments become involved because of the need to accurately
treat the Coulomb repulsion in the incomplete d shells, and in
many cases, several localized electrons and conduction bands
are relevant at low energies, leading to nontrivial interference
effects that modify the line shape in the differential conduc-
tance G(V) = d1/dV, where [ is the current and V the voltage
applied to the STM tip [33-42].

One of the simplest models when more that one d orbital
is involved is the Anderson model with just two local-
ized orbitals coupled by Hund rules to form a spin 1,
hybridized with conduction states of the same symmetry, in-
cluding anisotropy. In the integer valence limit, the model
reduces to the anisotropic two-channel spin-1 Kondo model
(A2CS1KM) with hard-axis anisotropy D. Rather surpris-
ingly, it was found a few years ago that these models have
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a topological quantum phase transition (TQPT) between an
ordinary Fermi liquid (FL) when D is below a critical value
D, to a topological FL. (TFL) for D > D, [43,44]. At the
TQPT, the Luttinger integral jumps from O (trivial) to 7 /2
(topological) with increasing D, and therefore, for D > D,
the system cannot be adiabatically connected to a noninter-
acting system, breaking Landau’s hypothesis. For this reason,
TFL has previously been called non-Landau FL.

For equivalent channels, D, ~ 2.5T2, where T is the
Kondo temperature for D = 0, which increases with increas-
ing J' = p.J, where p, is the density of conduction states and
J the exchange coupling. The evolution of the spectral density
for localized states p(w) with D for constant T,? is shown in
Fig. 11 of Ref. [44] and in Fig. 1 below for constant D and
changing J'. For small D/T2, the spectral density has the usual
Kondo peak. Increasing D/TY, near the TQPT, p(w) displays
a very narrow peak mounted on a broader peak (the latter
characteristic of the two-channel spin—% Kondo model [43]).
At the TQPT, the narrow peak changes suddenly to a dip as
a consequence of the jump of the Luttinger integral. For large
D/T?, the spectral density has two steps at w = £D, char-
acteristic of inelastic transitions [the broadening in Fig. 1 for
large w is an artifact of the numerical renormalization group
(NRG)]. Similar behavior has been found in other models
[45-47].

This theory has been shown to explain in a consistent way
relevant experiments that have been interpreted previously
using alternative (and sometimes implausible) explanations.
For the system of an isolated iron phthalocyanine molecule
deposited on a Au(111) surface [FePc/Au(111)] a narrow dip
in G(V)near V = 0 was observed [19], mounted on a broader
peak, which broadens as the Kondo interaction is weakened
[25] and is transformed into a narrow peak with an applied
magnetic field [29]. These three experiments were explained
using the A2CS1KM with two inequivalent channels [48]. A
detailed justification of this model for FePc/Au(111) is given
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FIG. 1. Spectral density of localized electrons of the anisotropic
two-channel spin-1 Kondo model (A2CS1KM) as a function of fre-
quency for several values of r = J'/J/, where J is the value of J' at
the topological quantum phase transition (TQPT), and py is the value
of p(0) predicted by the ordinary Friedel sum rule with vanishing
Luttinger integral [48]. Thicker dashed lines correspond to the values
of r chosen for the different curves in Fig. 2.

in Ref. [49]. MnPc/Au(111) also shows the transformation of
the narrow dip to a narrow peak as a function of an applied
magnetic field [30]. The authors proposed an interpretation
in terms of a quantum phase transition involving localized
singlet states [30]. However, this requires that the singlet be
below the triplet by a few millielectronvolts, while in fact the
triplet is energetically favored by a Hund’s coupling of the
order of 1 eV [19].

In the system of nickelocene on Cu(100) [Nc/Cu(100)], as
the STM tip approaches the molecule, increasing hybridiza-
tion between localized and conduction electrons (effectively
increasing 7)), a transition from a dip in G(V) to a peak is
observed [26,50] which was discontinuous in % of the cases.
The authors have tentatively ascribed the change of behavior
to a crossover in the spin of the molecule from 1 in the tunnel-
ing regime to % in the contact regime. However, the neglected
dynamical correlations should lead to a singlet ground state in
both cases, and the change in the molecular charge is insuf-
ficient to account for the large change in the magnetization.
Very recently, the different behaviors were explained in terms
of the TQPT [51]. Similar experiments were carried out for
iron porphyrin molecules on Au(111) [31,32]. In Ref. [31], the
dip narrows in the contact regime instead of turning to a peak,
pointing to a weaker hybridization of the localized states with
the substrate in comparison with Nc¢/Cu(100) [31]. However,
the transformation from a dip to a peak is observed using a
Br-decorated Au(111) surface [32].

A variant of the interaction between magnetic units
and metallic surfaces has been realized, introducing thin
decoupling layers between both, weakening the hybridization
between localized and conduction states [52-56]. Trishin
et al. [56] considered a system consisting of an Fe atom on
top of a monolayer of MoS, deposited in turn on a Au(111)
surface. Particularly interesting in this system is the fact that
MoS; on Au(l11) forms a Moiré structure, which implies

strong local variations of the density of conduction electrons.
Therefore, depending on the specific position at which the
Fe adatom is located, dramatic variations of the effective
exchange between electron localized at the Fe adatom and
conduction electrons in the rest of the system take place.
The differential conductances G(V') were recorded on nearly
40 different Fe atoms, and six of them are presented in
Ref. [56]. We denote the corresponding spectra by the letters
(a)—(f) used in Fig. 2 of Ref. [56]. Five of them [(b)—(f)] are
reproduced here in Fig. 2. The spectra (a)—(d) contain a dip
of variable width in G(V) near V = 0. Spectrum (e) contains
a narrow dip mounted on a broader peak, and spectrum (f)
consists of a single Kondo peak.

Considering that the rigorous study of the A2CS1KM is
both recent and difficult, it is understandable that the the-
oretical part of Ref. [56] was based on more traditional
one-channel approaches to explain the different regimes [per-
turbation theory for (b)-(d) [57], Lorentz peak plus Frota
dip (without justification) for (e), and Frota peak for (f)].
However, not only two channels are expected (see below),
but also, in a recent experimental study of the same group for
Mn atoms, the authors concluded that more than one channel
is coupled to the atom [58]. Since Mn is next to Fe on the
periodic table, one expects the same to be valid for Fe atoms.

In this paper, we show that all spectra can be semiquan-
titatively explained using the A2CS1KM with degenerate
channels, fixed D and varying J' = p.J assumed the same
for both channels. The minor discrepancies are likely due to
the dependence on the energy of the conduction density of
states p. which we neglect. Since alternative perturbative or
diagrammatic approximations fail to describe the TQPT [44],
we use the NRG.

The model for the system can be justified on general phys-
ical grounds. Density functional theory (DFT) calculations of
Fe atoms on freestanding MoS, indicate that the spin state of
the atoms is either S = 1 [59] or S = 2 [60]. However, for
S = 2, one would expect a second jump in G(V') at larger |V |
in the regime of low J, which is not observed experimentally
[Fig. 3(h) of Ref. [56]]. In addition, in experiment as well
as DFT calculations, Fe atoms are located in positions with
symmetry corresponding to the point group Cs,. Therefore,
the Fe 3d orbitals are split into one A; singlet and two E
doublets [61]. Choosing the coordinates in such a way that
z is perpendicular to the surface, the 3d orbital with symmetry
3z2-r? transforms as A, one E doublet has the form [61]:

lx) = alxz) + Bl(x* —y*)/2),

ly) = alyz) — Blxy), ey
and the other E doublet has the same form interchanging «
with — 8 (so that all states are orthogonal).

It is likely that the spin 1 is formed occupying the two
states of an E doublet. Then it is expected that the spin-orbit
coupling (SOC) originates hard-axis anisotropy D(S;)?> with
D > 0 [51] and that each of the degenerate orbitals of the
doublet hybridizes with conduction states of the same sym-
metry [43,44,51]. In the integer valence limit, this reasoning
leads naturally to the A2CS1KM with the same exchange
interaction for both channels. In the other case in which one
of the orbitals of the spin 1 corresponds to the A; symmetry,
the SOC favors a particular linear combination of the E states
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FIG. 2. Differential conductance corresponding to the experi-
mental curves (b)—(f) in Ref. [56] (blue full lines) and the results
for our model (red dashed lines). Note that (a) is not included, and
the top figure corresponds to (b).

for the other orbital [49], and the low-energy model is also the
A2CS1KM but with different exchange interactions for both
symmetries. This case corresponds to iron phthalocyanine on
Au(111) [48,49]. For the system studied here, we find that
very different exchange constants cannot explain the experi-
ments, and then we assume that they are equal. Therefore, the
model takes the form:

J -
HK - Z Ekrcz.m.ckrg- + Z Ecltra(g)da’ckr’a’ -S + DSZZ’

kto ktoo’
@
where CZM creates a conduction electron with point-group

symmetry 7, spin o, and remaining quantum numbers k.
The first term describes the substrate bands, the second the
Kondo exchange with the localized spin S with exchange cou-
plings J, and the last term is the single-ion uniaxial magnetic
anisotropy.

The numerical calculations were performed with the Ljubl-
jana code of the NRG [62,63]. We assume flat conduction
bands extending from —W to W for both symmetries. The
density of these states is therefore p. = 1/(2W). Wetake W =
1 eV, D = 2.7 meV, and assume that J varies depending on the
Fe position. In the real system, p. depends on the position of
the Fe adatom, but the relevant parameter is the adimensional
product J' = p.J. The TQPT is at J. ~ 0.135. For the sake of
clarity, the different curves are shown for different values of
the ratio r = J'/J/, which is the main variable in what follows.

We assume that the structure at low voltage V in the dif-
ferential conductance G(V) = dI/dV 1is determined by the
localized and conduction electrons of symmetry t included in
the model and that the STM tip senses mainly the localized
3d states with some admixture of conduction states. Then
the contribution of the model to G(V') at zero temperature is
(except for a factor f included below) [48]

Gn(V) = —[(1 — ¢)HImG?, (0) + 2qReGY, (0)],  (3)

where G¢_(w) is the Green’s function of localized electrons
for symmetry 7 and spin o (which depends only on J’), and
q is a measure of the contribution of the conduction states. In
the experimental spectrum, there is also a linear background
due to the contribution of other states, and G,,(V') is affected
by a factor f which depends on the distance of the STM tip
from the system. Thus, we take

GV)=fGu(V)+A+ Bow. “)

This expression contains only five parameters, but the shape
of each curve depends mainly on r and to a lesser extent on
q. The fact that both r and ¢q increase in going from (b) to (f)
is consistent with the reported greater density of conduction
states.

In Fig. 2, we represent the experimental curves (b)—(f)
obtained from Fig. 2 of Ref. [56] and the corresponding result
from our theory. We have not included the curve (a), which is
similar to a rectangular dip formed by two steplike functions,
because these steps are overbroadened in our calculations due
to technical reasons that limit the resolution of the NRG at
large energies [64]. We have not attempted to fit the data, but
rather we have chosen parameters (particularly r) that provide
semiquantitative agreement. The assumption of a constant
density of conduction states and the effect of other orbitals not
contained in our model should affect a realistic comparison
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with experiment. Our aim is to show that the same model can
explain the different behaviors observed.

Experimentally, the figures can be divided into those be-
longing to a regime dominated by the anisotropy D in which
Kondo interactions can be treated perturbatively [curves (a)—
(c)], curve (f) where Kondo exchange J dominates which can
be fitted by a simple Frota line shape, and an intermediate
regime [curves (d) and (e)]. For curve (f), a Frota fitting
is better than our result, mainly because the former has the
freedom of locating the position of the peak, which our theory
does not have. This can be improved allowing intermediate
valence. It is known that a smaller occupancy of the localized
states shifts the Kondo peak to higher energies. A higher J’
implies a higher hybridization between localized and conduc-
tion states, and this implies a higher degree of intermediate
valence. However, we want to keep the model simple, and
our goal is to explain all regimes within the same footing
rather than to improve minor details for each curve. The dips
obtained by our theory for the curves (d) and (e) are deeper
than the ones experimentally observed. This might also be an
effect of intermediate valence which increases the minimum
possible value of the localized spectral density [51].

The intermediate regime, particularly curve (e) with a nar-
row dip mounted on a broader dip, results naturally from
the A2CS1KM (see Fig. 1 for r slightly smaller than 1) but
is very hard to explain with alternative theories. Before the
study of the A2CS1KM, Minamitani et al. [19] found similar
behavior in G(V') in FePc/Au(111), which was interpreted as
a two-stage Kondo effect: The broad peak would be originated
by the Kondo effect for one channel (3z%-r> symmetry) and
the narrow dip as the second-stage Kondo effect for states of
a different symmetry (denoted by ) [65]. A peak indicates
dominance of localized states in the tunneling to the STM
tip [low ¢ in Eq. (4)] for 3z%-r* symmetry and dominance
of the tunneling to conduction states [large g in Eq. (4)] for
7 orbitals. However, with this explanation, one would expect
a narrowing of both features as the molecule is raised from
the surface, contrary to more recent experiments [25], which
together with the dependence on the magnetic field [29] could
be explained using the A2CS1KM [48]. For Fe atoms on

MoS,/Au(111), the presence of a decoupling layer weakens
the tunneling of conduction electrons to the STM tip, and
therefore, one expects low ¢ (as used in this paper) and that
G(V) reflects mostly the density of Fe states.

To further support the relevance of the A2CS1KM to the
system, it would be interesting to perform experiments for
p. slightly larger than the corresponding value for curve (e)
and still smaller than the corresponding one for curve (f). In
this interval, there might be a spectrum with a narrow peak
mounted on a broader peak corresponding to r slightly larger
than 1. In any case, for curve (e), an applied magnetic field
parallel to the anisotropy direction should turn the dip into a
peak in a continuous way [48]. This is another smoking gun
for the A2CS1KM or its extension to intermediate valence
since alternative meaningful explanations do not exist.

In summary, we provide strong arguments that indicate
that the appropriate model to describe individual Fe atoms on
MoS,/Au(111) is the A2CS1KM, possibly with some degree
of intermediate valence in the regime in which the Kondo
exchange dominates. The different observed curves of differ-
ential conductances can be explained by the theory modifying
the spectral density of the substrate. The model has a TQPT
for anisotropy D, ~ 2.5T¢, where T is the Kondo tempera-
ture for D = 0. We expect that this paper will stimulate further
experiments for conditions near the transition. A fine-tuning
of the Fe positions or changes in the substrate, might render
it possible to observe a sudden change from a narrow dip to a
narrow peak mounted on a broader peak, signaling the TQPT.
This sudden change has not yet been observed in similar mate-
rials. In any case, applying a magnetic field in the topological
phase near the TQPT [curve (e)] should change the narrow dip
into a narrow peak, confirming the validity of the model.
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